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Simple Summary: CRC recurrence remains a great barrier in the disease management. Metastatic
disease is a highly lethal malignancy. Novel biomarkers are urgently needed to address disease
recurrence since specific genetic signatures can identify a higher or lower recurrence risk, thus
serving as biomarkers and treatment targets. To a large extent, CRC is mediated by the immune and
inflammatory interplay of microbiota, through intestinal dysbiosis. Clarification of these mechanisms
will yield new opportunities, leading to appropriate stratification policies, and to more precise,
personalized monitoring and treatment navigation. Under this perspective, early detection of post-
operative CRC recurrence is of utmost importance. Ongoing trials, focusing on CTCs and, even more
on ctDNA, seem to pave the way to a promising, minimally invasive, and life-saving monitoring,
supporting personalized treatment and favoring patients’ quality of life.

Abstract: Metastatic colorectal cancer (mCRC) remains a highly lethal malignancy, although consider-
able progress has resulted from molecular alterations in guiding optimal use of available treatments.
CRC recurrence remains a great barrier in the disease management. Hence, the spotlight turns to
newly mapped fields concerning recurrence risk factors in patients with resectable CRC with a focus
on genetic mutations, microbiota remodeling and liquid biopsies. There is an urgent need for novel
biomarkers to address disease recurrence since specific genetic signatures can identify a higher or
lower recurrence risk (RR) and, thus, be used both as biomarkers and treatment targets. To a large
extent, CRC is mediated by the immune and inflammatory interplay of microbiota, through intestinal
dysbiosis. Clarification of these mechanisms will yield new opportunities, leading not only to the
appropriate stratification policies, but also to more precise, personalized monitoring and treatment
navigation. Under this perspective, early detection of post-operative CRC recurrence is of utmost
importance. Ongoing trials, focusing on circulating tumor cells (CTCs) and, even more, circulating
tumor DNA (ctDNA), seem to pave the way to a promising, minimally invasive but accurate and
life-saving monitoring, not only supporting personalized treatment but favoring patients’ quality of
life, as well.
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1. Introduction

Colorectal cancer (CRC) recurrence is a major concern, whose likelihood appears to
increase proportionally to the disease grading on diagnosis. Overall, 4–33% of patients
undergoing CRC surgical resection will eventually relapse [1]. Particularly, in a recent
population study in the US, the recurrence rate ranged from 5 to 6% in stage II colon cancer,
9.4–10.5% in stage II rectal cancer, and 14.6–17.7% in stage III CRC [2]. CRC recurrence
usually occurs 2–3 years after initial treatment and pertains to locoregional recurrence (18%)
in the pelvis or the peritoneum or distant metastases (78%), predominantly in the liver or
lungs [3]. Several clinical and pathological factors offer a potential prognostic or predictive
value, after colectomy. All these factors have been investigated in retrospective studies
of population cohorts or posthoc subgroup analyses of randomized trials. Notably, the
quality of surgery was not assessed in any of these studies, although it has been thoroughly
documented that the complete mesocolic excision (CME) is of paramount importance.

A recent umbrella meta-analysis concluded that, out of 17 risk factors of locoregional
recurrence, vascular invasion for lymph node metastasis (LNM) in pT1 CRC was the most
evidence-based factor. Simultaneously, three factors were estimated to change the odds of
the outcome at least 3-fold at a statistically significant level. These include tumor budding
for overall recurrence in CRC, perineural invasion (PNI) for local recurrence in rectal cancer
and MRI-detected extramural vascular invasion (mrEMVI) for distant metastatic recurrence
in rectal cancer [4].

Gender and racial disparities have been observed in several aspects of CRC including
recurrence. Proximal (right-sided) CRC, which is a more aggressive form of CRC with a
higher relapse rate than distal (left-sided) CRC, is more common in women. A higher rate
of recurrence among females has been also associated with the reproductive toxicity of
anticancer drugs. This stated, temporary or permanent cessation of treatment can lead to
relapse in female patients [5]. Hispanics, who have a higher incidence of carcinoid CRC,
and African Americans tend to have increased CRC relapse rates compared to Caucasians,
whose survival probability over five years is higher [6]. The incidence of CRC, and hence
its recurrence, keeps increasing among Hispanic populations over the age of 50, while a
decline is observed in all the other racial groups, in particular, from 60 years onwards [7].
Certainly, gender and racial disparities in CRC recurrence can partially be connected to
modifiable risk factors, such as social status, migration, knowledge of family history and
paucity of clinical data [8].

2. Genetic Mutations in CRC

Genetic mutations implicated in the pathogenesis of CRC fall under two well-described
hereditary forms: polyposis and non-polyposis CRC. Pathogenic variants of the adeno-
matous polyposis (APC) and the MUTYH gene belong to the polyposis form whereas,
germline pathogenic mutations in DNA MMR genes (MLH1, MSH2, MSH6, PMS2) and
EPCAM belong to the non-polyposis form. Additional associated genes include POLE,
POLD1 (oligopolyposis syndrome), NTHL1, BMPR1A and SMAD4 (juvenile polyposis
syndrome), PTEN (Cowden syndrome), and STK11 (Peutz-Jeghers syndrome) [9]. Fusions
of the genes encoding R-Spondin2 or R-Spondin3 have been observed in up to 10% of
CRC [10]. On top of the involvement of genetics in CRC pathogenesis, there is an increasing
interest in the mutations contributing to its recurrence.

2.1. Genetic Mutations Associated with CRC Recurrence

Currently, the major biomarkers used in CRC clinical management are KRAS/NRAS,
and BRAF oncogene mutations which predict resistance to anti-EGFR therapy in metastatic
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CRC (mCRC). The microsatellite instability (MSI) status is also used as a prognostic marker
in stage II disease and as a predictive marker for the effectiveness of anti-PDL1/PD1 anti-
bodies in mCRC [11–13]. Intending to address CRC recurrence, new and highly sensitive
as well as specific, cost-effective and minimally invasive genetic biomarkers are needed.
Such an approach could rescue patients with a good prognosis from the administration of
toxic chemotherapy and lower the cost of management in early (stage II–III) CRC patients,
by both decreasing the management cost for the side effects and intensifying the treatment
approach to those at high recurrence risk. The available evidence has focused either on
mutations associated with lower recurrence rates and better outcomes or on mutations
associated with more frequent recurrence and decreased overall survival (OS) (Table 1).

Table 1. An overview of studies associating particular genetic mutations to CRC recurrence.

Mutation Recurrence Method of
Detection

Sample
Size Study

LO
W

R
IS

K

CDH10, COL6A3.
SMAD4, TMEM132D,
VCAN

mOS (80.4 m vs. 42.4 m) HR = 0.22;
95%CI (0.07–0.70); p = 0.0051

Exome sequencing and targeted
capture sequencing 182 ASIAN COHORT

Yu et al. (2014)

AK2, CDC25A,
HSPB1, BID, EIF4A2,
ITGB1, MAP4K4,
MMP12, RHOC,
PTGES3, TERF2IP

HR = 1.812, 95% CI = 1.342–2.448,
p < 0.001

Transcriptomic profiling using
RNA-sequencing data 130 CIT COHORT

Kim et al. (2019)

H
IG

H
R

IS
K

PIK3CA Tumor recurrence p = 0.031 and poor OS
(p = 0.044) Sanger sequencing 228 Shen et al. (2016)

APC p = 0.023; 95% CI = 0.237–0.898 MassArray method 1227 Lan et al. (2021)

BRAF Multivariate analysis of OS 95%CI
(1.398–6.186); p = 0.004 MassArray method 1227 Lan et al. (2021)

NRAS Multivariate analysis of OS 95%CI
(0.827–3.044); p = 0.005 MassArray method 1227 Lan et al. (2021)

KRAS

Recurrence after PM metastasectomy
multivariate analysis p = 0.035
number of PMs (p = 0.037)
lung as first site of recurrence after
metastasectomy (p = 0.047)

Restriction fragment length
analysis 44 Schweiger

et al. (2013)

KRAS in patients
with synchronous
CRLM

HR = 4.316 95%CI 1.973–9.845 p < 0.001
Polymerase chain reaction
(PCR)-based primer extension
assay

255 Sakai et al. (2021)

Mkras,
KRAS/NRAS/BRAF

3-year CSS (HR, 3.3; 95% CI, 1.6–6.5;
p = 0.001

Sanger sequencing,
next-generation sequencing
(NGS), and/or by droplet
digital polymerase chain
reaction (PCR)

106 Brunsell et al. (2019)

mOS: median overall survival, HR: hazard ratio, CI: confidence interval, PM: pulmonary metastasectomy, CRLM: colorectal liver metastasis,
CSS: cancer-specific survival.

2.2. Mutations Associated with a Lower CRC Recurrence Rate

Studies focusing on CRC adenocarcinomas have detected a recurrent VTIA-TCF7L2
fusion in nearly 3% of cases [14]. Interestingly, recurrently mutated genes have been associ-
ated with longer survival. Next-generation sequencing (NGS) studies in CRC associated
CDH10, COL6A3, SMAD4, TMEM132D, VCAN, FAT4 and DOCK2 polymorphisms with
lower recurrence rates and up to 80 months of OS extent, whereas patients lacking these
polymorphisms tended to survive for up to 40 months [15]. Kim et al. investigated
1160 genes in samples from 130 patients with CRC in an effort to predict systemic recur-
rence. This analysis yielded 11 genes, AK2, CDC25A, HSPB1, BID, EIF4A2, ITGB1, MAP4K4,
MMP12, RHOC, PTGES3 and TERF2IP, as the genetic signature associated with the longest
disease recurrence-free survival (RFS). The prognostic potential was lower in patients
with stage II–III CRC, which suggested higher effectiveness for genetic testing early in the
disease [16].
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2.3. Mutations Associated with a Higher CRC Recurrence Rate

PIK3CA mutations were associated with disease recurrence and poor survival in
stage II–III colon cancer [17]. Disease recurrence has also been correlated with LGR5 gene
mutations in stage II CRC patients following curative surgery [18]. Aspirin and NSAIDs
have been shown to reduce recurrence rates in patients with PIK3CA mutations [19]. A
prospective study by Lan et al., analyzing samples from 1227 stage I–III CRC patients post-
resection, indicated that APC, BRAF and NRAS mutations were present in patients with
earlier recurrence and worse outcomes [20]. Vakiani et al. analyzed the genetic signature
of distant metastases and anastomotic recurrence in 14 patients. They reported a total
of 254 mutations, including 138 in MSI-stable disease, with APC, KRAS, TP53, PIK3CA,
ATM and PIK3R1 being the most common. There were significant differences between the
genetic underpinnings of distant and locoregional recurrence-associated mutations [21].
Schweiger et al. reported that KRAS mutations were associated with a higher risk of lung
recurrence in patients who underwent R0 CRC resection. This study failed to associate this
data with EGFR mutations, but the authors have suggested this combination as a promising
hypothesis for future and larger studies [22].

A body of research has paid attention to distant recurrence in the form of colorectal-
liver metastasis (CRLM). KRAS mutations have been identified as an independent prog-
nostic factor of recurrence in synchronous CRLM [23]. Moreover, Brunsell et al. demon-
strated that KRAS mutations have been associated with poor survival following partial
liver resection in 108 patients. The same was demonstrated in the case of combined
KRAS/NRAS/BRAF mutations [24]. Mateo et al. enrolled 93 patients and indicated the
complete or hybrid loss of mismatch repair expression as a risk factor for intrahepatic
recurrence of CRLM, post-hepatic resection [25].

Novel research focuses on the use of genetic mutations, not only as biomarkers
but also as treatment targets [26]. Attention is also paid to epigenetics. The gradual
accumulation of epigenetic alterations in the physiological intestinal epithelium has been
shown to contribute to the initiation and promotion of CRC. Emerging evidence has
pointed to the gut microbiota and its involvement in tumorigenesis and metastasis through
DNA methylation, histone modifications, and non-coding RNAs [27]. A recent study has
illustrated the abundance of microorganisms associated with CRC, such as Fusobacterium,
Bacteroides, Parvimonas, and Prevotella spp. in CRC specimens with KRAS mutations or MSI
status [28]. Hence, evidence regarding the involvement of gut microbiota in CRC recurrence
is complementary to the existing knowledge about the genetics of CRC recurrence.

2.4. The Role of Cancer Stem Cells (CSCs) in CRC Recurrence

CSCs consist of a population of cells that have the potential to foreshadow CRC re-
currence and metastatogenesis via resistance to chemotherapy and immune evasion. A
plenitude of emerging biomarkers may play a crucial role in the formation of CSCs colonies
regarding CRC, such as prominin-1 (CD133), CD44 antigen (CD44) and specific micro
ribonucleic acids (miRNAs) [29]. Prognostic CRC stem cell markers can be categorized into
three major groups: a. the surface markers, such as CD44, CD133 and CD166, b. the surface
markers, for instance, the Leucine-rich repeat-containing G protein-coupled receptor 5
(LGR5) and c. the intracellular markers, like ALDH, Achaete-Scute Homologue 2 (ASCL2),
Nanog, Oct-3/4, Sall4 and Sox2 [30]. Particularly, the prognostic marker CD133 seems to
contribute to the resistance to chemotherapy in CRC CSCs. Its combination with other
markers, such as the CD44, has been documented to increase its reliability [29]. Further-
more, the biomarkers CD166, CD44, and LGR5 have been noticed to be overexpressed
in stage III and metastatic CRC. More specifically, it is worthy of further notice that the
elevated expression of CD166 and ASCL2 gene seems to be related to high recurrence risk
even regarding stage I and II CRC [31].

As far as miRNA biomarkers are concerned, a striking example is the miR-486-5p,
whose levels have been revealed to be downregulated in patients with metastatic CRC.
According to novel genomic data, the potential inhibitory role of this emerging diagnostic
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biomarker could be attributed to the negative regulation of the expression of stemness-
related transcription factors and the major pathways of CSCs: TGF-β, Notch, Hedgehog,
and Wnt [32].

3. Microbiota in CRC

The understanding of gut microbiota and its role in human health and disease has
advanced in the last decades. The ideal symbiotic interplay of trillions of bacteria, viruses
and eukaryotes inhabiting the gastrointestinal tract can be disrupted by intrinsic and
extrinsic factors, such as immunity, nutrition, general life style and medication, triggering
a plethora of pathogenetic cascades [33]. In patients with CRC, sequencing studies have
reported changes in the composition and ecology of gut microbiota. Animal models of
CRC have yielded the involvement of microbial compositional and ecological changes in
CRC. Other studies have stressed the roles of particular bacteria in CRC carcinogenesis,
such as Fusobacterium nucleatum sp. and certain strains of Escherichia coli and Bacteroides
fragilis spp. [34]. Other studies have suggested Streptococcus bovis, Enterococcus faecalis and
Peptostreptococcus anaerobius as candidate pathogens for CRC development [35]. Conditions
characterized by microbial dysbiosis, such as Crohn’s disease, have also been associated
with a higher risk of CRC development [36]. At a mechanistic level, it seems that microbial
dysbiosis can increase the secretion of inflammatory mediators such as tumor necrosis
factor, nuclear factor kappa B, interleukins, and interferons, leading to mutations and
dysplasia [37]. Even when tumorigenesis is not linked to intestinal flora, particular bacteria
may interact with the tumor via oncometabolites (e.g., l-2-hydroxyglutarate, succinate,
fumarate) which enhance cancer progression [38]. The latter is a double-edged sword,
given that other bacterial metabolites such as acetate, butyrate, and propionate have been
shown to downsize tumor growth [39]. On these grounds, the microbiome is now regarded
as an additional CRC tool regarding the armamentarium of potential biomarkers [40], with
guaiac-based fecal occult blood tests (gFOBTs), fecal immuno-chemical tests (FITs) and
multitarget stool DNA (sDNA) testing being integrated into state of the art diagnostic
testing protocols [41]. Therefore, conceptualizing the microbial components of recurrence
may have the potential to improve disease monitoring.

The Role of Gut Microbiota in CRC Recurrence

Mounting evidence focuses on the contribution of gut microbiota in CRC recurrence.
Various factors, from surgical resection to diet, general lifestyle or medications have been
shown to alter the microbial population of the intestines, promoting dysbiosis, subsequent
inflammation and tissue damage. Many studies have focused on separate microorganisms,
while others have pointed out the need to address CRC recurrence in the context of
microbial communities’ interaction. Going deeper than the general statements on dysbiosis
and inflammation, specific pathogens have been associated with oncogenic processes [42].
In particular, E. coli sp. can initiate oncogenic DNA damage by producing colibactin,
a secondary genotoxic metabolite [43]. The production of the oncogenic colibactin has
been associated with bacterial polyketide synthetase (pks) in both organoids and human
studies [44,45]. The identification of pks+ E. coli sp. can be further assessed as a potential
biomarker indicating the need for either more intense follow-up or aggressive treatment in
the first place. B. fragilis sp. contributes to tumorigenesis and recurrence via enterotoxin-
induced cell proliferation and oncogenic inflammation [46]. F. nucleatum sp. promotes CRC
progression and relapse by means of Fap2 and FadA adhesins. Both are involved in cancer
cells proliferation, antitumor immune evasion and metastasis [47]. Regarding the potential
mechanism of recurrence, it is well established that, following surgical resection, cancer cells
exfoliate in the intestinal lumen and set the fundaments of recurrence [48]. Simultaneously,
the resection per se affects the composition of the microbial flora for at least three months.
A recent clinical study reported an increase in Abacteroides, Streptococcus, and Ruminococcus
spp., following endoscopic resection of adenomas [49]. In such a microenvironment, the
ability of exfoliated cancer cells to proliferate and form new tumors is linked to the microbial
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flora. Bacteria with collagenase activity, particularly Enterococcus faecalis, Pseudomonas
aeruginosa and Serratia marcescens spp., can tolerate or even promote their differentiation
into more aggressive phenotypes [50–52]. Although the mechanistic underpinnings of
bacteria-assisted recurrence are yet to be established for most bacteria, a recent meta-
analysis validated the association of worse prognosis and recurrence after surgery with
abundant populations of F. nucleatum and B. fragilis spp. [53].

In vitro and in vivo studies have focused on F. nucleatum as a potential promoter of
CRC recurrence. At a mechanistic level, it has been shown that F. nucleatum sp. contributes
to the epithelial–mesenchymal transition (EMT) by binding to E-cadherin expressed on
adenocarcinomas, promoting its internalization into the cytoplasm, activating the β-catenin
complex and triggering a cascade of inflammatory genes [54]. The persistence of F. nuclea-
tum sp. in patients with rectal carcinoma is associated with high locoregional relapse rates,
potentially due to immunosuppression in 143 patients [47]. The carcinogenic effect of F.
nucleatum in CRC recurrence seems to be enhanced by the presence of oral commensals
like Bacteroides, Salmonella, and Prevotella spp., although the capacity of these bacteria
to enhance tumor progression themselves in CRC tissue is debatable [55,56]. On top of
these, F. nucleatum has been shown to induce resistance to recurrent CRC treatment with
oxaliplatin and/or 5-Fluorouracil (5FU), decreasing the five-year survival rate of these
patients by less than 10% [57]. Resistance is mediated by activation of the BRIC3 gene,
following TLR4/NF-κB mediated infection of CRC cells by F. nucleatum [58].

Indirect evidence on the role of gut microbiota in CRC recurrence derives from nutri-
tion and administration of medicinal regimens, such as antibiotics and colostrum prepa-
rations. A preclinical study in mice suggested that rich in fat Western diet-induced pro-
liferation of E. faecalis and Proteus mirabilis spp. contribute to tumorigenesis post-CRC
resection. Moreover, consumption of red meat has been linked to an increase of F. nucleatum
sp. promoting CRC tumorigenesis through the activation of oncogenes and inflammatory
mediators. The study was initially performed on Chinese subjects and later validated with
tissue specimens from Europe [59]. A course of antibiotics to reduce the population of
these bacteria failed to reduce the development of recurrences and enhanced the coloniza-
tion of the gut with Candida parapsilosis sp., a potentially tumorigenic fungus. Eventually,
administration of Pi-PEG reduced tumor formation and promoted symbiosis in the colon
microbiome [60]. An additional study on mice receiving high calorie Western diet (high
fat, no fiber, and decreased minerals and vitamins), reported an astonishingly high (88%)
level of recurrent CRCs following surgical excision of the primary tumor [60]. KMP01D, a
colostrum preparation, demonstrated beneficial ex vivo effects on inflammatory cytokine
responses in patient-derived blood mononuclear cells and contributed to the apoptosis of
immune cells collected from CRC patients. KMP01D appears as a promising treatment
strategy in regulating stage-dependent local and systemic inflammation associated with
gut microbiota dysbiosis in CRC patients [61]. This finding is in accordance with a body of
evidence suggesting the contribution of inflammatory cytokines in recurrence and the po-
tential of such preparations to mitigate this [62,63]. The role of antidiabetic medications in
CRC is also of high importance, given the high prevalence of type 2 diabetes mellitus world-
wide, and particularly among CRC patients. A recent study has proposed the so-called
metformin–gut microbiota–CRC axis concept based on evidence suggesting that diabetic
patients receiving metformin had a lower rate of CRC diagnosis or recurrence [64]. Studies
on healthy individuals have established that metformin affects the gut microflora reducing
the populations of Intestinibacter and Clostridium spp. and contributing to the increase of
Escherichia, Shigella and Bilophila wadsworthia spp. within one year of administration [65].
In this context, a large-scale population study on 6650 patients from the US showed that
metformin administration was associated with decreased CRC odds—mainly in rectal
cancer—among diabetic individuals [66]. Further research in this field can elucidate the
mechanistic–microbiological underpinnings of the effects of metformin on CRC.

Interventions to modulate the microbial flora in patients who underwent CRC sur-
gical resection need to be further investigated based on these findings. It is important
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to harmonize these interventions with the available evidence on the taxonomy of micro-
bial species, which are more abundant in specific types of CRC. These include bacteria
of Prevotella, Eubacterium, Dorea, Fusicatenibacter, Howardella, Butyricicoccus, Anaerococcus,
Alloprevotella, Faecalibacterium, Roseburia, and Sutterella genera. Granulicatella, Burkholde-
riales, Flavonifractor, Coprobacillus, Parabacteroides, Anaerotruncus, Akkermansia, Allisonella,
and Alistipes genera are more abundant in the sigmoid colon than in rectal cancer [67].
Remarkably, it has been reported since 2014 that invasive multi-bacterial biofilms were
detected in 89% of right-sided CRC (RCC) but in only 12% of left-sided CRC (LCC) and
the former were related to aggravated crypt epithelial cell proliferation in normal colon
mucosa, diminished intestine epithelial cell line E-cadherin, increased epithelial permeabil-
ity, and enhanced activation of IL-6 and STAT3 [68]. This model reflects the relationship
between gut microbiota and CRC, given that biofilms seem to promote the precancerous
inflammation of the tissue [35]. There are a plethora of molecular differences between
RCC and LCC besides the more frequent formulation of biofilms in RCC. More specifically,
Prevotella, Selenomonas and Peptostreptococcus spp. are more abundant in RCC patients. On
the other hand, Fusobacterium, Escherichia/Shigella, and Leptotrichia spp. are more abundant
in LCC. Moreover, CpG island methylator phenotype-high and MSI-high CRC are more
likely to occur in RCC. The mutation rates of oncogenes and tumor suppressor genes also
differ between RCC and LCC patients. Consequently, the intestinal microbiota seems to
be another factor that emphasizes on the different origins and nature between RCC and
LCC [69,70].

As far as microbiota interventions are concerned, they can entail specialized nutrition,
treatment rounds with antibiotics and even fecal transplantation, as long as the post-
operative condition of the patients allows so [71]. The administration of ursodeoxycholic
acid (UDCA) is a promising option for male patients. A recent study, based on the daily
administration of UDCA in patients with colorectal adenomas, reported that an increase in
the presence of F. prausnitzii sp. led to a reduction of Ruminococcus gnavus sp. decreasing
the relapse risk of adenomas [72]. This effect and the microorganisms implicated are
worth studying in CRC. It is also noteworthy that the use of antibiotics to modulate
microbiota and decrease the likelihood of recurrence has backfired in a clinical study,
where penicillin was associated with a higher risk of esophageal, gastric and pancreatic
cancer whereas, sulphonamides and tetracycles were associated with prostate and breast
cancer [73]. Iron supplementation, a therapy frequently prescribed post-CRC resections is a
point of inquiry as well. A recent study showed the supremacy of intravenous over per os iron
supplementation in mitigating inflammation around the tumor site by modulating the local
microbial environment. The study included samples from 40 individuals, hence validation
in larger cohorts is needed [74]. Nonetheless, the aforementioned studies indicate that even
frequently prescribed medications such as antibiotics or iron supplementation need to be
reconsidered in the context of microbiota-mediated CRC recurrence (Figure 1).

Several ongoing trials focus on nutritional and other interventions to evaluate whether
intestinal microbiome is related to CRC recurrence and whether microbiome alterations
can somehow influence CRC. Particularly, the Be Gone trial is an active study that enrolled
obese survivors with a history of cured CRC or a colorectal polyp for the evaluation of
whether eating canned, precooked beans can improve the levels of beneficial bacteria in
the gastrointestinal system and reduce the effects of obesity on cancer risk, recurrence and
survival [75]. The FAMiLI trial has also enrolled patients with CRC aiming to investigate the
differences in human microbiota between subjects with and without colorectal adenoma or
CRC [76]. Another study recruits patients with metastatic cancer who receive chemotherapy
or immunotherapy in order to compare the changes in gut microbiome composition and
in the metabolic activities with response to chemotherapy or immunotherapy, as well as
their toxicity [77]. Furthermore, the Metabiomics Colon Cancer Clinical Research Study
examines the relation of the gut microbiome to colonic neoplasia, whereas another group
focuses on the metagenomic assessment of the gut microbiome taking into account dietary
factors regarding patients with Lynch syndrome and other hereditary colonic polyposis
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syndromes [78,79]. Finally, the core of the prospective study of our group, Cologramme,
consists of an extensive research database, which will be used for the assessment of the
correlations between detectable genetic alterations and the microbiota in plasma and stool
specimens of patients with localized (stage II–III) CRC aiming to explore their impact on
CRC recurrence risk and survival.

Figure 1. External factors (nutrition, medications), as well as intrinsic factors (microbial translocation and metabolites),
affect commensal microorganisms (F. prausnitzii, Bifidobacteri) enabling bacteria associated with a higher risk of tumor
recurrence (F. nucleatus, E. faecalis, P. mirabilis, E. Coli, Abacteroides, Salmonella etc.) to prevail and modulate the intestinal
microenvironment in a plenitude of ways promoting neoplastic cellular growth.

4. Liquid Biopsies: Circulating Tumor Cells and Cell-Free DNA in CRC

Although tumor biopsies is the gold standard for the diagnosis of CRC, liquid biopsy
assessing the presence of CTCs or circulating tumor DNA (ctDNA) in the patient’s serum
provide many chances for early diagnosis of the disease and its potential recurrence [80–82].

CTCs stem from primary tumors and are released in the peripheral blood during
CRC progression. Even a single CTC can lead to distant metastasis. Hence, CTCs have a
great potential in cancer diagnostics, staging and recurrence monitoring. CTCs can also
serve as treatment targets to mitigate the spread of the disease. Their clinical applications
are still limited. They have been studied in CRC treatment monitoring—while other
studies have assessed their potential in the diagnosis of gastric, esophageal or pancreatic
cancer [83]. The most recent study, including 56 CRC patients, suggested that mutations not
detected in primary tumors can be identified in CTCs’ DNA, highlighting their potential
in complementing gene analysis. The same study suggested that combination analysis
with ctDNA improves sensitivity, although the detection of cancer-specific mutations was
superior in cell-free DNA (cfDNA) in comparison to CTCs’ DNA [84].

ctDNA is a fraction of the cfDNA, fragmented DNA detected among the non-cellular
blood components of healthy individuals. Among patients with cancer, ctDNA is released
in the bloodstream by tumor cells in 150~200 base pair fragments, comprising a small por-
tion of the total cfDNA. The significance of ctDNA lies in its ability to maintain epigenetic
traits and carry tumor-specific mutations, which are detectable in peripheral blood sam-
ples [85,86]. Relevant clinical applications for the early-stage disease include the detection
of ctDNA methylation and the assessment of circulating protein levels and mutations in
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cfDNA or the analysis of fragment length distribution of ctDNA types. Droplet digital
polymerase chain reaction (ddPCR) and NGS are used for recurrence diagnosis. Amplicon-
based deep sequencing and ctDNA quantification are used to monitor treatment response
and ddPCR, NGS and ctDNA mutations serve as indicators of the therapeutic resistance in
metastatic patients [86–89].

Both CTCs and ctDNA consist of liquid biopsies. Soon, their significance is expected to
rise because they combine efficacy and safety. Liquid biopsies are capable of detecting CRC-
associated mutations, indicating the tumor burden and assessing the heterogeneity of the
tumor. In contrast to tumor biopsies, liquid biopsies are non-invasive and non-traumatizing.
They are obtained from serum or urine samples; therefore, they pose minimal risk to the
patient, their sampling procedures do not require highly specialized personnel and they
are time- and cost-saving [90].

Despite these advantages, liquid biopsies are subject to limitations. More evidence
from large-scale cohort studies is required to establish their efficacy in CRC, at subtype
and stage level. To date, the clinical use and efficacy of liquid biopsy techniques is limited,
as shown by a joint assessment of the American Society of Clinical Oncologists and the
American College of Pathologists, and this poses additional challenges to their validation
in clinical settings [91]. Research funding and insurance coverage of liquid biopsies in
contemporary healthcare systems constitute additional challenges. Their early integration
in clinical practice encompasses the risk of missing diagnoses or falsely alarming clinicians
and patients leading to burdenful and risky aggressive treatment approaches. The latter
consists of an additional ethical limitation to their use [92]. The available evidence about
the efficacy of both types of liquid biopsies in CRC (CTCs, ctDNA) is presented in the
following subsections.

4.1. Association between Liquid Biopsy and CRC Recurrence

Proof-of-concept studies indicated that circulating cfDNA levels have a greater dy-
namic range and greater correlation with changes in tumor burden than CTCs [93]. In this
section, evidence regarding both ctDNA and CTCs is presented.

4.1.1. Circulating Tumor DNA (ctDNA)

A consensus paper from the Gastrointestinal Cancer Therapy Expert Group has
suggested the use of ctDNA for the detection of minimal residual disease in patients with
early-stage CRC, following successful resection [94]. Such a consensus comes on top of a
growing body of research, which has explored the potential of ctDNA in various contexts of
resectable CRC. Nakamura et al. analyzed samples from 180 patients with resectable CRC
in Japan. Their findings indicated that KRAS mutated ctDNA was independently associated
with inferior recurrence-free interval (RFI) and recurrence-free survival (RFS) and suggested
that pre-operative ctDNA detection needs to be taken into consideration to optimize post-
surgical management [95]. Boysen et al. studied prospectively serum samples from 35 CRC
patients two weeks after surgical resection. BRAF, NRAS and KRAS mutated ctDNA were
associated with CRC recurrence within a median of 273 days [96]. Symonds et al. compared
ctDNA and the carcinoembryonic antigen (CEA) 12 months after the recurrence of initially
resected CRC in 144 patients. Their findings elucidated the supremacy of ctDNA over CEA
both in terms of sensitivity and prediction of recurrence [97]. Benesova et al. compared
the capacity of early recurrence detection among ctDNA, imaging and elevated tumor
markers in 47 patients with detectable ctDNA at the time of CRC resection. ctDNA has been
detected in all recurrent cases, whereas cases were missed by imaging and conventional
tumor markers [98]. The latter supports the inclusion of ctDNA in clinical practice, as long
as its supremacy over the existing follow-up means is validated in larger studies.

Published and ongoing prospective population-based studies can increase the evi-
dence about ctDNA in resectable CRC. Tie et al. conducted a multicenter, population-based
cohort biomarker study in 96 stage III CRC patients in Australia; 21% of the post-surgical
samples contained ctDNA and these had inferior RFS with 3 years of follow-up. The
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correlation between ctDNA detection and poor outcomes was independent of other clin-
icopathological factors yielding ctDNA analysis after surgery as a potential prognostic
marker in stage III colon cancer [99]. Findings from a similar prospective study suggested
that ctDNA detection in 125 stage I–III Danish CRC patients’ post-resection was linked
to a 17-fold increased risk of relapse. It was noteworthy that in this population, relapse
occurred up to 16 months earlier than standard-of-care imaging follow-up [100]. Larger
studies are necessary to assess whether more aggressive follow-up of patients with de-
tectable ctDNA could improve their outcomes. This might be achieved in a multitude of
prospective randomized studies that have been listed in the CIRCULATE-Japan adaptive
trial platform. More specifically, the GALAXY study monitors recurrence using ctDNA
in 2500 patients with resectable stage II–IV CRC [101]. The VEGA randomized phase III
trial investigates whether post-operative surgery alone is non-inferior to conventional
chemotherapy in patients with high-risk stage II or low-risk stage III colon cancer, whose
ctDNA status is negative 4 weeks after curative surgery [102]. Conversely, the ALTAIR
double-blind, phase III trial focuses on patients with positive ctDNA assessing whether
trifluridine/tipiracil is more effective than placebo, post-resection [103]. Simultaneously,
the BESPOKE CRC prospective study enrolls stage II/III CRC patients, post-resection.
Although CIRCULATE-Japan and BESPOKE focus on different populations, both will be
based on the SIGNATERA® ctDNA Test, which will make the comparison of the results
easier [104]. In the same context, the MEDOCC-CrEATE trial of the Prospective Dutch
ColoRectal Cancer cohort has recruited 1320 stage II CRC patients to assess the effective-
ness of adjuvant chemotherapy based on the ctDNA status [105]. Since 2020, multiple
studies and preliminary data suggest that ctDNA-guided risk stratification for adjuvant
treatment seems to be more efficient than existing clinicopathologic prognostic indicators,
it may also guide the therapeutic decision of dose escalation or de-escalation and, finally,
regular ctDNA monitoring after the completion of definitive therapy can potentially lead to
significantly earlier recurrence detection [106]. Finally, the promising study, Cologramme,
investigates the correlations among the risk recurrence, the detection of genetic mutations,
the microbiota and the CTCs and ctDNA in patients with resectable CRC. This could be
beneficial to build highly relevant predictive and prognostic models in which CTCs and
ctDNA variables will be included.

4.1.2. Circulating Tumor Cells (CTCs)

Yang et al. calculated the preoperative controlling nutritional status (CONUT) score
and CTC status in a retrospective analysis of 160 CRC patients under curative resec-
tion [107]. Their analysis suggested that a high CONUT–CTC score was associated with
poor prognosis and high recurrence risk in stage III but not in stage II CRC patients.
Arazzubi et al. followed up 44 patients for 60 months and indicated that preoperative
detection of ≥2 CTCs was associated with recurrence and poor prognosis despite curative
resection [108]. Conversely, Yang et al. studied the outcomes of 211 stage I-III patients’
post-surgical resection and suggested that post-operative detection of CTCs was associated
with poor prognosis [109]. Chang et al. compared a multi-Gene Biomarker Chip detect-
ing CTCs and CEA levels in 298 stage I–III CRC patients after curative resection. Both
markers were strongly associated with relapse, however, the specificity, the positive and
negative predictive value and the accuracy of CTCs detection for post-operative recurrence
were significantly higher [110]. Tseng et al. investigated CTCs in mesenteric circulation
and around the tumor mass of 229 stage I–III CRC patients. They reported that CTCs
in mesenteric circulation could be useful indicators of recurrence [111]. Galizia et al. in-
vestigated the presence of EpCAM/CD326 positive CTCs in 76 stage I–III CRC patients
undergoing surgical resection. Their analysis yielded the potential of high levels of CTCs
post-operatively to predict CRC recurrence. Again, post-operative CRC detection was
superior to pre-operative detection [112]. In a study by Rahbari et al., CTCs were shown
inferior to circulating angiogenic factors (CAF) for the prediction of recurrence following
stage I–III CRC surgical resection in 107 patients [113]. Lu et al. used human telomerase
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reverse transcriptase, cytokeratin-19, cytokeratin-20, and CEAmRNA to detect CTCs in
141 patients with stage II–III colon cancer undergoing curative resection. CTCs were
strongly correlated with early relapse [114]. Vardakis et al. demonstrated that peripheral
blood CEACAM5mRNA-positive cells appear as an adverse prognostic factor associated
with poor outcomes in patients with resectable CRC. The authors reported that the presence
of these cells in serum samples of 256 patients with operable CRC was correlated with a
higher CRC recurrence rate. The same study highlighted CEACAM5mRNA-positive cells as
an independent prognostic factor for limited disease-free survival time [115]. A subsequent
study from the same research group indicated an even higher correlation between CEA-
CAM5mRNA-positive cells and decreased progression-free survival time in CRC patients
with KRAS and BRAF mutated tumors [116]. Overall, it seems that researchers have paid
more attention to cfDNA and less attention to CTCs, since 2018. Several ongoing clinical
trials, especially from 2020 and onwards, are monitoring the ctDNA status regarding both
recurrence and treatment choices. In anticipation of the endpoints of these trials to be met,
ctDNA seems to claim the position of the cornerstone in monitoring resectable CRC in the
near future [106,117]. However, the existing body of evidence regarding CTCs enabled
researchers to investigate some innovative concepts. In particular, in 2018, Brown et al.
studied the effect of various patterns of physical activity in 23 patients with ≥1 CTCs
following stage I-III CRC resection. They concluded that exercise was associated with a
decrease in CTCs within 6 months [118]. This hypothesis-generating study needs to be
further investigated in the future but offers encouraging prospects in the intersection of
preventive lifestyle modifications and molecular diagnostics. To sum up, liquid biopsy
seems to have an emerging role in the management and the follow-up of resectable CRC
(Table 2).

Table 2. Studies on CTCs and ctDNA regarding resectable CRCs.

CTCs CtDNA Outcomes Study

ctDNA quantification Earlier prediction and identification of
recurrence Bi et al. (2010)

Persistent post-operative CTCs in
stage II/III colon cancer patients.

Strongly correlated with early relapse
(p < 0.001; HR, 11.035; 95% CI:
4.396–32.190).

Lu et al. (2011)

CEACAM5mRNA-positive cells, in
patients with resectable CRC.

Adverse prognostic factor associated
with poor outcomes. Vardakis et al. (2011)

CTCs in mesenteric circulation. Indicators of recurrence. Tseng et al. (2015)

CTCs vs. ctDNA.
ctDNA as a preferential specimen type
for mutation screening in thoracic
malignancies vs. CTC DNA.

Bi et al. (2015)

CTCs detection in stage I–III CRC
patients after curative resection.

Significantly higher specificity,
positive and negative predictive
values, and accuracy for recurrence
than CEA levels.

Chang et al. (2016)

Inferior to CAF in recurrence
prediction. Rahbari et al. (2011)

Patients with ≥1 CTCs following
stage I-III CRC resection.

Exercise was associated with a
decrease in CTCs. Brown et al. (2018)

Peripheral blood
CEACAM5mRNA-positive CTCs, in
patients with mCRC, especially in
patients with KRAS and BRAF
mutated tumors.

Adverse prognostic factor correlated
with poor clinical outcome. Messaritakis et al. (2018)

Post-operative—detection of CTCs. Poor prognosis. Yang et al. (2018)

ctDNA-positive patients.

40-fold more likely to experience
disease recurrence than
ctDNA-negative patients (HR, 43.5;
95% CI, 9.8–193.5 p < 0.001).

Reinert et al. (2019)

Post-surgical ctDNA status in stage III
colon cancer.

Independently associated with RFI
(HR, 7.5; 95% CI, 3.5–16.1; p < 0.001). Tie et al. (2019)

ctDNA vs. imaging and elevated
tumor markers in early recurrence
detection in patients with mCRC.

A useful tool for early detection of
disease recurrence superior to
imaging.

Benesova et al. (2019)

Pre-operative detection of ≥2 CTCs. Recurrence/poor prognosis despite
curative resection. Arazzubi et al. (2019)
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Table 2. Cont.

CTCs CtDNA Outcomes Study

ctDNA status in stage II–IV CRC who
will undergo radical surgery. Ongoing. v GALAXY, Yukami et al. (2020)

Observation vs. adjuvant CAPOX in
high-risk stage II or low-risk stage III
colon cancer, whose ctDNA status is
negative post-operatively.

Ongoing. VEGA, phase III (2020)

Trifluridine/tipiracil vs. placebo in
patients with positive ctDNA status
post-resection.

Ongoing. ALTAIR double-blind, phase III (2020)

Post-resection ctDNA status and OS in
CRC II or III. Ongoing. BESPOKE CRC prospective. (2020)

Effectiveness of adjuvant
chemotherapy based on ctDNA status
in stage II CRC.

Ongoing. MEDOCC-CrEATE, Schraa et al.
(2020)

ctDNA vs. CEA.
ctDNA showed higher sensitivity over
CEA and consists of an independent
predictive factor of recurrence.

Symonds et al. (2020)

BRAF, NRAS and KRAS mutated
ctDNA.

ctDNA following local treatment of
mCRC is associated with an increased
risk of recurrence and a short time to
failure.

Boysen et al. (2020)

KRAS mutated ctDNA.

Preoperative detection of KRAS
mutated ctDNA was an independent
factor related to both RFI (HR = 3.08;
p = 0.012) and RFS (HR = 2.18;
p = 0.044).

Nakamura et al. (2021)

High CTC score.
Poor prognosis/high recurrence risk
in patients with stage III CRC but not
in patients with stage II CRC.

Yang et al. (2021)

OS: overall survival, CEA: carcinoembryonic antigen, HR: hazard ratio, CI: confidence interval, CAF: circulating angiogenic factors, RFI:
recurrence-free interval, RFS: recurrence-free survival, CRC: colorectal cancer, ctDNA: circulating tumor DNA, CTCs: circulating tumor
cells. v ctDNA results in the GALAXY trial, patients can be enrolled in either of the two distinct investigator-initiated phase III trials: the
VEGA trial (treatment de-escalation) or the ALTAIR trial (treatment escalation). The VEGA trial assesses the non-inferiority of observation
vs. adjuvant CAPOX in GALAXY participants who are high-risk stage II or low-risk stage III CRC and show absence of ctDNA one-month
post-surgery. The ALTAIR trial evaluates the superiority of FTD/TPI over placebo in GALAXY participants with ctDNA status that remains
positive after the standard therapy.

5. Cologramme Outline

The Cologramme project, is a prospective ongoing study, for the evaluation of all
above-mentioned biomarkers, in patients that underwent a curative colectomy. The Colo-
gramme is based on discrete research, development and innovation streams including: (1)
sample collection, electronic case report form (eCRF), the electronic database formation; (2)
identification of somatic and germline variants; (3) microbiome analysis in plasma, tissue
and stools; (4) liquid biopsy based on CTCs and cfDNA in samples before and after surgery
and at the end of adjuvant treatment; (5) computational analysis.

Cologramme has prospectively enrolled 100 patients with colon and 50 patients with
rectal adenocarcinomas, stages II and III, in 24 months from four network centers of the
Gastrointestinal Cancer Study Group (GIC-SG) [119]. All surgical specimens were accessed
for the quality of surgical resection according to the international guidelines [120,121].
Only specimens scored as mesocolic or mesorectal plan were submitted for molecular
analysis. This approach eliminates biases in risk assessment from inadequate surgical
quality. Collection of stool specimens has to be performed pre-operatively and together
with the corresponding tissue sample will be analyzed on an NGS platform. We will
analyze 150 prospectively collected samples (stool and tissue), in comparison with a control
group consisting of 15 patients with inflammatory bowel disease (stool and tissue), 15
with adenomas (stool and tissue), and 30 healthy donors (stools). Blood samples for CTCs
and plasma was obtained prospectively, pre-operatively, 4–8 weeks after colectomy, and
6 months after colectomy. Extensive epidemiological and clinical data were collected
and recorded in the electronic database. Those include place of residence, origin, race,
education, job, age, weight, gender, smoking habits, physical activity (hours/week), routine
diet and behavior, probiotics or other supplement consumption, water supply, cohabitation
with animals, visits abroad in the last 12 months, eosinophils levels. In addition, detailed
pathological findings will be included in the database: T status, number of retrieved and
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infiltrated lymph nodes, status of the apical lymph nodes, grade, subtypes, mucinous
features, lymphocytic reaction, EMVI, tumor budding, distance of the tumor in mm for
upper and lower edge, etc.

Formalin-fixed paraffin embedded (FFPE) tissue samples will be evaluated by a
specialized pathologist and the cancer cells will be selected with the use of a piezoelectric
micro-dissector.

Assessment of single nucleotide variants, small deletions and gene fusions will be
performed by using the commercialized Ion AmpliSeq Colon and Lung Cancer Research
Panel v2 (Thermo Fisher Scientific, Wilmington, DE, USA). The panel includes primer
pairs in a single pool for hotspots and targeted regions for 22 known genes (KRAS, EGFR,
BRAF, PIK3CA, AKT1, ERBB2, PTEN, NRAS, STK11, MAP2K1, ALK, DDR2, CTNNB1,
MET, TP53, SMAD4, FBX7, FGFR3, NOTCH1, ERBB4, FGFR1, and FGFR2) associated with
colon and lung tumor tissue. Identification of microbiome will be done by 16S rRNA
sequencing. For the 16S rRNA sequencing, primers directed against the 16S rRNA V3-
V4 region will be designed to incorporate Ion Torrent-compatible sequencing adaptors.
CTCs will be detected by RT-qPCR for CEACAM5mRNA according to a standard sensitive,
repeatable and reproducible protocol established in our laboratory, both in the early and
metastatic setting [115]. However, despite the proved prognostic value of CEACAM5, its
epithelial origin does not allow mesenchymal cells or cells under epithelial-to-mesenchymal
transition to be detected. The aim of the computational and statistical analysis is to exploit
and to accent the Cologramme precision to calculation the risk of recurrence in CRC
patients. Statistically, this list will contain a focused, targeted set of genetic alterations and
their pathways that is likely to have the highest contribution to treatment resistance.

6. Discussion

As a consequence of increasing CRC prevalence due to aging of the population,
increasing incidence and better survival rates, the incidence of new primary colorectal
tumors will increase in parallel. In the past decades, significant progress has been made in
understanding the molecular and genetic origin of CRC [122–124]. This major expansion of
our knowledge has also contributed to the discovery of new therapeutic agents mostly in
the metastatic setting. Although interesting associations have been made that might be of
clinical relevance, the molecular classification of CRC is still in its early development [122].
To date, most available biomarkers are not recommended for use in the daily clinical
practice. The only biomarker which is broadly used in clinical practice is KRAS/NRAS,
and partly BRAF, oncogene mutations and the MSI status [125]. Such oncogene mutations
predict resistance to anti-EGFR therapy in metastatic CRC, whereas MSI is used as a
prognostic marker in stage II disease and as a predictive marker for the effectiveness of
anti-PDL1/PD1 antibodies in the metastatic setting [126].

In order to cope with the increasing number of patients in the future, new and highly
sensitive as well as specific, cost-effective and minimal invasive prognostic markers and
molecular image techniques are warranted. New markers for stage II–III CRC patients are
required in order to predict treatment outcome and to select patients that will be benefit
for the administration of adjuvant treatment. Such an approach could rescue patients
with good prognosis for the administration of toxic chemotherapy and lower the cost
for the management of patients with early (stage II–III) CRC and decrease the cost of
the management for the side effects. We anticipate that the results of such project will
contribute to a further development of personalized treatment of CRC.

The research databases that will be created in this project will contain a large variation
of clinical data and stored biomaterial (blood, stool and tumor tissue) that will be used
for the assessment of recurrence score. These markers may be used to (i) determine
patient’s prognosis which could lead to more accurate diagnostic tests and efficient follow-
up surveillance strategies and (ii) predict treatment outcome and guide the selection of
the patients who will most likely take benefit from adjuvant treatment. It will give the
opportunity to build highly relevant predictive and prognostic models for localized (stage
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II–III) CRC and explore their impact on CRC survival and the incidence of recurrence.
Additionally, it could have a major impact on the design of more accurate and efficient
follow-up surveillance strategies. Today, patients with early (stage II–III) CRC require
at least a 6–7 years follow-up time on a regular basis, which subsequently leads to an
increased use of health care. This burden may be reduced if patients can be categorized
into those being at a low or a high risk of recurrence. Since good prognostic markers are
lacking, all stage II–III CRC patients now undergo intensive follow-up including regular
imaging and endoscopic assessment (Figure 2).

Figure 2. Graphical presentation of the tasks showing the way they inter-relate (Pert Chart).

As such, Cologramme is original at international level. It aims to provide a national
and international accessible source of data on CRC. These data will be available for any
research group or organization to perform scientific research, (internal) auditing and policy
making. In order to guarantee that the data is only used for scientific, sociological and/or
economical relevant research and is not performed by multiple parties simultaneously, the
data from the project will only be accessible after permission of the research team of this
project. The linkage between the longitudinal collected clinical data, the availability of
biomaterials and the ability to perform basic research makes the current project a unique
project that contains a large amount of data which will give the opportunity to conduct
highly powered studies on translational research and overall to improve healthcare for
all CRC patients. Finally, the results of Cologramme will be used for the rational design
of confirmatory prospective clinical trial in which the recurrence score will be used as a
stratification factor or as a toll for treatment (or no treatment) decisions.

In the future, exosome-derived miRNAs might be investigated and considered along
with genetic mutations, microbiome and liquid biopsies. A growing body of evidence
suggests that particular miRNA clusters (miR-17-92, miR-19a, miR-19b, miR-23a, miR-92a,
miR-320a, and miR-4437) collected from blood, urine or even saliva samples can provide
additional biomarkers of CRC recurrence risk stratification. In total, more than 20 miRNA
clusters have been correlated with CRC recurrence in small-scale studies involving less
than 100 patients by means of RNA sequencing (RNA-Seq) and/or qRT-PCR. However,
the gold standard miRNA detection method and the sensitivity and specificity profile of
the technique are yet to be determined [127].

7. Conclusions

A new approach is proposed in the current work and the results will serve as person-
alized treatment based on the genetic profile, liquid biopsy and the microbiome. Genetic
alterations and microbiome may be related to the differentiation of their immunogenicity
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and allow for further stratification of the relapse risk in patients with stages II and III CRC.
Moreover, changes in the microbiome affect not only the immune response but also the
systemic treatment response (chemotherapy, targeting, immunotherapy).

The Cologramme aims to categorize the risk of relapse and provide guidance for
treatment (or no treatment) decisions in daily clinical practice. Such an approach could (i).
prevent unnecessary toxic treatment for patients with good prognosis (low risk of relapse),
(ii). reduce the cost of managing patients with early disease while preserving system
resources, and (iii). reduce the cost of dealing with side effects. Particularly nowadays,
where new data are emerging to reduce the chemotherapy administration interval from 6
to 3 months in patients with stage III CRC, this approach becomes more valuable (24). In
particular, the present study could highlight subpopulations of patients with a low risk of
relapse and lead to the documentation of these results through a prospective clinical trial.
Moreover, the determination of the treatment regimen may be associated with both the
worsening on the quality of life of patients who will eventually be exposed to a stronger
treatment than that needed and the significant economic costs resulting from the enhanced
treatment. It could also have a significant impact on the design of more accurate and
effective monitoring strategies and would contribute to further studies on the development
of personalized treatment. That means an increased treatment efficacy, improved quality
of life and overall patients’ survival. Ultimately, the proposed study is an important step
towards medical precision, which takes into account personalized, precision medicine,
personalized gene diversity, environment and lifestyle.

Author Contributions: Conceptualization, J.S., I.M., A.K.; methodology, J.S., I.M., M.T. (Maria Trypaki),
M.S., M.T. (Maria Tzardi); software, N.G.; validation, J.S., D.M. and E.X.; writing—original draft
preparation, J.S., A.K., C.T., V.S.; writing—review and editing, I.M., J.S., D.M.; visualization, M.C.,
E.A.; supervision, E.X., N.G.; project administration, N.G., E.X.; funding acquisition, J.S., E.X., D.M.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was fully supported by research grants from the Hellenic Foundation for
Research and Innovation (H.F.R.I) (No: 17447/10 October 2019), the Hellenic Society of Medical
Oncology (HeSMO) and the GastoIntestinal Cancer Study Group (GIC-SG). The funders had no role
in the design of the study, in the collection, analysis or interpretation of data, in the writing of the
manuscript or in the decision to publish the results.

Institutional Review Board Statement: The study has been approved by the Ethics Commit-
tee/Institutional Review Board of the University Hospital of Heraklion (Number 27/31 January 2020
and 17 February 2020). All procedures performed were in accordance with the ethical standards of
the institutional and/or national research committee and the 1964 Helsinki declaration, and its later
amendments or comparable ethical standards.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vyslouzil, K.; Brychtova, S.; Zboril, P.; Skalicky, P.; Vomackova, K.; Bezdekova, M.; Brychta, T. Unusual recurrent rectal carcinoma:

A cancer field theory viewpoint. Biomed. Pap. 2014, 158, 433–437. [CrossRef]
2. Kunst, N.; Alarid-Escudero, F.; Aas, E.; Coupé, V.M.H.; Schrag, D.; Kuntz, K.M. Estimating population-based recurrence rates of

colorectal cancer over time in the United States. Cancer Epidemiol. Biomark. Prev. 2020, 29, 2710–2718. [CrossRef]
3. Duineveld, L.A.M.; van Asselt, K.M.; Bemelman, W.A.; Smits, A.B.; Tanis, P.J.; van Weert, H.C.P.M.; Wind, J. Symptomatic and

asymptomatic colon cancer recurrence: A multicenter cohort study. Ann. Fam. Med. 2016, 14, 215–220. [CrossRef]
4. Xu, W.; He, Y.; Wang, Y.; Li, X.; Young, J.; Ioannidis, J.P.A.; Dunlop, M.G.; Theodoratou, E. Risk factors and risk prediction models

for colorectal cancer metastasis and recurrence: An umbrella review of systematic reviews and meta-analyses of observational
studies. BMC Med. 2020, 18, 172. [CrossRef]

5. Kim, S.-E.; Paik, H.Y.; Yoon, H.; Lee, J.E.; Kim, N.; Sung, M.-K. Sex- and gender-specific disparities in colorectal cancer risk. World
J. Gastroenterol. 2015, 21, 5167. [CrossRef] [PubMed]

6. Arshad, H.M.S.; Tetangco, E.; Shah, N.; Kabir, C.; Raddawi, H. Racial Disparities in Colorectal Carcinoma Incidence, Severity and
Survival Times Over 10 Years: A Retrospective Single Center Study. J. Clin. Med. Res. 2016, 8, 777. [CrossRef]

7. Ohri, A.; Robinson, A.; Liu, B.; Bhuket, T.; Wong, R. Updated Assessment of Colorectal Cancer Incidence in the U.S. by Age, Sex,
and Race/Ethnicity. Dig. Dis. Sci. 2020, 65, 1838–1849. [CrossRef] [PubMed]

http://doi.org/10.5507/bp.2012.091
http://doi.org/10.1158/1055-9965.EPI-20-0490
http://doi.org/10.1370/afm.1919
http://doi.org/10.1186/s12916-020-01618-6
http://doi.org/10.3748/wjg.v21.i17.5167
http://www.ncbi.nlm.nih.gov/pubmed/25954090
http://doi.org/10.14740/jocmr2696w
http://doi.org/10.1007/s10620-019-05913-y
http://www.ncbi.nlm.nih.gov/pubmed/31701261


Cancers 2021, 13, 3522 16 of 20

8. Lawler, M.; Alsina, D.; Adams, R.A.; Anderson, A.S.; Brown, G.; Fearnhead, N.S.; Fenwick, S.W.; Halloran, S.P.; Hochhauser, D.;
Hull, M.A.; et al. Critical research gaps and recommendations to inform research prioritisation for more effective prevention and
improved outcomes in colorectal cancer. Gut 2018, 67, 179–193. [CrossRef] [PubMed]

9. Genetics of Colorectal Cancer (PDQ®)–Health Professional Version-National Cancer Institute. Available online: https://www.
cancer.gov/types/colorectal/hp/colorectal-genetics-pdq (accessed on 22 June 2021).

10. Drew, D.A.; Devers, T.J.; O’Brien, M.J.; Horelik, N.A.; Levine, J.; Rosenberg, D.W. HD chromoendoscopy coupled with DNA mass
spectrometry profiling identifies somatic mutations in microdissected human proximal aberrant crypt foci. Mol. Cancer Res. 2014,
12, 823–829. [CrossRef] [PubMed]

11. Ebi, H.; Bando, H.; Taniguchi, H.; Sunakawa, Y.; Okugawa, Y.; Hatanaka, Y.; Hosoda, W.; Kumamoto, K.; Nakatani, K.; Yamazaki,
K. Japanese Society of Medical Oncology Clinical Guidelines: Molecular Testing for Colorectal Cancer Treatment, 4th edition.
Cancer Sci. 2020, 111, 3962–3969. [CrossRef]
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