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προβλέψει έγκαιρα το αποτέλεσμα της θεραπείας που χορηγεί, πετυχαίνει όχι μόνο να
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ΠΕΡΙΛΗΨΗ
Ο κολοορθικός καρκίνος (ΚΟΚ) είναι ο τρίτος πιο κοινός τύπος καρκίνου και για τα
δύο φύλα και μία από τις κύριες αιτίες θανάτου σχετιζόμενο με καρκίνο παγκοσμίως.
Αυτά τα χαρακτηριστικά έχουν προσελκύσει πολλές ερευνητικές ομάδες σε όλο τον
κόσμο δημιουργώντας τις κατάλληλες προϋποθέσεις για την επίτευξη σημαντικής
προόδου στην αποκάλυψη της υποκείμενης μοριακής βιολογίας, στον εντοπισμό νέων
διαγνωστικών test και στην εισαγωγή νέων και εξατομικευμένων θεραπευτικών
επιλογών. Ωστόσο, παρά τις πολυάριθμες προσπάθειες για τον εντοπισμό
αποτελεσματικών προγνωστικών εργαλείων, τα αποτελέσματα δεν είναι ιδιαίτερα
ενθαρρυντικά. Αυτό συμβαίνει γιατί στις περισσότερες μελέτες ο μικρός αριθμός των
υπό μελέτη ασθενών δεν επιτρέπει την ασφαλή εξαγωγή συμπερασμάτων.
Παράλληλα, το σχετικά υψηλό κόστος αλλά και η πολυπλοκότητα των
προτεινόμενων τεχνικών καθιστά αποτρεπτική την εφαρμογή των εν λόγω εργαλείων.
Ως εκ τούτου, η τρέχουσα πρακτική στη διαχείριση του ΚΟΚ εξακολουθεί να
αξιολογεί την ανταπόκριση των ασθενών κατόπιν ολοκλήρωσης της θεραπείας τους.
Αυτό

έχει

μεγάλη

σημασία,

καθώς

οι

ασθενείς

που

αναπτύσσουν

χημειοανθεκτικότητα, θα αναγνωριστούν με μεγάλη καθυστέρηση, αφήνοντας τόσο
αυτούς όσο και τα συστήματα υγείας εκτεθειμένους να αντιμετωπίσουν τις περιττές
παρενέργειες και το αυξημένο κόστος των αναποτελεσματικών θεραπειών. Έτσι,
προκειμένου να βελτιστοποιηθεί η κλινική πρακτική, αναδεικνύεται ως ζωτικής
σημασίας η ταυτοποίηση ευαίσθητων και εύχρηστων εργαλείων που θα παρέχουν
πολύτιμες πληροφορίες σχετικά με την πρόγνωση της πορείας κάθε ασθενούς. Τέτοια
εργαλεία αναμένεται να ωφελήσουν άμεσα τους ασθενείς με ΚΟΚ και τους κλινικούς
ιατρούς (αφού θα είναι σε θέση να διακόψουν μια αναποτελεσματική θεραπεία σε
πρώιμο στάδιο) αλλά έμμεσα και το σύστημα υγείας δεδομένης της αποδοτικότερης
διαχείρισης των πόρων για την θεραπεία αυτών των ασθενών. Επί πλέον πρέπει να
σημειωθεί η δυνατότητα επέκτασης της αξιολόγησης της προγνωστικής αξίας των
εργαλείων αυτών και σε άλλους τύπου καρκίνου. Ένας μεγάλος αριθμός δεδομένων
δείχνει ότι οι μοριακοί βιοδείκτες είναι πολλά υποσχόμενοι υποψήφιοι για αυτόν τον
σκοπό. Έχοντας τα ανωτέρω υπ όψιν, η παρούσα μελέτη επικεντρώθηκε στην
διερεύνηση της κλινικής αξίας δύο νέων βιοδεικτών: α) της συχνότητας
μικροπυρήνων (ΣΜ) σε 55 ασθενείς με μεταστατικό ΚΟΚ (μΚΟΚ) και 21 με τοπικά
προχωρημένο καρκίνο του ορθού (τπΚΟ) χρησιμοποιώντας την τεχνική cytokinesis
block micronucleus assay (CBMN) και β) της ενεργότητας τελομεράσης (ΕΤ) σε 23
μΚΟΚ και 5 τπΚΟ ασθενείς χρησιμοποιώντας την τεχνική της TRAP-ELISA. Αυτοί
12

οι βιοδείκτες επιλέχθηκαν βάσει της στενής τους σχέσης με τη χρωμοσωμική
αστάθεια και τη διαταραγμένη γενετική λειτουργία, αμφότερα ουσιαστικά
γνωρίσματα στην καρκινογένεση του παχέος εντέρου. Όλοι οι βιοδείκτες
αξιολογήθηκαν σε λεμφοκύτταρα περιφερικού αίματος πριν, στο μέσο και στο τέλος
της θεραπείας (περίπου 0, 3 και 6 μήνες) για ασθενείς με μΚΟΚ και πριν, στο τέλος
της θεραπείας και μετά από χειρουργική επέμβαση για ασθενείς με τπΚΟ. Συνολικά,
η ΣΜ έδειξε σημαντική προγνωστική αξία, καθώς μια μείωσή <29% μεταξύ των
μεσαίων και των αρχικών μετρήσεων μπορεί να διακρίνει μεταξύ εξελισσόμενης και
σταθερής / ανταποκρινόμενης νόσου με ευαισθησία 36% και ειδικότητα 87,0%.
Ακόμα φάνηκε να είναι σε θέση να αναγνωρίσει την ανταπόκριση νόσου με
ευαισθησία 72,7 % και ειδικότητα 59,3%. Αναφορικά δε με την ΕΤ, δεν αποδείχθηκε
στατιστικά σημαντική διαφορά μεταξύ των ομάδων ανταπόκρισης νόσου σε καμία
από τις μετρήσεις (προ της έναρξης της χημειοθεραπείας p = 0.256, στη μέση της
χημειοθεραπείας p=0.072, στο τέλος της χημειοθεραπείας p=0.096). Ωστόσο,
παρατηρήθηκε ότι στη μέση και τελευταία μέτρηση οι ασθενείς με πρόοδο νόσου
είχαν αύξηση της ΕΤ ενώ η σύγκριση των υπολοίπων ομάδων με αυτή την ομάδα
(πρόοδος νόσου vs σταθερή νόσος, πρόοδος νόσου vs μερική ανταπόκριση, πρόοδος
νόσου vs πλήρης ανταπόκριση) ανέδειξε μια σημαντική τάση στην αύξηση της ΕΤ
στους ασθενείς με πρόοδο νόσου (μέση μέτρηση p=0.072, τελική μέτρηση p=0.096).
Παρ’ όλα αυτά, δεν κατέστη δυνατή η περαιτέρω στατιστική μελέτη των ασθενών με
πρόοδο νόσου στις τρεις φάσεις της χημειοθεραπείας εξ’ αιτίας της απουσίας
κανονικής κατανομής των τιμών της ΕΤ πιθανά λόγω του μικρού δείγματος που
μελετήσαμε. Συνοπτικά, τα ευρήματα της μελέτης αυτής καταδεικνύουν την αξία της
συχνότητας των μικροπυρήνων ως προγνωστικού βιοδείκτη για την παρακολούθηση
της ανταπόκρισης στη θεραπεία ασθενών με ΚΟΚ, ενώ η ΕΤ πρέπει να αξιολογηθεί
σε μια μεγαλύτερη ομάδα ασθενών για να τεκμηριωθεί η πιθανή μεταβολή της κατά
τη διάρκεια της χημειοθεραπείας οπότε και η κλινική της σημασία.
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ABSTRACT

Colorectal cancer (CRC) is the third most common type of cancer for both sexes and
one of the leading causes of cancer-related mortality worldwide. These characteristics
have attracted numerous research teams across the globe, creating the right conditions
for significant advances on unveiling the underlying molecular biology, identifying
new diagnostic tests and expanding treatment options while introducing personalized
ones. However, despite numerous attempts to identify effective prognostic and
predictive tools only little progress has been made. This is because in most studies the
size of patient sets is rather small which prevents safe conclusions to be drawn. At the
same time, the relatively high cost and complexity of the proposed techniques makes
the implementation of these tools deterrent. Therefore, current practice in CRC
management continues to evaluate patient response after completion of their
treatment. This is of great importance, since patients who develop chemoresistance
will be identified with substantial delay, leaving both them and health care systems
challenging with the unnecessary side effects and increased cost of ineffective
treatments. Thus, in order to optimize clinical practice, the identification of sensitive
and easy-to-use tools that will provide valuable information about the prognosis of
each patient is emerging as crucial. Such tools are expected to benefit patients with
CRC and clinicians directly (as they will be able to discontinue ineffective treatment
at an early stage) but also indirectly the health care system given the more efficient
management of resources to treat these patients. In addition, it should be noted the
possibility of expanding the validation of the prognostic value of these tools to other
types of cancer. It is well established that molecular biomarkers can serve as
promising candidates for this purpose. In view of the above, the present study focused
on validating the clinical value of two new biomarkers: a) micronuclei frequency
(MNf) in 55 metastatic CRC (mCRC) and 21 locally advanced rectal cancer (laRC)
patients using cytokinesis block micronucleus assay (CBMN assay) and b) telomerase
activity (TA) in 23 mCRC and 5 laRC patients using TRAP-ELISA. These
biomarkers were chosen on the basis of their close relationship to chromosomal
instability (CIN) and aberrant genetic function, both major hallmarks in colorectal
carcinogenesis. All biomarkers were evaluated in peripheral blood lymphocytes
(PBLs) before, in the middle and at the end of treatment (approximately 0, 3 and 6
months) for mCRC patients and before, at the end of treatment and after surgery for
patients with laRC. Overall, MNf demonstrated significant prognostic value, since a
reduction of <29% between middle and initial MNf measurements can discriminate
between progressive and stable/responsive disease with a sensitivity of 36% and a
specificity of 87.0%. It also appeared to be able to identify responsive disease with
sensitivity of 72.7% and specificity 59.3%. Regarding TA, no statistically significant
difference was found between the disease response groups in any of the sampling
points (before the beginning of chemotherapy p = 0.256, in the middle of the
chemotherapy p = 0.072, at the end of the chemotherapy p = 0.096). However, it was
observed that in the middle and last sampling points, the patients with progressive
disease had an increase in TA while the concomitant comparison between groups
(disease progression vs stable disease, disease progression vs partial response, disease
progression vs complete response) revealed a significant trend to increase TA in
patients with disease progression (middle sampling point p = 0.072, final sampling
point p = 0.096). However, it was not possible to further statistically compare TA
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values of patients with progressive disease between the three sampling points due to
the absence of a normal distribution of TA values, possibly due to the small sample
we studied. In conclusion, the findings of this study demonstrate the value of MN
frequency as a promising prognostic biomarker for monitoring the response to
treatment of patients with CRC, while TA should be evaluated in a larger group of
patients to document its possible change during chemotherapy and its related clinical
significance.

2. Introduction
Colorectal cancer is the third most common cancer diagnosed worldwide while at the
same time it is considered as one of the leading causes of cancer-related morbidity
and mortality worldwide for both sexes (1). Overall, the lifetime risk of developing
colorectal cancer is about 1 in 23 (4.3%) for men and 1 in 25 (4.0%) for women. It
was estimated that in 2020 147,950 individuals would be diagnosed with CRC in the
United States (70.7% would suffer from colon and 29.3% from rectal cancer) while
53,200 patients would die from the disease (2). 2021’s projection has not improved
since it is estimated that 149,500 individuals will be affected and 52,980 will die by it
(3). Unfortunately, even though the majority of patients at the time of diagnosis
present with local or locally advanced (regional) disease (stages I, II and III), some
22% will present with distant metastases (stage IV disease) (4). Thankfully, owing to
the great advances in CRC management and treatment, stages I-III exhibit the most
favorable prognosis with overall 5-year survival rates reaching 94.7%, 88.4% and
74.3% for stages I, II and III accordingly. In addition, five-year disease-free survival
rates are 91.0%, 79.8% and 63.3% in stage I, II and III accordingly. On the contrary
stage IV disease has the worst survival rates since the overall five-year survival rate
and the five-year disease-free survival rate are 31.5% and 18.9% accordingly (5).
Apart from the impaired survival rates in stage IV disease, a significant number CRC
patients with distant metastases develops resistance to their therapy at some point of
the course of their treatment. Unfortunately, diagnosis of chemoresistance is most
often delayed, allowing for cancer progression to take place before these patients
receive second or third line treatments. At the same time, healthcare systems are
dealing with an immense financial burden as a result of these treatments. Therefore,
identification of accurate, cost efficient and easy-to-use tools that will be able to
provide valuable prognostic and predictive information is considered to be crucial.
Indeed, numerous studies have attempted to address this issue and most of them
indicate molecular biomarkers as promising candidates for this purpose (6). In regards
to CRC prognosis, research on current evidence related with chromosomal instability
(CIN) and aberrant genetic function; both major hallmarks in colorectal
carcinogenesis (7), led this doctoral thesis to investigate the clinical and possible
prognostic value of two novel biomarkers (MNf, and TA) for laCRC and mCRC.
1.1 CRC Risk Factors
In order to better understand CRC etiology, several epidemiological studies have
successfully identified many anthropometric, dietary, lifestyle, and pharmacological
factors that influence the relative risk of CRC carcinogenesis. These factors are
collectively described as risk factors. A risk factor is anything that increases a
15

person’s chance of developing a disease and therefore, a cancer such as CRC.
Although risk factors often influence the development of cancer, most of them do not
directly cause cancer. However, coexistence of a number of risk factors along with an
underlying genetic susceptibility increases the risk of CRC. Risk factors can be
roughly divided in two groups; modifiable and non-modifiable. Modifiable, are those
factors that can be changed upon the willing of the person, while non-modifiable are
those that cannot be changed. Those factors that are considered to be modifiable
factors for CRC development are: lack of regular physical activity, a diet low in fruit
and vegetables, a low-fiber and high-fat diet, or a diet high in processed meats and
refined carbohydrates, being overweight or obese, insulin resistance and subsequent
hyperinsulinemia (induced by excess energy intake), increased alcohol consumption
and smoking (8). On the other hand, those factors that are considered to be nonmodifiable are: older age, black race, male sex, family history of CRC and personal
history of CRC, hereditary conditions such as Lynch syndrome, a personal history of
inflammatory bowel disease, ovarian or uterine cancer (9). On the contrary, a number
of factors are identified to reduce the relative risk of CRC development (preventive
factors). Such factors include increased physical activity, use of aspirin or other nonsteroidal anti-inflammatory drugs (NSAIDs), use of postmenopausal hormone (PMH)
in women, and regular consumption of fruits, vegetables, calcium, folate, and fiber
(9). Moreover, migration studies also demonstrate a higher lifetime incidence of
colorectal cancer among immigrants to high-incidence, industrialized countries
compared to residents remaining in their native, low-incidence countries (10).
Unfortunately, it is uncertain whether changing modifiable risk factors has equal
effect among those with high versus low non-modifiable CRC risk profiles. For
example, Maas et al studying a breast cancer consortium of prospective studies,
demonstrated that improvement in estimating absolute risk of breast cancer can
identify subsets of the population at an elevated risk who would benefit most from
risk-reduction strategies such as altering modifiable factors, suggesting the utility of
comprehensive risk modelling (11). Taken together, these data highlight the
importance of environmental influences on colorectal carcinogenesis and the need for
successive implementation of primary prevention strategies by all health care systems.
1.2 CRC development
In most cases, CRC development is a long lasting that most probably will not give any
symptoms until it reaches a considerable size of several centimeters. Such symptoms
may be partial or complete obstruction of the affected part of the colon (leading to
cramping, pain, constipation or ileus) or in some other cases bleeding, that can present
as visible bleeding with bowel movements. Until then, a multistep process takes place
involving a series of histological, morphological, and genetic changes that accumulate
over time (12). For the most part, the natural history of colorectal cancer has been
examined by comparing sequential morphological changes in patients who were able
to be followed up clinically using radiography or endoscopy. According to these
findings, we know that CRC typically develops from focal changes within benign,
precancerous polyps (Figure 1).
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Figure 1. Illustration of the developmental timeline in colorectal carcinogenesis form
benign to malignant lesions. Created with BioRender.com
These polyps are localized growths or aggregations of abnormal cells within the
intestinal mucosa that protrude into the intestinal lumen (13). Polyps can develop
along the entire length of the colon and rectum; however, polyps that develop within
the proximal (right) side of the colon, which includes the cecum through the
transverse colon up to and including the splenic flexure, account for 42% of all CRCs
in the US (14). Overall, polyps can be categorized in two large groups: a) nonneoplastic polyps, including hyperplastic polyps, inflammatory polyps and
hamartomatous polyps and b) neoplastic polyps, including adenomas (tubular and
tubulovillous) and sessile serrated polyps (SSPs). Polyps can be sessile or
pedunculated. The dividing cells in these polyps may accumulate sufficient genetic
alterations by which they acquire the ability to invade the bowel wall, which is the
hallmark of CRC. Over time, neoplastic polyps may acquire the ability to spread to
local lymph nodes and finally to other organs (distant metastases). Fortunately, only a
fraction of polyps reaches the threshold of malignancy. In general, most adenomas
have a tubular histology with small, roundish, atypical glands but often develop areas
of long filamentous architecture as they grow, which is described on pathology
reports as villous or tubulovillous. By definition, adenomas are characterized by
dysplasia (low degree of cellular and structural atypia). Tubulovillous and villous
adenomas, especially those with ≥25% villous content, are typically larger in size and
have a greater potential for harboring cancerous cells. In contrast, SSPs are flat and
carpet like, with serrated or saw-toothed glands. SSPs include sessile serrated
adenomas, traditional serrated adenomas, and mixed polyps, which have all been
associated with CRC development (15,16). Even though, a polyps’ size is not
sufficient to presume its malignant potential, it is largely accepted that the larger a
polyp is, the greater the risk of cancer. Although only 10% of even the most advanced
adenomas (adenomas ≥1 cm in size or that have ≥25% villous component or highgrade dysplasia of any size) become cancerous, 60%–70% of CRCs develop from
adenomas. The remaining 25%–35% of CRCs develop from SSPs (16,17). As the
cells within the polyp proliferate, genetic mutations and epigenetic changes begin to
accumulate. From a pathology point of view this is reflected by cytologic and
histologic dysplasia (18).
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1.3 Genetic alterations during CRC development
Both genetic and epigenetic alterations are common in CRC and are crucial steps for
carcinogenesis. In 1990, Fearon and Vogelstein elucidated specific pathways essential
to the development of CRC, consisting of accumulated mutations in multiple genes
that regulate cell growth and differentiation (19). As a result, the adenoma-carcinoma
sequence was proposed as the governing mechanism for normal colorectal epithelium
to transform to an adenoma, an in situ carcinoma and ultimately to an invasive and
metastatic carcinoma. According to it, initial genetic changes start in an early
adenoma and accumulate as it transforms to carcinoma (Figure 2).

Figure 2. Graphic presentation of the multi-hit model in colorectal carcinogenesis
where the primary lesion begins with a mutation in the APC gene. As other tumor
suppressor genes mutate, a larger tumor will grow and eventually become malignant.
Created with BioRender.com
DNA mutations can be acquired or inherited. True inherited mutations associated with
CRC, such as the MLH1, MSH2, PMS2, and the APC gene mutations, are uncommon
and account for approximately 5% of all CRCs. However, studying these inherited
mutations, in addition to sporadically occurring APC and DNA mismatch repair
mutations, has provided key insights into the stepwise genetic progression from
premalignant polyps to cancer (20). There are two main genetic pathways implicated
in CRC development; chromosomal instability pathway (CIN) (accounting for 7080% of all CRCs) and microsatellite instability pathway (MSI) (5–20% of all CRCs).
However, apart from these two distinct pathways of genomic instability, a third one
has also been recognized; CpG Island Methylator Phenotype (CIMP) (~15 % of all
CRCs) (6,21). CIN main characteristic is the extensive abnormality in chromosome
number (aneuploidy) and loss of heterozygosity. CIN can be observed in several
forms, including chromosomal numerical abnormalities, small sequence modifications
such as base deletions or insertions, chromosomal rearrangements and gene
amplification. Such alterations may include activation of proto-oncogenes (K-Ras)
and inactivation of at least three tumor suppression genes, namely, loss of APC
(chromosome region 5q21), loss of p53 (chromosome region 17p13), and loss of
heterozygosity for the long arm of chromosome 18 (18q LOH). Recently mutations
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involving other genes have been described, such as the TGFBR and PIK3CA, that are
required for the adenoma-carcinoma sequence model (18). Microsatellites (MSs) are
short tandem-repeated base pairs of 1–6 scattered all over the genome. For the normal
human genome the number of MSs is approximately half a million. Genome studies
revealed that MSs are prone to duplication errors. However these errors are usually
corrected by the miss match repair (MMR) system (22,23). Consequently it is logical
to assume that a defective MMR system would result in the accumulation of DNA
mistakes and thus MSI. Indeed, MSI arises by the inhibition of MMR system either
via defective methylation of MLH1 in CpG island or point mutation of any MMR
genes (hMLH1, hMSH2, hMSH6, PMS1 and PMS2) especially hypermethylation of
hMLH1 promoter (6). It is estimated that about 15–20% of CRC patients present MSI
with a small fraction of which 2–4% are related to HNPCC (24). In order to estimate
MS status, Bethesda panel was agreed in which five MS loci were included (BAT25,
BAT26, D5S346, D2S123, and D17S250) (25). However, some researchers suggested
an expanded Bethesda panel include 10 loci. Based on this panel, MSI can be divided
into three groups: MSI-high (MSI-H), defined as having ≥30% unstable loci using
mononucleotide or dinucleotide markers (26); MSI-low (MSI-L), with 10–30%
unstable loci; and microsatellite stable (MSS), with <10% unstable loci (26). MSI
status varies according to a given CRC stage: Stage II CRC exhibits high prevalence
of MSI (20%) while in stage IV CRC MSI is approximately 4% (27,28). Moreover,
differences based on the MSI status are found when prognosis is examined. For
example, cases with MSI-H CRC share a better prognosis than that with MSS CRC
(6). CpG island accounts for >70% of CG sequences that extend to 0.4 kB on the
genome (29). Even though hypermethylation of CpG island cytosine represents a
hallmark for cancer progression, both hypomethylation and hypermethylation may
lead to the transformation of normal mucosa to adenoma and subsequently to the
development of CRC (30). Disturbance of epigenetic programming (epigenetic
modification including DNA methylation, histone modification and posttranscriptional gene regulation) is closely related to the development of CRC (31). It
is reported that a wide spectrum of aberrant methylated genes in CRC, regulates
crucial functions in the normal cell regarding proliferation and maintenance of
genome stability (32). These genes include WiF-1, AIX4, PGR, FBNI, P53, TIMP3,
SEPT9, MGMT, Vimentin, GATA4 CNRIP1, FBN1, INA, MAL, SNCA and SPG20
(31–33). It should be noted that APC is the most common initial gene mutated in
familial/inherited and sporadic colon cancer (approximately 90% of CRC caces). APC
gene regulates the Wnt signaling pathway via encoding a multifunctional protein.
Specifically, APC regulates Wnt pathway through the destruction of the transcription
factor β-catenin, which enhances the activity of Wnt pathway. Hence, APC
conversely organizes Wnt signaling (34). In addition, APC gene is involved in cell
cycle regulation, cytoskeleton stabilization, intracellular adhesion, as well as
apoptosis. In an attempt to determine the exact role of APC gene in CRC, Dow et al
(35) investigated whether APC mutation is essential for CRC protection. For their
study a CRC mouse model with inhibited APC was used. According to their findings,
inhibiting APC gives rise to adenomas in colon and small intestine (35). Liang et al
conducted a meta-analysis study to correlate APC polymorphism (D1822V, E1317Q,
I1307K) and CRC risk. They concluded that E1317Q significantly increased adenoma
risk. However, I1307K is associated with high risk of CRC (36). CRC-related tumor
suppressor genes are thought to be altered in the early phase of cancer development,
and APC mutation is the first step in the translation of normal mucosa to neoplastic
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tissue, leading to the activation of the WNT pathway. Subsequent mutations that
occur in genes, such as KRAS, TP53, SMAD4 and type II TGF-β receptor
(TGFBR2), lead to the progression from polyp to cancer similar to the process that
takes place in other gastrointestinal carcinomas (37). Interestingly, it is observed that
the two main types of neoplastic polyps (adenomas and SSPs) are generally
characterized by distinct genetic alterations. The CIN pathway, generally associated
with traditional adenomas, is observed in 65%–70% of all sporadic cancers and is
characterized by a cascade of accumulating mutations. Typically, the first mutations
that develop are within the APC gene, which affects chromosome segregation during
cell division. Subsequent mutations then develop in the KRAS oncogene, which has
downstream effects on cell growth, differentiation, motility, and survival. Over time,
these mutations can cause a loss of function of the p53 gene, which is a master
regulator of transcription and apoptosis, thus impacting a wide range of cellular
functions that ultimately results in carcinogenesis (38). In contrast, development of
SSPs tends to begin with mutations in the BRAF gene, which results in altered growth
signaling and loss of apoptosis (16). KRAS mutations can also occur in SSPs, but
they are much less frequently associated with SSPs than adenomatous polyps (39).
Figure 3 illustrates the various gene mutations identified in colon and rectum
according to the site of the primary lesion.

Figure 3. Presentation of the variability in gene mutations of CRC according to the
site of the primary lesion. Created with BioRender.com
Another common epigenetic alteration seen in serrated lesion-based CRC is aberrant
gene promoter region hypermethylation. Promoter region methylation inhibits gene
transcription, functionally turning affected genes “off ”. This gene deactivation
impacts many genes including those regulating other growth-promoting genes(39).
Aberrantly methylated genes associated with CpG island methylator phenotype
include, among others, the bone morphogenic protein 3 (BMP3)25 and N-Myc
downstream-regulated gene 4 (NDRG4) (40,41). MSI can occur in both adenomatous
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and serrated polyps and is associated with germline mutations in DNA mismatch
repair genes (eg, in hereditary nonpolyposis colorectal cancer) as well as sporadic
mutations due to aberrant methylation of the MLH1 promoter regions (associated with
CpG island methylator phenotype).

1.4 Imaging modalities for CRC staging
Treatment strategy for colon cancer is guided by adequate staging. Complete
colonoscopy and multi-detector computed tomography (MDCT) scan of the chest,
abdomen, and pelvis should be performed. MDCT remains the main imaging
modality for preoperative planning, metastatic liver lesion detection and tumor
surveillance. MDCT accuracy rate for assessing lower stage lesions is not as good as
that for advanced lesions. This discrepancy relates to the limited ability of MDCT to
determine depth of bowel wall penetration. However, abdominal/pelvic MDCT has a
high negative predictive value. The specificity for detecting lymph nodes involved
with tumor is approximately 50%. In addition, the modality offers the ability of a
rapid global evaluation and demonstration of complications (perforation, obstruction,
etc.) that may not be clinically apparent (42). Magnetic resonance imaging (MRI) has
equal accuracy to MDCT for local staging of colonic neoplasms. Accuracy in
identification of lymph node metastases is also equal to MDCT, and slightly superior
for detection of liver metastases. MRI may be beneficial in determining involvement
of the adjacent organs. MRI may also be considered in preoperative evaluation of
patients with sensitivity to iodinated contrast material, particularly in the evaluation of
the liver (43). MRI and contrast-enhanced ultrasonography (US) should be considered
as problem solving techniques for characterization of indeterminate liver lesions (42).
Computed tomographic colonography (CTC) can accurately identify all colorectal
masses but may overcall stool as masses in poorly distended or poorly prepared
colons. CTC has an overall staging accuracy of 81% for colorectal cancer and is
superior to barium enema in visualizing colonic segments proximal to obstructing
colorectal lesions. Furthermore, the method can identify synchronous lesions in
patients with colorectal masses, and image the proximal colon in patients with
obstructing colorectal lesions (44). FDG-PET is not recommended for initial staging.
It could be used in patients at high surgical risk when there is a strong probability of
metastatic disease invisible on CT or MRI. However, the role of FDG PET/CT is not
yet clear owing to the small number of studies (45). Also, brain and bone
scintigraphic scans are only indicated in patients with relevant symptoms. Rectal
cancers are categorized according to their distal edge measured from the anal verge,
by rigid or flexible endoscopy, accompanied by biopsy, and MRI. It is important to
note that according to the current clinical practice RCs require an initial (diagnostic
staging) and a pre-operative staging. For the initial staging, rigid endoscopy and MRI
are more reliable in detecting the exact location and the size of the tumor. By rigid
proctoscopy, rectal cancer is categorized as: low (up to 5 cm), middle (from >5 to 10
cm) or high (from >10 up to 15 cm). The accurate diagnosis of tumor localization and
local extension (T stage), lymph node involvement (N-stage), extramural vein status
and potential CRM positivity is essential for defining the treatment strategy.
Subclassification of T1 cancers is based upon depth of invasion into the submucosal
layer: sm1 upper third, sm2 middle third and sm3 lower third. Alternatively the
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millimetric depth of submucosal invasion could be used, where an invaded depth of
more than 1 mm is an important predictor for possible lymph node involvement
(46,47). Endorectal ultrasound (ERUS) and endorectal MRI have similar accuracy in
the differentiation between T1 sm1/sm2 and sm3 and furthermore between superficial
(T1 and/or T2) and T3 tumors (48). MRI with use of an endorectal coil offers the
maximum amount of information by a single modality in the staging of rectal cancer
(49). However, endorectal imaging is not an adequate method for the assessment of
local tumor extent in bulky T3 or T4 tumors. Likewise, ERUS or MRI can measure
sphincter infiltration with comparable accuracy. Although ERUS is accurate in
assessing early-stage low tumors (T1 and T2), with a sensitivity of 94% and
specificity of 86% (50), it performs inadequately for advanced rectal tumors, leading
to substantial preoperative overstaging and consequent overtreatment, because
differentiation between peritumoral inflammation or fibrosis and true tumor is not
possible (51,52) and the inability of the method to assess CRM or to identify lymph
nodes close to the mesorectal fascia, but also to depict extramural vascular invasion
(EMVI). Thin-section MRI with 3-mm slices and a small field of view is now used to
identify several prognostic features that will allow better selection of patients who
will benefit from more intensive treatment (53). MRI or multidetector-row CT
(MDCT) have an equal accuracy in distinguishing T3 from T4 tumors in the middle
and higher rectum (54). However, MDCT does not correlate well enough with MRI
findings to replace it in rectal cancer staging (55). The main limitation of T staging is
that T3 tumors are the majority of rectal cancers seen at presentation which, however,
comprise a very heterogeneous group regarding local recurrence and survival rates.
From existing pathological studies, it is clear that patients with more than 5 mm of
extramural spread should be identified because they have a markedly worse prognosis
than those with T3 tumors <5 mm of spread (56). Thus, the distinction between T2
stage and T3 stage is not relevant, when the T3 tumor presents a less than 2 mm
spread (57). In summary, MRI has been shown to accurately identify the depth of
extramural invasion, the presence of lymph node metastases, EMVI and CRM
involvement. By demonstration of accurate measurement of the depth of extramural
tumor spread, the MERCURY Study enabled accurate preoperative prognosis (58).
Given the fact that major pelvic surgery for locally advanced rectal cancer is
associated with postoperative morbidity of 40-50% (59), selecting patients for
observation (ypT0, ypN0) or for local excision (ypT0-2, ypN0) after chemoradio
therapy (CRT), although within research protocols at present, represents a major
challenge. Hence accurate restaging is of paramount importance. Most of the studies
suggest that none of the available imaging modalities (ERUS, standard MRI, CT, or
FDG-PET) are sufficiently accurate in identifying complete remission after CRT,
offering positive predictive value (PPV) as low as 17-50% (60,61). Downsizing of
rectal cancer after CRT to ypT0-2 tumor can be predicted accurately by using MRI,
with a high PPV at the cost of a lower NPV, because of diffuse fibrosis usually seen
after RT therapy and inability to distinguish between only fibrosis and fibrosis with
tumor cell nests. After volumetric analysis, when the initial tumor volume is less than
50 cm3 and the decrease in volume after CRT is more than 75%, then a ypT0-2 can be
predicted (57). It has recently been shown that MRI can identify the presence of
residual tumor foci with good agreement between MRI tumor regression grade and
histopathologic tumor regression grade (62). Optimally, pre and post CRT MRI scans
should be done with the same, optimized high-resolution MRI protocol using the
same parameters, allowing for a more accurate assessment of tumor regression,
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potential operability and type of surgery to be offered. Parameters to be reassessed are
in particular: i) tumor height and reduction in craniocaudal length, which may have an
impact on the choice of operation; and ii) new CRM status, clear of areas of fibrosis,
which represents the margins of resection, rather than tumor regression, which may
still harbor malignant cells (63). The morphological criteria (i.e. signal heterogeneity,
irregular borders and size) used in pre-treatment MRI for evaluation of nodal status
still apply after CRT. Accurate non-invasive MRI assessment of regression of poorprognosis stage N2 disease to N0 or N1 indicates effective therapy (64). The most
recent multicenter prospective study in the field (MERCURY trial) (65) evaluated the
prognostic relevance of post-neo-adjuvant therapy MRI assessment of tumor stage,
nodal status, CRM, and MRI assessment of tumor regression grade (mrTRG) system
in association with overall survival, disease-free survival and local recurrence in
patients undergoing neo-adjuvant therapy and TME surgery. The study showed a
significant correlation between radiologically determined tumor response and longterm outcomes and has shown that MRI assessment of tumor regression grade after
preoperative therapy predicts overall survival, disease-free survival and patient
prognosis, before surgery. Therefore, high-resolution MRI protocols with assessment
of post-treatment TRG and CRM status can effectively help the MDT individualize
treatment options before definitive surgery. Diffusion-weighted MRI (DWI) helps
differentiate between residual tumor, which possesses a higher cellularity and shows a
high signal and fibrosis [62]. By combining morphological with functional imaging
information, MRI and DWI can significantly improve sensitivity for selection of
complete responders and thus reduce interpretation difficulties when the primary
tumor bed has become fibrotic after RT treatment, resulting in less overestimation of
tumor in patients with a complete tumor response. Nevertheless, interpretation errors
can still occur with DWI (66). Also, adding DWI to T2-weighted imaging can
improve the prediction of tumor clearance in the mesorectal fascia after neo-adjuvant
CRT before curative surgery, compared with T2-weighted imaging alone in patients
with locally advanced rectal cancer. However, the challenge of small tumor cellclusters identification, difficult to detect even at histology, still remains beyond the
detection level of any imaging modality. Although PET using 18FDG tracer can be of
some help in the evaluation and prediction of response to CRT, PET is less reliable in
identifying complete responders after completion of CRT and cannot differentiate
between ypT0-2 and ypT3-4 tumors or fibrosis with or without tumor (67). PET is
reserved for the evaluation metastatic or recurrent disease, but its role for assessing
mesorectal nodes is limited because mesorectal nodes are most frequently found at the
level of the tumor and the avid metabolic uptake of 18FDG tracer within the primary
tumor obscures visualization of the nodes (68).

1.5 CRC Staging
Treatment decisions can be made with reference to the TNM (tumor, node,
metastasis) classification which is used for both clinical and pathologic staging (Table
1). It is recommended that at least 12 lymph nodes be examined in patients with colon
and rectal cancer to confirm the absence of nodal involvement by tumor (69–71). This
recommendation takes into consideration that the number of lymph nodes examined is
a reflection of the aggressiveness of lymphovascular mesenteric dissection at the time
of surgical resection and the pathologic identification of nodes in the specimen.
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Retrospective studies demonstrated that the number of lymph nodes examined in
colon and rectal surgery may be associated with patient outcome (72,73). Rectal
cancers (RC) however, constitute a rather particular subset of CRCs. This is because it
is observed that if same rules for colon cancer treatment are applied for rectal cancers,
the outcome will be suboptimal (74). Therefore, it is recommended that RCs are
divided into four groups: very early (some cT1), early (cT1–2, some cT3), more
advanced (cT3, some cT4) and locally advanced (cT4). Factors other than clinical Tstage, such as tumor height, proximity to the circumferential resection margin (CRM),
cN-stage, and vascular and nerve invasion are also relevant. The terms ‘favorable or
early or good’, ‘intermediate or bad’ and ‘locally advanced or ugly’ can also be
applied to categorize rectal cancers. Currently, in clinical practice, the term ‘locally
advanced’ has been commonly used for the ‘intermediate/bad’ group, but is best
reserved for the truly ‘locally advanced/ugly’ tumors. Accurate clinical staging is
required to determine the need for neo-adjuvant therapy or an enhanced surgical
procedure. Because oncological outcomes strongly depend on accurate diagnosis,
staging and pursuing the optimal therapeutic strategies, patients with rectal cancer
should be treated in specialized centers with high volume of referred cases and by an
MDT which involves surgeons, histopathologists, radiologists, medical and RT
oncologists (57,75,76). An optimum therapeutic strategy and adequately executed
surgery aims to lower morbidity and mortality, local recurrence rates below 10%, and
overall survival above 70%. Structural surgical training and quality assurance are also
prerequisites for the continuous improvement of outcomes (77,78). In case of a rectal
cancer, the gross description of the histology report must include the length of
surgical specimen, the location of the tumor (at or below the peritoneal reflection, or
the distance from the dentate line if an abdominoperineal excision is performed, the
tumor size (3 dimensions), the length of proximal and distal margins, the depth of
invasion, tumor perforation, other lesions not related with the tumor such as Crohn’s
disease, ulcerative colitis, polyp, familial adenomatous polyposis, and the number of
lymph nodes retrieved. Blocks should be taken from the area closest to the CRM and
any area where the tumor extends to within less than 3 mm from the margin (79,80).
Standard microscopic description must include: i) histologic type, according to WHO
classification. Mucinous component, presence of signet ring carcinoma (>50% signet
ring), and medullary carcinomas should be mentioned, as these elements affect
prognosis (81) ii) histologic grade (low grade: >50% glandular formation; high grade:
<50% glandular formation) iii) T status. In pT1 lesions, distance of tumor from the
resection margin, vascular or lymphatic invasion and the depth of invasion into
submucosa must be reported iv) total number and number of involved lymph nodes
(≥12 lymph nodes must be found to predict actual lymph node status). Any node
containing malignant cells, irrespective of size and even with smooth contour is
considered as involved. Extramural tumor nodules measured >3 mm without evidence
of residual lymph node tissue are considered as positive lymph nodes v) blood,
lymphatic vessel, tumor budding, and perineural invasion (each one an independent
prognostic factor) vi) presence of tumor infiltrating lymphocytes; and vii) surgical
margin status and residual tumor classification [R classification system with four
different grades: Rx (presence of residual tumor cannot be assessed), R0 (no residual
tumor - distance from the closest margin must be reported), R1 (microscopic residual
tumor) and R2 (macroscopic residual tumor)] (81). In addition, the microscopic
description must include: i) TME status: Mesorectal defects are classified into three
categories: a) complete: mesorectum is intact, smooth with only minor irregularities
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without defect greater than 5 mm; b) moderate: moderate bulk of mesorectum but
irregularity of the mesorectal surface. Muscularis propria is not visible with the
exception of the area of insertion of levator muscles; and c) incomplete: little bulk of
mesorectum with defects down into muscularis propria. There is also a grading
system used to determine completeness of the mesorectal excision: grade 1 indicates
incomplete resection; grade 2 nearly complete; and grade 3 complete resection (79),
ii) circumferential resection margin (CRM) status: CRM may be infiltrated either by
direct spread or incomplete removal of Iymph nodes that are situated just under the
mesorectal fascia. There is an increased risk for local recurrence, distant metastases,
and poorer survival, when the CRM is involved, or measures less than 1 mm, or
surgically violated to the level of tumor deposits, and iii) tumor regression after
preoperative treatment (TRG): TRG is determined by the amount of residual viable
tumor versus the fibrous or fibro-inflammatory tissue within the gross tumor mass.
One of the methods is that of the Dworak scoring with five grades: grade 0: no
regression; grade 1: minimal regression with obvious fibrosis; grade 2: moderate
dominantly fibrotic changes with few tumor cells or groups of cells; and grade 4: total
regression (82). In case of total regression, the pathologist is advised to slice and
block the whole fibrotic area. In some cases, the only finding is the presence of
acellular mucin pools within the tumor gross mass and this must be regarded as no
residual tumor (83).

Stage
0

I

IIA

IIB

IIC

IIIA

TNM
Tis, N0, M0

Description
Tis = Carcinoma in situ, intramucosal carcinoma (involvement
of lamina propria with no extension through muscularis
mucosae)
N0 = No regional lymph node metastasis
M0 = no evidence of tumor in distant sites or organs (This
category is not assigned by pathologists)
T1, T2, N0, T1 = Tumor invades the submucosa (through the muscularis
M0
mucosa but not into the muscularis propria)
T2 = Tumor invades the muscularis propria
N0 (see above)
M0 (see above)
T3, N0, M0
T3 = Tumor invades through the muscularis propria into
pericolorectal tissues
N0 (see above)
M0 (see above)
T4a, N0, M0
T4a = Tumor invades through the visceral peritoneum
.
(including gross perforation of the bowel through tumor and
continuous invasion of tumor through areas of inflammation to
the surface of the visceral peritoneum)
N0 (see above)
M0 (see above)
T4b, N0, M0
T4b = Tumor directly invades or adheres to adjacent organs or
structures
N0 (see above)
M0 (see above)
T1, N2a, M0
T1 (see above)
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N2a = Four to six regional lymph nodes are positive.
M0 (see above)
T1–2, N1/N1c, T1 (see above)
M0
T2 (see above)
N1 = One to three regional lymph nodes are positive (tumor in
lymph nodes measuring ≥0.2 mm), or any number of tumor
deposits are present and all identifiable lymph nodes are
negative
N1c = No regional lymph nodes are positive, but there are
tumor deposits in the subserosa, mesentery, or
nonperitonealized pericolic, or perirectal/mesorectal tissues
M0 (see above)
IIIB
T1–T2,N2b,
T1 (see above)
M0
T2 (see above)
N2b= Seven or more regional lymph nodes are positive
M0 (see above)
T2–T3, N2a, T2 (see above)
M0
T3 (see above)
N2a (see above)
M0 (see above)
T3–T4a,
T3 (see above)
N1/N1c, M0
T4a (see above)
N1 (see above)
N1c (see above)
Mo (see above)
IIIC
T3–T4a, N2b, T3(see above)
M0
T4 (see above)
T4a (see above)
N2b (see above)
M0 (see above)
T4a, N2a, M0 T4a (see above)
N2a (see above)
M0 (see above)
T4b, N1–N2, T4b = Tumor directly invades or adheres to adjacent organs or
M0
structures
N1 (see above)
N1a (see above)
N1b (see above)
N1c (see above)
N2 (see above)
N2a (see above)
N2b( see above)
M0 (see above)
IVA
Any T, Any N, M1a = Metastasis to one site or organ is identified without
M1a
peritoneal metastasis
IVB
Any T, Any N, M1b = Metastasis to two or more sites or organs is identified
M1b
without peritoneal metastasis
IVC
Any T, Any N, M1c = Metastasis to the peritoneal surface is identified alone or
M1c
with other site or organ metastases
Table 1. TNM classification for CRC staging according to AJCC: Colon and rectum.
In: Amin MB, Edge SB, Greene FL, et al., eds.: AJCC Cancer Staging Manual. 8th
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ed. New York, NY: Springer, 2017, pp 251–74. T = primary tumor; N = regional
lymph nodes; M = distant metastasis.

1.6 CRC treatment strategies
Typically, the ideal CRC treatment is to achieve complete removal of the primary
tumor and elimination of any circulating cancer cells and metastases. To achieve this,
surgical intervention is considered to be the cornerstone with the addition of
pharmaceutical intervention (chemotherapy, targeted therapy) when needed (84).
However, as stated above nearly a quarter of CRCs are diagnosed at an advanced
stage with metastases, and 20% of the remaining cases may develop metachronous
metastases, which result in difficulties in curative surgical control and subsequent
tumor-related deaths (85,86). For those patients with unresectable lesions or who are
intolerant to surgery, the goal is maximum shrinkage of the tumor and suppression of
further tumor spread and growth. In this case, radiotherapy and chemotherapy are the
leading strategies for controlling disease in such patients. Of note, in some cases,
chemotherapy or radiotherapy might be applied before or after surgery as neoadjuvant
or adjuvant treatment to maximally reduce and stabilize the tumor (87–89). Treatment
decisions can be made with reference to the TNM. Adjuvant therapy is a systemic
treatment administered after primary tumor resection with the aim of reducing the risk
of relapse and death. Every treatment option, including observation alone, needs to be
discussed with patients according to their characteristics (performance status, age,
comorbidities and patient preference) and to cancer features (pathological stage,
grading and overall risk of relapse). Adjuvant treatment is recommended for stage III
and ‘high-risk’ stage II patients. The first issue is therefore how to define the risk.
Five-year survival after surgical resection alone is: for stage I 85%–95%, stage II
60%–80%, stage III 30%–60%. Another important problem is tailoring the decision to
each individual patient. In this context, the most debated issue is the impact of patient
age on decision making. The median age of patients presenting with colorectal cancer
is 72 years whereas the median age of patients in clinical trials is 63 years, and <10%
of patients above age 70 are accrued in the studies. When facing an elderly patient
(>70) with a resected high-risk colorectal cancer one must keep in mind that: (i) the
life expectancy of a 70-year-old otherwise healthy individual is ∼8 years for men and
14 years for women; (ii) toxicity of chemotherapy is similar below and above age 70
[II]; (iii) the efficacy of adjuvant treatments is similar in elderly people to that in the
general population [II]; (iv) recent data from pooled analysis suggest caution in
treating elderly patients with novel chemotherapy drugs (chiefly, oxaliplatin) in the
adjuvant setting. Recently, nomograms have been developed and are available for
resected colon cancer. These statistically based tools attempt to provide all proven
prognostic factors and to quantify the risk of 5- and 10-year death as precisely as
possible.
1.6.1 Stage 0 CRC Standard treatment options for stage 0 colon cancer include a)
local excision or simple polypectomy with clear margins and b) colon resection for
larger lesions not amenable to local excision. For early CRC stage 0 or partly stage I
(T1) local excision using colonoscopy could be considered, particularly in patients
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with co-morbidities. If histology shows clear margins of resection, well-differentiated
tumor (G1, G2) and no lymphatic invasion, an expectant policy is recommended, as
local recurrence is not very likely and lymph node metastasis may occur in only up to
4%. In case histology shows incomplete resection margins, a poorly differentiated
lesion (G3, G4) or lymphatic invasion, surgical curative resection should follow, as
local recurrence is very likely and lymph node metastasis may occur in up to 20% of
the cases (90). Complete endoscopic polypectomy should be performed whenever the
morphological structure of the polyp permits. The presence of invasive carcinoma in a
polyp requires a thorough review with the pathologist for histological features that are
associated with an adverse outcome. Making the decision to undergo surgical
resection for a neoplastic polyp that contains invasive carcinoma involves the
uncertainties of predicting and balancing adverse disease outcome against operative
risk. Unfavorable histological findings include lymphatic or venous invasion, grade 3
differentiation, level 4 invasion (invades the submucosa of the bowel wall below the
polyp) or involved margins of excision. Although level 4 invasion and involved
margins of excision are two of the most important prognostic factors, their absence
does not necessarily preclude an adverse outcome. Several staging systems to stratify
the aggressiveness of polyps have been proposed, like involvement of submucosa
(sm1, sm2, sm3, involves the superficial, middle and deep thirds of the submucosa,
respectively), invasion into the stalk and absolute thickness of the invasive tumor
beyond the muscolaris mucosae. When unfavorable histological features are present
in a polyp from a patient with an average operative risk, resection is recommended.
The pedunculated polyp with invasive carcinoma confined to the head with no other
unfavorable factors carries minimal risk of an adverse outcome. The consensus is that
endoscopic polypectomy is adequate treatment with proper follow-up examination.
Invasion of the stalk but with clear margins of excision and favorable histological
features may be treated with endoscopic polypectomy with a similar risk to that of
level 2 invasion (invades the muscularis mucosa but is limited to the head and neck of
the stalk). Pedunculated polypoid carcinomas can be treated using the same criteria as
other pedunculated polyps with invasive carcinoma. Invasive carcinoma in a sessile
polyp usually should be interpreted as having level 4 invasion. Consequently,
standard surgical resection is recommended in patients with average operative risk.
1.6.2 Stage I colon cancer For resectable colonic carcinoma (stage I, II, III), the
oncologically optimal surgical procedure is a curative (R0) colectomy with adequate
proximal and distal resection bowel margins, and en-bloc complete removal of the
respective to the resected segment mesocolon (Complete Mesocolic Excision - CME)
with all regional lymph nodes (91).
1.6.3 Stage II CRC Apart from the surgical excision of the tumor following the
principles of CME, the potential value of adjuvant chemotherapy for patients with
stage II colon cancer remains controversial. The general consensus suggests that
patients with stage II are at high risk if they present at least one of the following
characteristics: lymph nodes sampling <12; poorly differentiated tumour; vascular or
lymphatic or perineural invasion; tumour presentation with obstruction or tumour
perforation and pT4 stage. Although subgroups of patients with stage II colon cancer
may be at higher-than-average risk for recurrence (including those with anatomic
features such as tumor adherence to adjacent structures, perforation, and complete
obstruction) (92,93), evidence is inconsistent that adjuvant fluorouracil (5-FU)–based
chemotherapy is associated with an improved OS compared with surgery alone.
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Features in patients with stage II colon cancer that are associated with an increased
risk of recurrence include: a) Inadequate lymph node sampling, b) T4 disease, c)
Involvement of the visceral peritoneum and d) A poorly differentiated histology. The
GRECCR-03 (NCT00046995) (94) and NCRI-QUASAR1 (NCT00005586) (95) trials
evaluated the use of systemic or regional chemotherapy or biologic therapy.
Investigators from the National Surgical Adjuvant Breast and Bowel Project have
indicated that the reduction in risk of recurrence by adjuvant therapy in patients with
stage II disease is of similar magnitude to the benefit seen in patients with stage III
disease treated with adjuvant therapy, though an OS advantage has not been
established (96). A meta-analysis of 1,000 stage II patients whose experience was
amalgamated from a series of trials indicates a 2% advantage in disease-free survival
at 5 years when adjuvant therapy–treated patients treated with 5-FU/leucovorin are
compared with untreated controls (97). Based on these data, the American Society of
Clinical Oncology issued a guideline stating “direct evidence from randomized
controlled trials does not support the routine use of adjuvant chemotherapy for
patients with stage II colon cancer.
1.6.4 Stage III CRC Stage III colon cancer denotes lymph node involvement.
Treatment options include: a) Wide surgical resection and anastomosis, b) following
surgery the standard treatment is a doublet schedule with oxaliplatin and 5FU/folinic
acid (LV) (FOLFOX4 or FLOX). When oxaliplatin is contraindicated monotherapy
with FU/LV, mostly with infusional schedules (DeGramont, AIO regimen), or oral
fluoropyrimidines (capecitabine) can be employed. Studies have indicated that the
number of lymph nodes involved affects prognosis; patients with one to three
involved nodes have a significantly better survival than those with four or more
involved nodes. Adjuvant chemotherapy options may include:
a) Capecitabine A multicenter European study compared capecitabine (1,250 mg/m2)
administered twice daily for days 1 to 14, then given every 21 days for eight cycles
against the Mayo Clinic schedule of 5-FU and low-dose LV for patients with stage III
colon cancer. The study demonstrated that disease free survival at 3 years is
equivalent for patients who received capecitabine or 5-FU/LV (hazard ratio [HR],
0.87; P < .001). Hand-foot syndrome and hyperbilirubinemia were significantly more
common for patients receiving capecitabine, but diarrhea, nausea or vomiting,
stomatitis, alopecia, and neutropenia were significantly less common. Of patients
receiving capecitabine, 57% required a dose modification. For patients with stage III
colon cancer in whom treatment with 5-FU/LV is planned, capecitabine is an
equivalent alternative (provides equivalent outcome to intravenous 5-FU/LV).
b) Oxaliplatin In the 2,246 patients with resected stage II or stage III colon cancer in
the completed Multicenter International Study of Oxaliplatin/Fluorouracil/Leucovorin
in the Adjuvant Treatment of Colon Cancer (MOSAIC [NCT00275210]) study, the
toxic effects and efficacy of FOLFOX-4 (oxaliplatin/LV/5-FU) were compared with
the same 5-FU/LV regimen without oxaliplatin administered for 6 months. Based on
results from the MOSAIC trial, adjuvant FOLFOX-4 demonstrated prolonged OS for
patients with stage III colon cancer compared with patients receiving 5-FU/LV
without oxaliplatin. The preliminary results of the study with 37 months of follow-up
demonstrated a significant improvement in DFS at 3 years (77.8% vs. 72.9%; P = .01)
in favor of FOLFOX-4. When initially reported, there was no difference in overall
survival (OS). Further follow-up at 6 years demonstrated that the OS for all patients
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(both stage II and stage III) entered into the study was not significantly different (OS,
78.5% vs. 76.0%; HR, 0.84; 95% confidence interval [CI], 0.71–1.00). On subset
analysis, the 6-year OS in patients with stage III colon cancer was 72.9% in the
patients receiving FOLFOX-4 and 68.7% in the patients receiving 5-FU/LV (HR,
0.80; 95% CI, 0.65–0.97; P = .023). Patients treated with FOLFOX-4 experienced
more frequent toxic effects consisting mainly of neutropenia (41% >grade 3) and
reversible peripheral sensorial neuropathy (12.4% >grade 3). In a randomized phase
III study (NSABP C-07 [NCT00004931]), 2,407 patients with stage II or stage III
colon cancer were randomly assigned to adjuvant 5-FU/LV or fluorouracilleucovorin-oxaliplatin (FLOX) (weekly 5-FU/LV with oxaliplatin administered on
weeks 1, 3, and 5 of each 6-week cycle). DFS was the primary endpoint of the study.
DFS was significantly longer in the treatment group who received FLOX, but OS was
not significantly different. The DFS rate was 69.4% for patients who received FLOX
and 64.2% for patients who received 5-FU/LV (HR, 0.82; 95% CI, 0.72–0.93; P =
.0034). The OS rate at 5 years was 80.2% for patients who received FLOX and 78.4%
for patients who received 5-FU/LV (HR, 0.88; 95% CI, 0.75–1.02; P = .08). Given the
high rate of disabling neuropathy, the duration of oxaliplatin adjuvant therapy became
an open question. The International Duration Evaluation of Adjuvant Therapy (IDEA)
collaboration consisted of six separate randomized trials with regimens of 6 months
versus 3 months of adjuvant oxaliplatin-based chemotherapy. The IDEA study was a
prospective, preplanned pooled analysis of these concurrently conducted studies to
evaluate the noninferiority of adjuvant therapy of either FOLFOX or CAPOX
administered for 3 months versus 6 months. Noninferiority could be claimed if the
upper limit of the two-sided 95% CI of the HR did not exceed 1.12. From June 2007
through December 2015, 13,025 patients with stage III colon cancer were enrolled in
six concurrent phase III trials. Of these patients, 12,834 patients met the criteria for
intention-to-treat analysis. At a median follow-up of 41.8 months, noninferiority of 3
months versus 6 months was not confirmed in the modified intention-to-treat
population (HR, 1.07; 95% CI, 1.00–1.15, P = .11 for noninferiority of 3 months).
The 3-year DFS rates were 74.6% in the 3-month group and 75.5% in the 6-month
group. Neurotoxicity of grade 2 or higher was lower in the 3-month group (16.6% for
patients who received FOLFOX and 14.2% for patients who received CAPOX) than
in the 6-month group (47.7% for patients who received FOLFOX and 44.9% for
patients who received CAPOX). Moreover, all other toxicities were substantially
lower with 3 months of treatment than with 6 months. A subgroup analyses observed
the following: Among patients receiving FOLFOX, 6 months of therapy was superior
to 3 months of therapy (HR, 1.16; 95% CI, 1.06–1.26; P = .001). Among patients
receiving CAPOX, 3 months of therapy was like 6 months of therapy (HR for DFS,
0.95; 95% CI, 0.85–1.06) and met the pre-specified margin for non-inferiority.
Among patients with N1 tumors (<4 positive nodes), the HR was 1.07 (0.97–1.17),
and among those patients with N2 tumors (≥4 positive nodes), the HR was 1.07
(0.96–1.19). Among patients with T4 tumors, a therapy duration of 3 months was
inferior to a duration of 6 months (HR, 1.16; 95% CI, 1.03–1.31). Among patients
with low-risk tumors (T1–3, N1), 3 months of therapy was non-inferior to 6 months of
therapy (HR, 1.01; 95% CI, 0.90–1.12) with a 3-year DFS rate of 83.1% for patients
who received 3 months of therapy and 83.3% for patients who received 6 months of
therapy. Among patients with high-risk tumors (T4 or N2), 6 months of therapy was
superior to 3 months of therapy (HR, 1.12; 95% CI, 1.03–1.23; P = .01). The IDEA
study has generated much debate regarding the optimal length of therapy. It is
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recommended that patients and doctors weigh the pros and cons of potential
diminished efficacy of 3 months of therapy versus the definite increased risk of
toxicity, particularly neuropathy. CAPOX appears to be slightly more active than
FOLFOX in the adjuvant setting. The benefit of the doublet schedule with oxaliplatin
and 5FU/LV has been demonstrated in two recent trials. In the MOSAIC study, the
addition of oxaliplatin to 5-FU/LV (FOLFOX schema), showed a significantly
increased disease-free survival (DFS) at 3 years, with a reduction in the risk of
recurrence of 23% compared with the control arm (LV5FU2). The update at 6-year
follow-up confirmed the benefit in DFS of adjuvant treatment with FOLFOX4 and an
advantage was also observed in OS (absolute gain of 4.2%), but for stage III patients
only. The NSABP C-07 trial compared the efficacy of bolus FU/LV + oxaliplatin
(FLOX) versus FU/LV alone (Roswell Park schedule); 3-year DFS was 76.5% versus
71.6% for FLOX and FULV, respectively, and the magnitude of reduction in the risk
of recurrence was similar to that of the MOSAIC trial. Spectrum of toxicity between
MOSAIC and NSABP-C07 was different: grade 3–4 diarrhoea resulted higher with
FLOX, while grade 3 sensory neuropathy was observed in 12% with FOLFOX and
8% with FLOX. As a result of these studies FOLFOX for 6 months has been adopted
worldwide as the standard of care in stage III colon cancer patients.

c) Capecitabine and Oxaliplatin (CAPOX) CAPOX was evaluated in the adjuvant
setting for patients with resected stage III colon cancer (capecitabine 1,000 mg/m2 bid
on days 1 to 14 every 21 days and oxaliplatin 130 mg/m2 every 21 days for a total of
8 cycles). A randomized phase III trial (NO16968 [NCT00069121]), randomly
assigned 1,886 patients with stage III colon cancer to receive CAPOX or bolus 5FULV (Roswell Park or Mayo Clinic schedule). The 7-year DFS rates were 63% for
patients who received CAPOX and 56% for patients who received bolus 5-FU/LV
(HR, 0.8; 95% CI, 0.69–0.93; P = .004). The 7-year OS rates were 73% for patients
who received CAPOX and 67% for patients who received a bolus 5-FU/LV (HR,
0.83; 95% CI, 0.70–0.99; P = .04). On the basis of this trial, CAPOX has become an
acceptable standard regimen for patients with stage III colon cancer. The X-ACT trial
showed that in stage III capecitabine in monotherapy is an active agent with a
favourable toxicity profile and may reduce overall costs compared with i.v. treatments
[I]. After 4.3 years of follow-up the data still confirm the equivalence in terms of DFS
between capecitabine and 5FU/LV. Capecitabine and oxaliplatin in combination have
been evaluated in a range of different schedules and doses. The XELOXA
international phase III study assessed the safety and efficacy of adjuvant capecitabine
plus oxaliplatin (XELOX) versus bolus FU/LV (Mayo Clinic or Roswell Park
regimen). The toxicity profile was different: patients receiving XELOX experienced
less all-grade diarrhoea, alopecia, and more neurosensitive toxicity, vomiting and
hand–foot syndrome. Preliminary data of efficacy, presented at the moment only as an
abstract, indicated a benefit in DFS for XELOX. Also, the NSABP C-06 trial
demonstrated the equivalence of oral treatment (UFT/LV) to 5FU/LV in stage II/III
colon cancer patients but the drug is not approved in the adjuvant setting and therefore
these data have no practical implication.
d) Irinotecan Negative trials are related to irinotecan in combination with 5FU (bolus
or infusional). The CALGB-89803 trial compared 5-FU/LV + irinotecan (IFL) with
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the Roswell Park scheme in >1200 patients. The trial was prematurely closed due to
an elevated rate of mortality for IFL as compared with the FL regimen (2.2% versus
0.8%). Preliminary results indicated no improvement in terms of either OS or eventfree survival for IFL, as compared with FL. The PETACC-3 trial compared the
LV5FU2 or AIO regimen plus irinotecan with the LV5FU2 or AIO regimen alone.
Results did not show an advantage for the regimen with irinotecan in terms of DFS.
Also, the ACCORD trial, performed in high-risk stage III patients, did not report any
significant benefit with irinotecan-based chemotherapy.
Unfortunately, in the adjuvant setting many questions are still unanswered. First of
all, the role of targeted agents associated with chemotherapy. At the present time the
AVANT study (bevacizumab + FOLFOX or XELOX versus FOLFOX) and the
PETACC-8 trial in k-ras wild-type patients (cetuximab + FOLFOX versus FOLFOX)
are exploring this question. At ASCO Meeting 2009 disappointing results were
presented for the NSABP C-08 trial evaluating the addition of bevacizumab to
FOLFOX: 3-year DFS was not improved by the biologic drug. Other ongoing trials in
this field are the QUASAR 2 and E5202 (with bevacizumab) and the INT NO 147
(with cetuximab) trials. Second, the ‘optimal duration’ of adjuvant treatment: 3 or 6
months? In Italy, the TOSCA trial is investigating whether 3 months of FOLFOX4
treatment are not inferior to 6 months with the same schedule in terms of RFS in stage
II and III colon cancer patients. Together with other studies, this trial is the backbone
of a large international collaboration (‘IDEA’) which will give a definitive answer
regarding the duration of adjuvant therapy in stage III patients. And last, the
validation of prognostic/predictive factors: data are expected from large subset
analysis in the context of international trials, such as PETACC-3, AVANT and
PETACC-8 (98).
1.6.5 Stage IV CRC The optimal treatment strategy for patients with metastatic CRC
(mCRC) should be discussed in a multidisciplinary expert team. In order to identify
the optimal treatment strategy for patients with mCRC, the staging should include at
least clinical examination, blood counts, liver and renal function tests, CEA and CT
scan of the abdomen and chest (or alternatively MRI). The evaluation of the general
condition, organ function and concomitant non-malignant diseases determines the
therapeutic strategy for patients with mCRC. The general condition and performance
status of the patient are strong prognostic and predictive factors. Known laboratory
prognostic factors are white blood cell count, alkaline phosphatase level, lactate
dehydrogenase, serum bilirubin and albumin. Additional examinations, as clinically
needed, are recommended before major abdominal or thoracic surgery with
potentially curative intent. An FDG-PET scan can give additional information on
equivocal lesions before resection of metastatic disease, or can identify new lesions in
the case of planned resection of metastatic disease. The majority of patients have
metastatic disease that initially is not suitable for potentially curative resection. It is,
however, important to select patients in whom the metastases are suitable for
resection and those with initially unresectable disease in whom the metastases can
become suitable for resection after a major response has been achieved with
combination chemotherapy. The aim of the treatment in the last group of patients may
therefore be to convert initially unresectable mCRC to resectable disease. The
backbone of first-line palliative chemotherapy alone, as well in combination with
targeted agents, consists of a fluoropyrimidine (FP) [intravenous (i.v.) 5-fluorouracil
(5-FU) or the oral FP capecitabine] in various combinations and schedules]. Infused
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regimens of 5-FU/leucovorin (LV) are less toxic than bolus regimens and should
preferably be used. The oral FP capecitabine is an alternative to i.v. 5-FU/LV].
Combination chemotherapy with 5-FU/LV/oxaliplatin (FOLFOX) or 5FU/LV/irinotecan (FOLFIRI) provides higher response rates (RRs), longer
progression-free survival (PFS) and better survival than 5-FU/LV alone. FOLFOX
and FOLFIRI as chemotherapy alone have similar activity and are both partners for
biologicals, but have a different toxicity profile: more alopecia and, in most trials,
more severe diarrhoea for irinotecan and more polyneuropathy for oxaliplatin. They
also have potentially different interactions with biologicals. Both regimens consist of
a 46- to 48-h administration every 2 weeks (q 2 weeks) with a bolus of 5-FU
administration (LV5FU2) regimens. The dose of oxaliplatin in combination regimens
with 5-FU/LV is between 85 and 130 mg/m² q 2 weeks; there is, however, no
evidence that the dose at the higher range is more active. Therefore, a dose of 85
mg/m² is usually proposed. Four randomised studies have shown that combination
chemotherapy was not superior to sequential treatment in terms of overall survival
(OS), and therefore sequential therapy starting with FP alone remains a valid option in
selected and frail patients for treatment with chemotherapy alone. Nevertheless,
combination chemotherapy remains the preferred option as it allows better tumor
growth control plus the option of de-escalation to FP alone. There are, however, no
perfect selection criteria for determining which patients are still candidates for upfront
FP therapy. It is estimated that today ∼15% of patients are treated initially with an FP
alone. The exposure to all three cytotoxics (FP, oxaliplatin and irinotecan) in various
sequences may result in the longest survival, as a retrospective analysis indicates.The
combination of capecitabine plus oxaliplatin (CAPOX; capecitabine 2000 mg/m²/day;
day 1–14 q 3 weeks and oxaliplatin 130 mg/m² day 1 q 3 weeks) is an alternative to
the combination of infused 5-FU/LV and oxaliplatin based on similar activity and
safety profiles. The original 3-weekly regimen of capecitabine/irinotecan seems to be
more toxic than 5-FU/LV/irinotecan. This regimen is therefore less well established
and less frequently used. A dose-reduced regimen seems be less toxic, while
maintaining the activity (capecitabine 1600 mg/m²/day for 2 weeks and irinotecan 200
mg/m² day 1 q 3 weeks). The data on triplet combination cytotoxic treatment with 5FU, oxaliplatin and irinotecan are interesting, but remain controversial: an Italian
randomised phase III study showed a better outcome for patients treated with
FOLFOXIRI compared with FOLFIRI, while a Greek study did not show any
difference. Second-line chemotherapy should be offered to patients with good
performance status and adequate organ function. In patients refractory to an
irinotecan-based regimen, second-line treatment must consist of an oxaliplatincontaining combination (FOLFOX and CAPOX). In patients refractory to FOLFOX
or CAPOX, an irinotecan-based regimen is proposed as second-line treatment:
irinotecan monotherapy (350 mg/m² q 3 weeks) and FOLFIRI are options. There is
evidence that FOLFIRI has a better therapeutic index in second-line compared with
irinotecan monotherapy, also because there are clear safety advantages of FOLFIRI
compared with irinotecan q 3 weekly (89).
Targeted therapy in Stage IV disease Monoclonal antibodies (bevacizumab) or
proteins (aflibercept) against vascular endothelial growth factor (VEGF) and against
the epidermal growth factor receptor (EGFR) in combination with chemotherapy
should be considered in patients with mCRC, since they improve the outcome of
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mCRC. Only trials with a combination of cytotoxics and a biological targeted
treatment consistently reported a median survival exceeding 24 months.
a) anti-VEGF strategies
Bevacizumab, an antibody that binds circulating VEGF-A, increases the activity of
any active cytotoxic regimen. Bevacizumab has been shown to increase the survival,
PFS and RR in first-line treatment in combination with 5-FU/LV/irinotecan and in
combination with 5-FU/LV or capecitabine alone. Bevacizumab has also been shown
to improve the PFS in combination with an FP plus oxaliplatin in the first-line
treatment of mCRC. The combination of FOLFOXIRI plus bevacizumab has shown
better PFS and RR than FOLFIRI plus bevacizumab in a trial with also one of the
longest survivals reported to date. Bevacizumab is usually continued in combination
with a cytotoxic agent/combination until progression or toxicity. Bevacizumab also
improves the survival and PFS in combination with FOLFOX in second-line
treatment. It has also been shown that continuing bevacizumab while changing the
cytotoxic backbone, in second line after progression in first line, improves the
outcome (survival and PFS). Bevacizumab has specific class-related side-effects:
hypertension, proteinuria, arterial thrombosis, mucosal bleeding, gastrointestinal
perforation and wound healing problems, but does not increase the chemotherapyrelated side-effects. There are no validated predictive molecular markers available for
bevacizumab.
Aflibercept, a recombinant fusion protein, that blocks the activity of VEGF-A, VEGFB and placenta growth factor, improves survival, PFS and RR when combined in
second line with FOLFIRI in oxaliplatin pre-treated patients, whether or not the
patients were pre-treated with bevacizumab in first line. Aflibercept has a similar
VEGF-related toxicity pattern compared with bevacizumab, but it increases the
chemotherapy-related adverse events: diarrhoea, neutropenia, asthenia and stomatitis.
Regorafenib is an oral multitarget tyrosine kinase inhibitor that has shown significant
improvement of survival and PFS in patients refractory to all available cytotoxics and
to bevacizumab and to the anti-EGFR antibodies; it can be proposed as a standard
treatment in last line in fit and motivated patients with mCRC.

b) anti-EGFR strategies
In 1995, the first monoclonal antibody targeted to EGFR with convincing preclinical
data was announced. The anti-EGFR antibodies cetuximab and panitumumab are
active in different lines of treatment and in various combinations. It has been
demonstrated that the (potential) benefit of anti-EGFR antibodies in all treatment lines
and either as a single agent or in combination with any chemotherapy regimen is
limited to patients in whom a RAS mutation is excluded. It was shown that the
‘expanded RAS’ analysis (also including the detection of mutations in exons 3 and 4
of the KRAS gene as well as mutations in the NRAS [exons 2–4] gene) is superior to
the KRAS (exon 2) analysis in predicting both more efficacy in the expanded RAS
34

wild-type (WT) patients and a potential detrimental effect in patients harbouring any
RAS mutation in their tumour genome. Therefore, the availability of an expanded
RAS status is a prerequisite for any use of an anti-EGFR antibody. According to the
European Medicines Agency (EMA), anti-EGFR antibodies must not be used
otherwise. Named cetuximab, it is a chimeric immunoglobulin G (IgG) antibody that
induces EGFR internalization and degradation once bound to the external domain of
EGFR.77 Cetuximab showed great potential in progression-free survival (PFS)
improvement in patients with low response to single-agent IRI therapy, according to
the BOND trial, which contributed to the FDA approval of cetuximab for metastatic
CRC in 2004. Moreover, a subsequent study also confirmed that cetuximab treatment
prolonged OS and PFS in patients with CRCs when previous treatment with
fluoropyrimidine, IRI and OX failed or was contraindicated.79 Combinations of
cetuximab with other existing chemotherapies also displayed promising results. The
phase III CRYSTAL trial found that cetuximab plus the FOLFIRI regimen had better
progression control (8.9 vs. 8 months, hazard ratio (HR) 0.85; p = 0.048) than
FOLFIRI alone, although the OS was not significantly different (HR, 0.93;
p = 0.31).80 Interestingly, in different studies investigating cetuximab combined with
FOLFOX in metastatic patients with CRC, no significant PFS or OS improvement
was identified given that the doses in FOLFOX might have differed between studies
because of the impact of the crossover design, but this lack of improvements in PFS
and OS has also now been ascribed to CRC molecular heterogeneity. Maintaining
cetuximab alone after a FOLFOX plus cetuximab regimen was not inferior to
maintaining combination therapy in terms of PFS, with fewer adverse reactions noted.
Escalating to the maximal dose of cetuximab based on the intensity of skin rash in the
EVEREST trial suggested that an overall response might be achieved but without OS
improvement. Murine-human chimeric antibodies might cause immunogenic
reactions; therefore, the fully humanized antibody panitumumab has been developed,
which does not trigger antibody-dependent cell-mediated cytotoxicity like cetuximab
does87 and showed a lower risk of hypersensitivity reactions (0.6–3.0% for
panitumumab and 3.5–7.5% for cetuximab). The efficacy of panitumumab against
CRC was evaluated in the PRIME trial when FOLFOX plus panitumumab was
compared with FOLFOX alone, and the combination regimen achieved a better PFS
(10 vs. 8.6 months, HR 0.80, p = 0.01) and OS than FOLFOX alone (23.9 vs. 19.7
months, HR = 0.88, p = 0.17), with further demonstrated significance in the updated
survival analysis (HR = 0.83, p = 0.003) in patients with metastatic CRC. Maintenance
with panitumumab and 5-FU/LV after panitumumab plus FOLFOX showed
numerical improvement in PFS and OS compared with single-agent panitumumab in
the retrospective analysis of the PRIME and PEAK trials. The toxicity of this
combination did not increase, which was confirmed in the VALENTINO trial, in
which maintaining single-agent panitumumab appeared to have shorter PFS
(HR = 1.55, p = 0.011) than treatment with panitumumab combined with 5-FU/LV.
Cetuximab and panitumumab are both FDA-approved agents for the first-line
treatment of CRC. No inferiority or superiority was identified in the phase III
ASPECCT study between these two drugs. Cetuximab resulted in an OS of 10.0
months, and the OS was 10.4 months for panitumumab (HR 0.97, p < 0.0007 for
noninferiority), in which no obvious adverse events were noted other than the
incidence of grade 3 or 4 hypomagnesemia (3% for cetuximab and 7% for
panitumumab). This also indicated that antibody-dependent cell-mediated cytotoxicity
was not a major mechanism for these agents. However, in terms of quality-adjusted
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life-years, panitumumab seemed to be more economically efficient than cetuximab.
For second-line treatment of CRC or beyond, anti-EGFR agents might be low priority
because in several studies cetuximab and panitumumab have been demonstrated to
fail to reach statistically better PFS or OS for patients with CRC. In fact, only one
study reported that panitumumab significantly prolonged PFS (8 vs. 7.3 weeks,
HR = 0.54, p < 0.001) compared with best supportive care in patients with
chemorefractory CRC with an acceptable rate of adverse events. In general, antiEGFR agents are among the least attractive choices in second-line treatment,
especially compared with anti-vascular endothelial growth factor (VEGF) agents,
which will be discussed in a subsequent section. Notably, subgroup analysis has
indicated that both of these anti-EGFR agents are robustly beneficial to those patients
with RAS-wild-type tumors in the CRYSTAL, PRIME, and TAILOR trials, even
though negative outcomes were experienced in patients with RAS mutations (KRAS
and NRAS exon 2, 3, and 4 mutations). Interestingly, left-sided CRC tends to be more
enriched for EGFR expression than right-sided CRC, in which MSI or BRAF
mutations are predominantly activated. This sidedness leads to different clinical
outcomes, such that worse OS and PFS have been observed in right-sided CRC than
in left-sided CRC regardless of the choice of chemotherapy regimen or targeted agent.
This biological factor has also been validated in anti-EGFR agent trials: in terms of
RR, PFS, and OS within RAS-wild-type patients, those with left-sided tumors were
expected to have better clinical outcomes than those with right-sided cancers. As
demonstrated above, BRAF mutations are independent from RAS mutations and are
closely related to a low anti-EGFR response, and both the NCCN and ESMO
guidelines recommend using cetuximab and panitumumab in confirmed BRAF-wildtype and RAS-wild-type patients (89,99).
c) anti-EGFR vs anti-VEGF strategy in RAS WT Stage IV disease
To date, data from three head-to-head phase III studies are available: the AIO/FIRE-3
trial comparing FOLFIRI plus cetuximab versus FOLFIRI plus bevacizumab did not
reveal a difference in RR (the primary end point) or in PFS in both the initially
analyzed KRAS WT cohort and the RAS WT cohort, analyzed later. There was,
however, a survival benefit (secondary end point) for patients treated with cetuximab
compared with those treated with bevacizumab in the KRAS WT population, which
was even more striking in the RAS WT population (HR 0.70) and a difference in RR
according to an independent review of responses. However, the lack of a difference in
ORR and PFS, and the limitation to the OS benefit as secondary end point, is not
entirely understood. The same pattern [OS benefit in the RAS cohort (retrospective
analysis, secondary endpoint) without difference in OS and PFS (primary endpoint)]
was observed in a smaller phase II study comparing FOLFOX with panitumumab or
bevacizumab. This phase III trial also had no formal hypothesis for comparison.
Recently, results from the large (N = 1140) US Intergroup CALGB/SWOG 80405
study were reported, indicating no significant difference in OS (as the primary end
point) if any chemotherapy (FOLFOX [in 73%] or FOLFIRI, according to
investigator's decision) was combined with either bevacizumab or cetuximab (HR
0.925). There was also no interaction with the non-different OS with any type of
chemotherapy. However, the currently available analysis of this trial is limited to
patients with KRAS WT tumour; the analysis of RAS WT patients is expected in late
2014 and will be important in order to draw definitive conclusions on the best
treatment option. Until then, all chemotherapy (FOLFOX/FOLFIRI)-antibody
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combinations should be regarded as appropriate, and the decision-making will be a
complex surrogate, taking into account many clinical factors, as well as patient
preferences. Anti-EGFR antibodies should not be combined with bevacizumab (99).
Resection of metastatic liver disease Surgical resection of R0-resectable colorectal
liver metastases is a potentially curative treatment, with reported 5-year survival rates
of 20%–45%. The criteria for R0-resectability of liver metastases are not standardised
and vary, depending on the experience of the multidisciplinary expert team.
Resectability is not limited by number, size or bilobar involvement. The decision
about technical resectability is based on several factors, including the rather
‘technical’ aspects like the possibility of performing R0 resection with sufficient
remnant liver (>30%), including various surgical maneuvers, and the presence of
resectable extrahepatic disease and co-morbidity of the patient. Moreover, the
‘oncological’ resectability should be added to the decision tree: criteria of the biology
of the disease (e.g. synchronous versus metachronous, aggressiveness of the tumour
and progression time) are important, but not easy to assess. Up to 75% of these
patients will suffer a relapse following resection of their hepatic metastases, with the
majority occurring in the liver. There is no role for partial palliative resection of
metastases. Other ablative techniques, such as radiofrequency ablation or SBRT, may
be added to surgery to obtain R0 resection or may be an alternative for resection in the
case of poor anatomical localisation for resection, in order to keep enough remnant
liver. Resection of resectable lung metastases also offers 25%–35% 5-year survival
rates in carefully selected patients. Although resection of lung metastases is less well
studied, R0 resection of lung metastases can also be recommended in analogy with
resection of liver metastases. There are two potential strategies for (neo-)adjuvant
therapy in patients with resectable liver metastases: postoperative adjuvant
chemotherapy with FOLFOX for 6 months or perioperative chemotherapy (3 months
before and 3 months after resection of the metastases). In patients with resectable liver
metastases, perioperative combination chemotherapy with the FOLFOX regimen
improves the PFS by 7%–8% at 3 years, although the survival is not significantly
longer. The trials of modern postoperative adjuvant chemotherapy have many
shortcomings, but it is suggested that an oxaliplatin-based chemotherapy for 6 months
after resection of metastases improves the outcome, unless patients were failing an
adjuvant treatment (oxaliplatin-based) for stage II or III diseases within 12 months.
However, there are no data from randomised trials available to support this approach.
The selection of perioperative chemotherapy or postoperative adjuvant chemotherapy
may be influenced by the biology of the disease, the timing of metastases
(synchronous versus metachronous) or the number and size of metastases. There is no
evidence that adding a biological to a cytotoxic doublet improves the outcome in
resectable metastases compared with a cytotoxic doublet alone in combination with
resection of the metastases. Recent data even suggest that the addition of cetuximab to
FOLFOX may be harmful to patients with resectable metastases. Initially unresectable
liver metastases (group 1) can become resectable after downsizing with chemotherapy
(conversion to resectable disease) and, if so, resection (±ablative techniques) should
be considered after multidisciplinary discussions in an expert team. Pathological
response seems to be a surrogate for predicting the outcome. Therefore, in patients
with potentially resectable metastases, the goal has often been to achieve a high
RECIST RR in order to convert unresectable metastases to technically resectable
metastases. In patients in whom the metastases have disappeared on standard imaging,
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microscopic disease is often still present and a multidisciplinary discussion of the
optimal strategy has to take place. Surgery can be carried out safely after 3–4 weeks
from the last cycle of chemotherapy ± cetuximab, or 6 weeks following chemotherapy
plus bevacizumab. Resection of the metastases should be carried out as soon as the
metastases are technically resectable, since unnecessary prolonged administration of
chemotherapy may lead to increased liver toxicity and higher postoperative morbidity.
The postoperative morbidity is more related to the duration of the chemotherapy than
to the type of chemotherapy that is administered, although oxaliplatin and irinotecan
may cause different histological changes in liver parenchyma: oxaliplatin is related to
sinusoidal liver lesions and irinotecan to steatohepatitis.
Overall management The definition of a (potential) treatment aim is important for
both the integration of a multimodal approach and for the choice of a first-line
systemic treatment. Relevant factors are tumor- and disease-related characteristics,
such as clinical presentation and patterns of tumor biology (e.g. metastases limited to
liver and/or lung, dynamics of progression, symptoms and prognostic molecular or
biochemical markers), as well as patient-related factors (co-morbidity and
expectations of the patient). An established practical approach is to subdivide patients
into four clinically defined groups:
a) Group 0: Primarily technically R0-resectable liver or lung metastases and no
‘biological’ relative contraindications (e.g. relapse during adjuvant treatment,
etc.). Upfront resection is an option, specifically when metastases are limited
in number and size. However, the only phase III trial in this situation has
shown a benefit in disease-free survival and non-significant improvement of
OS (51% at 5 years) if perioperative treatment with FOLFOX is administered.
b) Group 1: Potentially resectable metastatic disease with curative intention. The
goal of a disease-free status after downsizing by chemotherapy, enabling
secondary surgery, may give the potential of long-term survival or cure.
Therefore, the most active ‘induction’ chemotherapy should be selected
upfront in this group. Data from randomized trials suggest that the addition of
a targeted agent to a cytotoxic doublet, or even to a triplet, may be the most
effective combination, but FOLFOXIRI with and without bevacizumab also
resulted in high RRs. To date, there are neither large randomized studies nor
datasets of the head-to-head comparisons (FIRE-3, CALGB/SWOG 80405) in
this specific cohort that would allow a definitive conclusion about which
regimen should preferably be used. According to cross-trial comparisons in
(K)RAS WT tumors with FOLFIRI/FOLFOX and to a prospectively planned
assessment in the AIO/FIRE-3 trial , anti-EGFR antibodies appear to be more
effective in terms of tumour shrinkage (and therefore, theoretically secondary
resectability) than bevacizumab-based combinations . FOLFOXIRI ±
bevacizumab can be an alternative option.
c) Group 2: Disseminated disease, technically ‘never’/unlikely resectable
intermediate intensive treatment. The treatment intention is rather palliative. In
patients with symptoms, more aggressive biology or extensive disease, very
active first-line treatment with a high likelihood to induce metastases
regression in short time, seems to be the best option. In this group of patients,
a cytotoxic doublet in combination with a targeted agent is generally proposed
and should be regarded as the preferred option. The most often recommended
targeted agent here is bevacizumab, in view of the continuum of care
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approach, taking into account the fact that bevacizumab has only been
examined in early lines (first and second line), the better subjective profile in
terms of symptomatic toxicity, and that the activity of the anti-EGFR
antibodies is at least as relevant in later lines compared with early lines. As an
alternative option, in patients with RAS WT tumor first line therapy with
FOLFOX or FOLFIRI plus an anti-EGFR antibody could also be considered,
particularly in patients with relevant tumor-related symptoms, due to the
earlier onset of response. The emerging data of head-to-head comparisons may
refine the treatment schedule in this group of patients. In patients responding
to the initially selected treatment, re-consideration of the treatment options
should be done in a multidisciplinary team. In oligometastatic patients,
ablative methods may be additionally considered, as they may allow a
progression-free interval even without systemic treatment. In patients without
the option for additional ablative treatment, a de-escalation of the initially
selected combination may be considered. It is known that oxaliplatin
combinations can be de-escalated to 5-FU/LV as maintenance treatment after a
few months. For 5-FU/LV/oxaliplatin combinations with bevacizumab, two
phase III trials have recently demonstrated that an active maintenance therapy
(with fluoropyrimidines and bevacizumab) prolong PFS, without significantly
improving OS compared with complete treatment discontinuation after 4.5–6
months. Therefore, active maintenance should be regarded as standard,
although a complete discontinuation can be considered in suitable patients
(e.g. with low tumor burden).
d) Group 3: Never-resectable metastatic disease—non-intensive/sequential
treatment. For these patients, maximal shrinkage of metastases is not the
primary treatment aim. Without present or imminent symptoms and limited
risk for rapid deterioration, the aim is rather prevention of tumor progression
and prolongation of life with minimal treatment burden. An intensive
discussion with the patients on the benefit/risk ratio is important. Patients may
be offered a combination cytotoxic ± a biological targeted agent, or an
escalation strategy may start with an FP in combination with bevacizumab. On
progression, appropriate strategies are to consider an oxaliplatin- or irinotecanbased combination (sequential approach) with a biological targeted agent.
There are no randomized trials comparing the biological targeted agents in
second line. In patients who started with bevacizumab (in combination with a
cytotoxic doublet) in first line, the options are bevacizumab, aflibercept and, in
RAS WT patients, the anti-EGFR antibodies such as cetuximab or
panitumumab. Considerations for the choice include the choice of treatment in
first line, the biology of the disease, the molecular characterization of the
tumour, the time on first-line treatment (very short treatment on bevacizumab
does not favor the continuation of bevacizumab), the toxicity of the agents, the
knowledge of the activity of the anti-EGFR antibodies in later lines and the
availability of the agents.

1.6.6 Resectable Rectal Cancer (RC)
For resectable rectal carcinoma the surgical principles of radical transabdominal
resection for rectal cancer include: i) central ligation and division of the inferior
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mesenteric artery (IMA). Although it has been claimed that there is not any significant
difference in short-term outcomes and oncological results between a high tie of the
IMA and a low tie after the origin of the left colic artery (100), current evidence
shows that high IMA ligation and apical lymph node status assessment are of critical
prognostic significance; ii) ligation and division of the inferior mesenteric vein just
below the pancreas; iii) mobilization of the splenic flexure if necessary; and iv) Total
mesorectal excision (TME) which involves en-bloc removal of the package of the
rectum and mesorectum covered by their intact embryologic envelop, that is the
posterior mesorectal fascia and the Denonvillier’s fascia. This is achieved by sharp
dissection in the well-confined embryological planes and by preserving the autonomic
pelvic nerve plexuses (101–103). The macroscopic assessment of the quality of the
resected specimen according to specific definitions is mandatory (104). A complete
TME specimen with intact fascia and no coning towards the bowel wall
(intramesorectal or muscularis dissection) is a strong positive prognostic factor of
local recurrence prevention [79], as is the negative by 1-2 mm CRM (105). The distal
to the tumor transection of the rectum is achieved either transabdominally or
transanally, and the colo-anal anastomosis is fashioned with the use of a circular
stapling device or by hand respectively. A temporary defunctioning stoma to protect
the anastomosis is strongly recommended, particularly in case of a very low colo-anal
anastomosis, an anastomosis in the obese male patient, and after neo-adjuvant
treatment (106). The defunctioning stoma can be closed 3-6 months later, provided
anastomosis is complete and leak is not identified by proctoscopy or double contrast
imaging. For tumors located at the upper third of the rectum and the rectosigmoid
junction a high anterior resection of is recommended. For tumors located in the
middle rectum (6-10 cm from the anal verge), LARR with TME, and preservation of
the pelvic nerve plexuses is indicated. A clear distal bowel margin of at least 1 cm is
required. However, a distal margin <1 cm may be adequate, provided that pathology
report confirms a negative margin and CRT has preceded surgery (107). For T1, N0
tumors or T2-3, N0 subjected and responding to CRT and in which a distal bowel
clearance >1 cm does not involve a major part of the external anal sphincter, a LARR
with TME and intersphincteric distal dissection with hand-sewn colo-anal
anastomosis is recommended (108). Intersphincteric resection for low and ultra-low
rectal cancer is associated with low morbidity, local recurrence rate of approximately
7%, disease-free survival of 78% and acceptable functional results (109).

Chemoradiotherapy for rectal cancer treatment (Preoperative treatment)
The aim of preoperative treatment is to reduce the risk of local relapse, to improve
resectability and to enable R0 resection in CRM-positive disease. There are two
approaches to preoperative therapy: short-course radiotherapy (RT) (25 Gy in 5
fractions) and long-course (50.4 Gy in 28 fractions) RT combined with chemotherapy
(ChT). Most series suggest that there is improved outcome with increasing
pathological response to CRT with patients achieving a pathologic complete response
(pCR) having a local recurrence risk of 1.5% and overall survival over 90% (110). A
series of retrospective studies from Brazil has highlighted the rationale of a ‘wait-andsee’ policy for patients who achieved a pCR (111), but long-term prospective
observational studies with more uniform inclusion criteria are required to evaluate the
risk versus benefit of this policy. It has been shown (CAO/ARO/AIO-94 trial) that
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preoperative CRT followed by adjuvant ChT compared to postoperative adjuvant
CRT significantly reduces local recurrence, has less acute and long-term toxicity and
in addition enables a higher rate of sphincter saving surgery by downsizing and thus
improves functional outcome in low rectal tumors (112,113). Therefore, preoperative
CRT is the treatment of choice for all patients at higher risk for relapse (clinical stage
II/III).

A) Short-course RT A growing body of evidence suggests that short-course RT
versus surgery alone for resectable rectal cancer leads to a significant decrease
in local recurrence (114). Two most recent large studies, the Dutch TME trial
and the MRC CR07 trial (115,116), confirmed the significant benefit on local
control with short-course preoperative RT even with TME surgery. Both trials
showed no benefit in survival, however, in the MRC CR07 trial 3-year
disease-free survival was improved in the preoperative irradiated group. Acute
toxicity after short-course RT is usually mild when surgery is not delayed and,
although early trials revealed a significant increase in late toxicity, this has not
been reported in the more recent studies.
B) Long-course Chemoradiotherapy (CRT) Very limited tumor shrinkage and
no tumor downstaging is expected after short-course RT and immediate
surgery, while after the long-course CRT schedule the longer overall treatment
time and interval to surgery results in downsizing of virtually all cancers and
in pCR in approximately 15-20% of patients. Therefore, CRT is indicated in
locally advanced T3c, d, T4, N+ disease and cases with a threatened or
involved CRM. The same approach is recommended for upper rectal or
rectosigmoid tumors that invade adjacent structures. MRI staging may allow a
selection of patients with early stage III disease (stage T3a/b) in whom
preoperative treatment may not be necessary (117). Standard long-course CRT
regimens include 3D conformally planned RT for 5.5 weeks (50.4 Gy total
dose) and either continuous infusion of 5-fluorouracil (5-FU) or capecitabine
per os. Targeted chemotherapeutic agents are not recommended in this setting.
C) Short- vs. long-course CRT Three randomized trials of preoperative shortversus long-course CRT have been reported in patients with resectable T3/T4,
any N rectal cancer (118,119). Both trials showed higher rates of early RT
toxicity in the CRT groups but no significant differences in late toxicity. In the
Polish study (118), the sphincter preservation rate, the local recurrence rate
and overall survival did not differ significantly between the two groups. In the
Australian trial (118), preliminary analysis also showed no significant
differences in local control or survival. The Norwegian study (119) showed
that long-course CRT is associated with better local control of the disease and
higher survival rates compared to short-course RT. However, the question of
which schedule is superior has not been resolved since the trials are small and
underpowered to detect small differences, and longer follow up is required.
D) Upfront ChT prior to surgery Intensive combination ChT, with 5-FU and
oxaliplatin (FOLFOX) combined with targeted agents has been proposed
instead of neo-adjuvant CRT prior to surgery in T3 tumors that do not threaten
the circumferential mesorectal margin, as it achieves a pCR in more than one
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fourth of the cases. This approach is not recommended outside clinical trials,
because of limited available data.
E) Upfront ChT prior to preoperative CRT In locally advanced rectal tumors,
intensive and ChT with or without the addition of targeted agents prior to neoadjuvant treatment and surgery has been associated with increased R0 rate and
reduced rate of metastatic disease (120,121). However, data are limited and
the approach should not be applied outside investigational clinical trials.
Non-operative approach after combined modality therapy (CMT) for Rectal
Cancer Following neo-adjuvant CRT for locally advanced rectal cancer, pathology
complete response (pCR) with no residual tumor at surgery is observed in 13-25% of
the cases (122). Also, there is substantial evidence that patients with pCR after CMT,
subjected to TME, show excellent oncological outcomes, with a local recurrence rate
of only 0.7%, distant metastasis rate of 8.7%, overall survival of 90% and disease-free
survival of 87% (109). Considering that definitive surgical treatment is associated
with significant morbidity and that patients with pCR after CMT are of good
prognosis, “expectant policy” and “deferring surgery” in case of recurrence could be a
rational policy. If patients with pCR are approached non-operatively and observed
closely, local and distant recurrence are seen in only 0-1.6% and 0-8.9% respectively
(123). However, opposite results concerning recurrence after initial pCR show rates
greater than 80% within the first year (124). Therefore, non-operative management
should be reserved only for those with durable pCR. At present, non-operative
treatment in patients with pCR after CRT should be applied in research protocols, and
be reserved for patients unfit or unwilling to undergo surgery.

Interval from end of neo-adjuvant treatment and definitive surgery In case of
neo-adjuvant treatment in the form of short-course RT, the time interval of surgery is
1-2 weeks (118,125). Following a long course of CRT, the exact time interval to
surgery has not been defined, and varies from 6 to 12 weeks (126). This depends on
the grade of tumor response to neo-adjuvant treatment. Even if a complete response
(CR) is detected on pelvic MRI 6 weeks after the end of treatment, this should be
followed by resection of the rectum. Deferral of surgery in case of CR is only allowed
within the frame of a research protocol (“wait-and-watch” or “expectant” policy). In
case of locally advanced (≥T3c/T4) rectal cancer, neo-adjuvant CRT aims to
downsize and downstage the local disease (127). If response is favorable as assessed
by pelvic imaging, curative resection (R0) can be achieved. There is good evidence
that patients with pCR after CRT show significantly lower local recurrence and higher
survival rates than those with partial response (128).

Very early rectal tumor
Although evidence is limited and well-designed clinical trials are required for cT1,
sm1 tumors with low-risk features, standard transanal excision or excision by means
of TEM, if technically feasible, is recommended as definitive treatment. For cT1, sm2
tumors with low-risk features definitive treatment (TME) is the treatment of choice.
Local excision is not recommended outside clinical trials, unless the patient refuses
definitive treatment or has co-morbidities (129). If histopathology shows deeper
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invasion or additional high-risk features (poor differentiation, lympho-vascular,
venous or neural invasion) CRT can be added with or without definitive surgery.

Early rectal tumor
For cT1, sm3 and T2 tumor neo-adjuvant treatment is not necessary and definitive
transabdominal surgery with TME is recommended. cT3a, b, N0, CRM (-) or nonthreatening tumors of the middle and upper rectum are treated either with upfront
short-course RT followed by transabdominal TME or with transabdominal TME
alone. According to the CR07 trial, there is a marginal but significant benefit, in terms
of local recurrence for early rectal tumors even of the upper rectum after preoperative
short-course RT, but long-term morbidity must be taken into account (115). If quality
of surgery has been compromised or pathology shows positive CRM and neoadjuvant treatment has not been given, postoperative CRT is recommended, with the
expense of rather poor functional results.

More advanced rectal tumor
For cT3c/d, or cT tumors of the middle and upper rectum non-threatening or not
involving the CRM, EMVI(-) preoperative treatment, either short-course RT or longcourse CRT, followed by transabdominal TME surgery is recommended. In this
group, cT3a/b tumors of the lower rectum, non-threatening or not involving the CRM,
EMVI(-) are included. Also, preoperative treatment, either short-course RT or longcourse CRT, followed by transabdominal TME surgery is recommended. There is not
enough evidence in favor of either neo-adjuvant approach, short-course RT or longcourse CRT. The former is less costly and is associated with acute toxicity; the latter
can achieve significant down-staging and down-sizing.

Locally advanced rectal tumor
For cT3, CRM (threatening or +), or/and EMVI(+) and T4 tumors, neo-adjuvant longcourse CRT is recommended. If response is favorable and R0 is possible,
transabdominal TME -and beyond if necessary- surgery is recommended. Otherwise,
palliative measures are recommended (see below). In this group, patients with
involved lymph nodes of the lateral pelvic wall (obdurator, internal ileac nodes) are
included, and neo-adjuvant CRT with extended lateral field is recommended. Surgery
follows, if a R0 resection can be achieved by either TME or/and more extended pelvic
surgery including removal of the lateral pelvic lymph nodes (130).

1.7 Biomarkers
The term “biomarker”, a portmanteau of “biological marker”, refers to a broad
subcategory of medical signs – that is, objective indications of medical state observed
from outside the patient – which can be measured accurately and reproducibly. There
are several more precise definitions of biomarkers in the literature, and they
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fortunately overlap considerably. In 1998, the National Institutes of Health
Biomarkers Definitions Working Group defined a biomarker as “a characteristic that
is objectively measured and evaluated as an indicator of normal biological processes,
pathogenic processes, or pharmacologic responses to a therapeutic
intervention.”(131,132). A joint venture on chemical safety, the International
Programme on Chemical Safety, led by the World Health Organization (WHO) and in
coordination with the United Nations and the International Labor Organization, has
defined a biomarker as “any substance, structure, or process that can be measured in
the body or its products and influence or predict the incidence of outcome or disease”
(133). An even broader definition takes into account not just incidence and outcome
of disease, but also the effects of treatments, interventions, and even unintended
environmental exposure, such as to chemicals or nutrients. In their report on the
validity of biomarkers in environment risk assessment, the WHO has stated that a true
definition of biomarkers includes “almost any measurement reflecting an interaction
between a biological system and a potential hazard, which may be chemical, physical,
or biological. The measured response may be functional and physiological,
biochemical at the cellular level, or a molecular interaction.” (134). Therefore,
biomarkers are by definition objective, quantifiable characteristics of biological
processes. The use of biomarkers, and in particular laboratory-measured biomarkers,
in clinical research is somewhat newer, and the best approaches to this practice are
still being developed and refined. The key issue at hand is determining the
relationship between any given measurable biomarker and relevant clinical endpoints.
A molecular biomarker is defined as a biological molecule which can be termed as
measurable indicator found in blood, and other body fluids, or tissues by which a
particular pathological or physiological process, or of a condition or disease can be
identified. In this regard molecular biomarkers can be utilized for diagnostic,
prognostic and/or predictive purposes in the clinical or pre-clinical setting. A
diagnostic biomarkers are used for risk stratification and early detection of colorectal
polyps (135). A prognostic biomarker provides information about the patients overall
cancer outcome (likelihood of a clinical event, disease recurrence or progression),
regardless of therapy, whilst a predictive biomarker gives information about the
likelihood that an individual with the biomarker experiences for a favorable or
unfavorable effect of a therapeutic intervention than similar individuals without the
biomarker (136,137). Examples of currently used prognostic and predictive
biomarkers are described in Table 2.
Predictive
KRAS , NRAS
mutation

Negative response to the anti-EGFR MSI
(epidermal growth factor receptor)
antibody-based therapies, cetuximab
and panitumumab (138–140)

BRAF V600E
mutation
PIK3CA
mutation

anti-EGFR inhibitor antibody BRAF V600E
resistance
mutation
Resistance to cetuximab
Preoperative
carcinoembryonic
antigen (CEA)
levels
Shorter progression-free survival Cancer antigen
in patients with primary or 19-9 (CA 19-9)
metastatic CRC treated with levels

PTEN
(Phosphatase
and tensin)

Prognostic
MSI-H is associated with better
survival rates than both MSI-L
and MSS (141,142)
Poor prognosis in right-sided
MSS CRC (143,144)
Increased preoperative CEA (>5
ng/ml) correlates with poor
prognosis (145)
Increased CA 19-9 present more
frequently metastases thus making
it a marker of poor prognosis
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homolog
cetuximab-based therapy
(146)
protein
deficiency
Table 2. Examples of currently used prognostic and predictive biomarkers along with
the clinical utility
1.7.1 Carcinoembryonic antigen (CEA) CEA are membrane-associated
glycoproteins playing a number of roles in cell adhesion or signal transduction.
Monoclonal CEA (mCEA) may be expressed in a wide variety of adenocarcinomas,
including those arising from the colon. Although this lack of specificity limits its
value as a diagnostic marker of CRC, it remains a useful component of a broad
diagnostic panel. In a meta-analysis study by Tan et al based on 20 different studies,
serum CEA has been demonstrated to comprise an exam of elevated specificity,
although sensitivity was inadequate when tracing CRC recurrent conditions. The cutoff range varied among these studies from 3 to 15 ng/ml, suggesting that a measure of
2.2 ng/ml would be the optimal regarding sensitivity and specificity (147). Evidently,
at this point circulating CEA may constitute a primary means of recording progress in
patients' surgical follow-up, in accordance with the complementary tools including
clinical picture, radiological response and histological results. CEA may be tested in
the preoperative setting in patients with CRC in order to assist staging and surgical
treatment planning. Previous findings showed that increased preoperative CEA (>5
ng/ml) correlates with poorer prognosis. In fact, a study with 2,230 patients proved
that pre-operative CEA levels was an important independent prognostic factor when
outcome prediction was encountered (148). Similarly, another study with 1,146
patients with CRC found that, following use of a multivariate analysis, preoperative
CEA levels proved a highly significant prognostic factor even when stage and grade
were introduced in the model (149). In addition, elevated preoperative CEA in stage
III and IV CRC are considered to be a potent independent risk factor as far as local
relapse, short disease-free survival and OS are concerned. After surgical removal of
the tumor, CEA levels should be checked as it is shown that persistent by elevated
CEA levels suggest further evaluation for metastatic disease. In addition, elevated
CEA is very efficient for revealing recurrence in asymptomatic patients and is the
most sensitive detector for liver metastases
1.7.2 KRAS and NRAS The family of RAS proteins (H-, K-, and N-RAS) is located
in the intracellular side of the cell membrane involved in G-protein mediated signal
transduction. Activation of the epidermal growth factor receptor (EGFR) from its
ligand (e.g., EGF, TGF-α, amphiregulin) results in a change from GDP- to GTP-form
of the KRAS, leading to increased concentrations of B-rapidly accelerated
fibrosarcoma (proto-oncogene) (BRAF) to the plasma membrane. BRAF activates the
mitogen-activated protein kinases (MAPK) signaling pathway that results in the
expression of proteins involved in several pathways with a crucial role including cell
proliferation, differentiation, survival, angiogenesis, and cell motility (Figure 4).
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Figure 4. Graphical presentation of the KRAS-PI3K-AKT-mTOR, KRAS-BRAFMERK (MAPK)- ERK (MAPKK), KRAS-RAL-Nf-κB pathways. Created with
BioRender.com
Mutant KRAS proteins present as locked in the active form as a result of an impaired
GTPase activity, leading to an increased proliferating rate that is unregulated and thus
resulting in an overall malignant transformation of the cells. Therefore, it is logical to
assume that mutation of these oncogenes poses a great threat for carcinogenesis).
Indeed, it is well documented that alterations of KRAS gene can act as the first step
towards carcinogenesis in approximately 50% of the CRC cases. However, it is not
that clear whether it could serve as a prognostic marker in the clinical setting.
Recently, a meta-analysis of seven studies failed to associate KRAS mutation status
with prognosis (however, a common limitation of such studies is the small pool of
patients) (150). On the other hand, two large multicenter studies, demonstrated that
only one mutation of KRAS, of codon 12, could be linked with a more aggressive
progression of cancer cells. However, according to their data, KRAS mutations failed
to be associated with tumor location or stage and recurrence of disease. On the other
hand, the possible prognostic value of NRAS mutations is less examined, even though
they appear to act in a similar way with KRAS as for the degree of negative
prognostic significance. Mutations of KRAS gene have proven their clinical use as a
predictive biomarker in response to the EGFR inhibitors clinically used, as various
mutations of KRAS present resistance to therapy with EGFR receptor monoclonal
antibody blockers such as cetuximab. In detail, anti-EGFR therapy on cases of
metastatic CRC who display KRAS mutations either of the codon 12 or 13, present no
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benefit (151). However, a mutant KRAS does not always mean that it is a sign of bad
response. For example, De Roock et al found that patients with metastatic CRC with
P.G13D KRAS mutation treated with cetuximab exhibited better results than other
KRAS mutations (152). Under the light of these findings, evaluation of an extended
panel of RAS mutations including mutations in KRAS exon 2, 3 and 4 and NRAS
exons 2, 3, and 4 can better discriminate which patients are not good candidates for
treatment with anti-EGFR therapy
1.7.3 p53 p53 is a transcription factor that participates in a variety of cellular reactions
to several stress situations such as mutagenic DNA damage, oncogene activation,
hypoxia and telomere shortening. In contrast to other mutations, p53 mutation seems
to occur late in the development of CRC since few or even no cases of mutations are
described in precancerous lesions from sporadic adenomas and polyps. Interestingly,
data from one study showed that mutations of p53 in CRC exhibits a dependence on
the primary tumor site thus suggesting a prognostic value of this marker. In more
detail, patients with a primary tumor site in the proximal colon (caecum, ascending
colon) and mutant p53 gene exhibited better survival when treated with a combination
of chemotherapy and surgical removal compared to those treated by surgery alone
(153).
1.7.4 Phosphoinositide 3-kinase (PI3K) PI3K is a downstream mediator of the
EGFR signaling cascade along with AKT and PTEN. An interesting finding regarding
PI3K mutations lies on the use of cetuximab in patients with CRCs who display
mutations of PI3K and especially at the PIK3CA exon 20 (which is the kinase
domain) in contrast to patients with PIK3CA-wild-type CRCs. Patients with mutant
PI3K exhibit much worse results. However, the mutation of a different exon, PIK3CA
exon 9 (which is the helical domain), cannot serve as a predictive marker for antiEGFR therapy, a fact that reflects the high complexity of the effects of specific
mutations on different functions of the mutant kinases (154).
1.7.5 BRAF BRAF is serine-threonine protein kinase that is recognized downstream
in the KRAS signaling cascade. BRAF mutations are linked with a poor outcome thus
proving their clinical applicability as a prognostic marker in the adjuvant setting.
Another indication of a poor outcome is found in stage II and III CRC cases where
BRAF mutations were associated with worse overall survival. A rather interesting
finding is that BRAF V600E mutation is able to predict a poor prognosis in rightsided MSS CRC. Further examination of the BRAF prognostic value was carried with
a study investigating the correlation of BRAF mutation with MSI. The existence of
BRAF wild-type and MSI-H exhibited favorable outcomes. Furthermore, BRAFwild/MSS and BRAF-mutated/MSI-H exhibited intermediate outcomes. BRAF
mutations and especially BRAF V600E is among the most common mutations found
in CRC cases as it is present in approximately 8–10% of all cases. BRAF mutation is
often used as a discrimination factor between familial and sporadic CRC as the
existence of BRAF V600E mutation in MSI CRCs can virtually exclude Lynch
syndrome (155). However, numerous studies have shown that tumors that exhibit
BRAF mutation are resistant to anti-EGFR therapy.
1.7.6 Microsatelite instability (MSI) Microsatellites (MSs) are short tandemrepeated base pairs of 1–6 scattered all over the genome. For the normal human
genome the number of MSs is approximately half a million. Genome studies revealed
that MSs are prone to duplication errors. However these errors are usually corrected
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by the MMR system. Consequently it is logical to assume that a defective MMR
system would result in the accumulation of DNA mistakes and thus MSI. Indeed, MSI
arises by the inhibition of MMR system either via defective methylation of MLH1 in
CpG island or point mutation of any MMR genes (hMLH1, hMSH2, hMSH6, PMS1
and PMS2) especially hypermethylation of hMLH1 promoter. It is estimated that
about 15–20% of CRC patients present MSI with a small fraction of which 2–4% are
related to hereditary non-polyposis colorectal cancer (HNPCC). In order to estimate
MS status, Bethesda panel was agreed in which five MS loci were included (BAT25,
BAT26, D5S346, D2S123, and D17S250). However, some researchers suggested an
expanded Bethesda panel include 10 loci. Based on this panel, MSI can be divided
into three groups: MSI-high (MSI-H), defined as having ≥30% unstable loci using
mononucleotide or dinucleotide markers; MSI-low (MSI-L), with 10–30% unstable
loci; and microsatellite stable (MSS), with <10% unstable loci (156). MSI status
varies according to a given CRC stage: Stage II CRC exhibits high prevalence of MSI
(20%) while in stage IV CRC MSI is approximately 4%. Moreover, differences based
on the MSI status are found when prognosis is examined. For example, cases with
MSI-H CRC share a better prognosis than that with MSS CRC. MSI status is a wellstudied diagnostic marker for CRC as mentioned above. However, its clinical
relevance does not stop in the diagnostic setting but continues in the prognostic as
well. MSI-H is associated with better survival rates than both MSI-L and MSS, not
only in HNPCC, but also in sporadic cases. Recent studies have investigated the
application of level of MSI status as a potential predictive marker of adjuvant therapy.
While there is enough evidence supporting that MSI-H may predict response to 5fluorouracil (5-FU)-based adjuvant therapy in stage III colon cancer, numerous recent
studies demonstrated that there is no significant difference between patients with
MSI-H and MSS tumors when 5-FU-based adjuvant therapy is used. This finding is
very important for the group with stage II disease, in which adjuvant chemotherapy
(5-FU alone) is reported to improve survival by approximately 3%, allowing some
investigators to suggest that stage II colon tumors should be analyzed for MSI status
as well in order to assist guide decisions on the use of adjuvant therapy.
1.7.7 Cancer antigen 19-9 (CA 19-9) CA 19-9, also termed sialyl Lewis a, is a
documented marker with prognostic value for CRC. It is shown that cases with
increased CA 19-9 present more frequently metastases thus making it a marker of
poor prognosis (157). Similarly, a recent study with stage IV CRC proved that the
preoperative serum CA 19-9 level can be a promising marker of tumor recurrence and
prognosis in cases submitted to curative resection. In detail, high levels of CA 19-9
were connected with worse 3-year relapse-free survival and 3-year overall than that in
the normal CA 19-9 group.

1.8 Micronuclei
1.8.1 Milestones in Micronuclei Formation Micronuclei (MN), also known as
Howell-Jolly bodies, are tiny extra-nuclear bodies originating from acentric
chromatid/chromosome fragments or whole chromatids/chromosomes that lag behind
at the anaphase of dividing cells and are not included in the main nucleus during
telophase. Instead, they are enwrapped by the nuclear membrane and resemble the
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structure of the daughter nucleus, although being way smaller in size. Acentric
chromatid/chromosome fragments usually originate after extensive DNA damage
such as DSBs that if misrepaired result in asymmetrical chromosome rearrangements
and exchanges. Whole chromatids or chromosomes in MN are formed due to
deficiencies in chromosome segregation during anaphase usually caused by mitotic
spindle failure, kinetochore damage, centromeric DNA hypomethylation, and defects
in the cell cycle control system. To form an acentric fragment, DNA double-strand
breaks (DSBs) should either occur in one sister chromatid or extend to the whole
anaphase chromosome. This happens only if the level of DSBs exceeds the repair
capacity of dividing cells, which is mainly due to either the misrepair of DSBs by the
dysfunctional homologous recombination or defects in enzymes of the nonhomologous end-joining (NHEJ) pathway. The formation of DNA DSBs and MN is
often the result of simultaneous excision repair of damages and wrong base
incorporation. A failure of the appropriate gap-filling event leads to DSB.
Malsegregation of sister chromatids usually happens due to the absence or
inappropriate attachment of spindle microtubules to chromosome kinetochores. Stable
amphitelic microtubule attachments generate tension at kinetochores, locking the
correct chromatid orientation in place. Unstable microtubule–kinetochore attachments
such as syntelic (both sister chromatids are attached to the same spindle pole),
monotelic (only one kinetochore is attached leaving the second sister chromatid
unattached), or merotelic (one kinetochore is attached to both spindle poles) do not
result in significant tension, thus making the bond sensitive to dissociation. If not
corrected, such attachments lead to inappropriate segregation and chromosome loss,
thus resulting in aneuploidy and micronucleus formation, respectively. Sometimes,
chromatids/chromosomes are unable to segregate as the mitotic spindle cannot pull
them apart due to tubulin depolymerization. The absence of kinetochore or
centromeric defects also lags chromosomes behind at telophase. Nucleoplasmic
bridges and nuclear buds (NBUDs) are similar to MN. NPBs originate from dicentric
chromosomes – ones that have two centromeric regions. Dicentrics are products of
either HR between complementary DNA sequences of different chromosomes or
NHEJ between two chromosomes that suffer from DNA DSBs. Similarly to the latter,
NHEJ can be recruited to improperly encapsulated telomeres during their shortening.
If a 3′ single-stranded overhang at the telomere is not properly capped, it is
recognized as a broken DNA molecule which should be fused by NHEJ mechanism.
Having two centromeres, a dicentric chromosome may attach to two opposite spindle
bodies which pull chromatids in the opposite directions. In the absence of breakage,
the nuclear membrane surrounds both nuclei forming NPBs between them.
Eventually, NPB is broken during cytokinesis, resulting in a micronucleus formation.
Misrepair of two chromosomal breaks causes the formation of both dicentric and
acentric fragments. The latter will form MN of its own. Telomere fusion results in
NPB that after breakage will accompany one of the daughter nuclei in the form of
MN. MN and NPBs formed after telomere fusion contain telomeric sequences which
can be recognized by specific probes that hybridize to subtelomeric regions. In
contrast, MN and NPBs originated from DSBs misrepair are telomere negative.
Anaphase bridges are initial events in breakage-fusion-bridge (BFB) cycles which are
the features of chromosomal instability. The uneven breakage of NPBs leads to the
formation of two daughter nuclei, one of which gained extra genetic information,
whereas the second one lost an equal amount of genetic information. Such broken
chromosomes usually do not contain telomeric zones and, therefore, can fuse with
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their replica during the next mitotic event, repeating the cycle for the next couple
rounds. BFB cycles lead to the amplification of genes near the break point which are
eventually looped out of the abnormal chromosome, thus forming the so-called double
minutes (DMs). DM chromosomes are selectively located at the periphery of the
nucleus and are eliminated from the nucleus by nuclear budding during S phase. A
NBUD is virtually the same as a micronucleus, except for its closer location and
connection to the nucleus through a narrow cytoplasmic passage. NBUD also contains
interstitial or terminal fragments without centromeric or telomeric regions, whereas
MN is formed from a lagging chromosome. While briefly summarizing the
mechanisms of MN formation, it is important to emphasize that MN containing
acentric chromatids or chromosomes are the result of unrepaired or misrepaired DNA
breaks, whereas MN with whole chromatids/chromosomes are formed due to (a)
hypomethylation of satellite centromeric/paracentromeric sequences, (b) kinetochore
defects, (c) dysfunctional spindle, and (d) mutations in anaphase checkpoint genes.
NPBs originate from misrepaired DNA breaks, telomere end fusion, or failure of
sister chromatids to separate due to the lack of decatenation. Last but not least,
nuclear budding occurs as a result of either elimination of amplified DNA resulted
through BFB cycles or specific elimination of excess chromosomes in polyploidy
cells (158). It is suggested that the possible future that a micronucleus may have is: a)
eradication of the whole cell through cellular apoptosis, b) ejection from the
cytoplasm in case that the DNA it contains is not functional, c) re-integration into the
main nucleus and d) maintenance in the cytoplasm as a distinct structure in case that
the micronucleus has the mechanisms to divide separately from the main nucleus.

1.8.2. Cytokinesis-Block Micronucleus Assay in Lymphocytes The cytokinesisblock micronucleus (CBMN) assay is the preferred method for measuring MN in
cultured human and/or mammalian cells because scoring is specifically restricted to
once-divided BN cells, which are the cells that can express MN. In the CBMN assay,
once-divided cells are recognized by their BN appearance after blocking cytokinesis
with cytochalasin-B (Cyt-B), an inhibitor of microfilament ring assembly required for
the completion of cytokinesis (Figure 5).
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Figure 5 MN and NPB formation in cells undergoing nuclear division: MN originate
from either lagging whole chromosomes or acentric chromosome fragments. NPBs
originate from dicentric chromosomes that may be caused by misrepair of double
strand DNA breaks or telomere end fusions. These events can only be observed in
cells completing nuclear division, which are recognized by their BN appearance after
cytokinesis blocking with Cyt-B. (Adopted by Fenech 2007)

Restricting scoring of MN in BN cells prevents confounding effects caused by
suboptimal or altered cell division kinetics, which is a major variable in micronucleus
(MN) assay protocols that do not distinguish between non-dividing cells that cannot
express MN and dividing cells that can. Because of its reliability and good
reproducibility, the CBMN assay has become one of the standard cytogenetic tests for
genetic toxicology testing in human and mammalian cells. Table 3 presents the
information that should be registered during CBMN evaluation.
Information that should be registered during CBMN evaluation
The code number of the specimen under evaluation
The number of binucleated cells counted
The number of binucleated cells with 0, 1, 2 or 3 micronuclei
The total number of micronuclei in binucleated cells
The total number of micronuclei per 1000 binucleated cells
The total of binucleated cells with micronuclei per 1000 binucleated
cells
7. The total number of cells with 1, 2, 3 and 4 nuclei every 2000 cells
8. The cytokinesis block proliferation index (CBPI)
Table 3. Information needed for comprehensive CBMN evaluation
1.
2.
3.
4.
5.
6.

The CBMN assay is a comprehensive technique for measuring DNA damage,
cytostasis, and cytotoxicity in different tissue types, including lymphocytes. DNA
damage events are scored specifically in once-divided binucleated cells. These events
include; (a) micronuclei (MNi), a biomarker of chromosome breakage and/or whole
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chromosome loss; (b) nucleoplasmic bridges (NPBs), a biomarker of DNA misrepair
and/or telomere end-fusions; and (c) nuclear buds (NBUDs), a biomarker of
elimination of amplified DNA and/or DNA repair complexes. Cytostatic effects are
measured via the proportion of mono-, bi-, and multinucleated cells and cytotoxicity
via necrotic and/or apoptotic cell ratios. The assay has been applied to the
biomonitoring of in vivo exposure to genotoxins, in vitro genotoxicity testing and in
diverse research fields, such as nutrigenomics and pharmacogenomics. It has also
been shown to be important as a predictor of normal tissue and tumor radiation
sensitivity and cancer risk. Figure 6 illustrates the various possible fates of cultured
cytokinesis-blocked cells following exposure to cytotoxic/genotoxic agents while
Figure 7 illustrates photomicrographs of the cells scored in the CBMN assay.

Figure 6. Using these biomarkers within the CBMN assay, it is possible to measure
the frequency of chromosome breakage (MN), chromosome loss (MN), chromosome
rearrangement, for example, dicentric chromosomes (NPB), gene amplification
(NBUDs), necrosis and apoptosis. In addition, cytostatic effects are readily estimated
from the ratio of mono-, bi- and multinucleated cells (Adopted by Fenech 2007)
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Figure 7. (a) Mononucleated cell; (b) BN cell; (c) multinucleated cell; (d) early
necrotic cell; (e) late apoptotic cell; (f) BN cell containing one or more MNi; (g) BN
containing an NPB (and a MN); (h) BN cell containing NBUDs. The ratios of
mononucleated, BN, multinucleated, necrotic and apoptotic cells are used to
determine mitotic division rate or NDI (a measure of cytostasis) and cell death
(cytotoxicity). The frequency of BN cells with MNi, NPBs or NBUDs provides a
measure of genome damage and/or chromosomal instability. (Adopted by Fenech
2007)

1.8.3 Cytokinesis-block proliferation index (CBPI) The overall cytotoxicity of an
agent in a cell culture results in both cytostasis and cell death. Cytostasis is not
restricted to inhibitors of cell division but may also be the consequence of many
cytotoxicity pathways leading to a delayed cell cycle. As cytostasis may result from
effects on cell division and may also be cell death-related, this component of
cytotoxicity could be predominant and therefore should be accurately taken into
account in the overall cytotoxicity. In the in vitro micronucleus test, when using
cytochalasin B, two main methods for measurement of cytotoxicity have been
recommended. One is based on CBPI (Cytokinesis-Block Proliferation Index), where
CBPI is determined in treated (CBPIT) and control (CBPIC) cultures (159). The
cytokinesis block proliferation index (CBPI) is given by the following equation:
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where M1, M2, M3 and M4 correspond to the number of cells with one, two, three,
and four nuclei respectively and ‘N’ is the total number of cells. For CBPI calculation,
2,000 cells were counted. CBPI is a tool that is used in order to better understand
BNMN results from cell cultures where cytochalasin B is used. Moreover, it is able to
provide substantial information regarding possible cytotoxic effects (necrosis,
apoptosis or cytostasis) on the cell culture induced by any chemical agents. If CBPI
remains close to the numeric value of one, then there is no cytotoxic event. Moreover,
should it remain almost the same between time-points, then MNf results are
comparable and any fluctuation of MNf can be attributed solely to the parameter of
interest (in our case CRC and/or the systemic treatment). These parameters were
calculated, in order to determine the possible cytotoxic effects induced by either the
chemotherapeutic agents, the cancer itself or any other cytotoxic agent.
1.8.4 Scoring criteria for the CBMN assay using isolated human lymphocyte The
cytokinesis-blocked cells that may be scored for MN frequency should have the
following characteristics (Figure 8) (160):
a) The cells should be binucleated
b) The two nuclei in a binucleated cell should have intact nuclear membranes and
be situated within the same cytoplasmic boundary
c) The two nuclei in a binucleated cell should be approximately equal in size,
staining pattern and staining intensity
d) The two nuclei within a BN cell may be attached by a fine nucleoplasmic
bridge which is no wider than one-fourth of the largest nuclear diameter.
e) The two main nuclei in a BN cell may touch but ideally should not overlap
each other. A cell with two overlapping nuclei can be scored only if the
nuclear boundaries of each nucleus are distinguishable
f) The cytoplasmic boundary or membrane of a binucleated cell should be intact
and clearly distinguishable from the cytoplasmic boundary of adjacent cells

Figure 8. Criteria for choosing binucleate cells in the cytokinesis-block MN assay: (a)
Ideal binucleate cell; (b) binucleate cell with touching nuclei; (c) binucleate cell with
narrow NPB between nuclei; (d) binucleate cell with relatively wide NPB. Cells with
two overlapping nuclei may be considered suitable to score as BN cells if the nuclear
boundaries are distinguishable. Occasionally, BN cells with more than one NPB are
observed (Adopted by Fenech 2007)
MN are morphologically identical to but smaller than the main nuclei. They also have
the following characteristics (Figure 9, 10):
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a) The diameter of MN in human lymphocytes usually varies between 1/16 and
1/3 of the mean diameter of the main nuclei which corresponds to 1/256 and
1/9 of the area of one of the main nuclei in a BN cell, respectively.
b) MN are round or oval in shape
c) MN are non-refractile and they can therefore be readily distinguished from
artefacts such as staining particles
d) MN are not linked or connected to the main nuclei
e) MN may touch but not overlap the main nuclei and the micronuclear boundary
should be distinguishable from the nuclear boundary
f) MN usually have the same staining intensity as the main nuclei but
occasionally staining may be more intense

Figure 9. Typical appearance and relative size of MN in BN cells: (a) Cell with two
MN one with 1/3 and the other 1/9 the diameter of one of the main nuclei within the
cell. (b) MN touching but not overlapping the main nuclei. (c) A BN cell with NPB
between main nuclei and two MN. (d) A BN cell with six MN of various sizes; this
type of cell is rarely seen in cells that are not exposed to high doses of genotoxins
(Adopted by Fenech 2007)

Figure 10. BN cells (or cells that resemble BN cells) that should not be scored as MN
originating from chromosome loss or chromosome breakage: These situations include
(a) a trinucleated cell in which one of the nuclei is relatively small but has a diameter
greater than 1/3 the diameter of the other nuclei; (b) dense stippling in a specific
region of the cytoplasm; (c) NBUD that appears like an MN with a narrow
nucleoplasmic connection to the main nucleus and (d) nuclear blebs consisting of
nuclear material protruding from the nucleus but without an obvious constriction or
bridge between the protruding nuclear material and nucleus (Adopted by Fenech
2007)
Criteria for scoring apoptotic cells:
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a) Early apoptotic cells can be identified by the presence of chromatin
condensation within the nucleus and intact cytoplasmic and nuclear
boundaries
b) Late apoptotic cells exhibit nuclear fragmentation into smaller nuclear bodies
within an intact cytoplasm/cytoplasmic membrane
c) Staining intensity in the nucleus, nuclear fragments and cytoplasm is usually
greater than in viable cells
Criteria for necrotic cells:
a) Early necrotic cells can be identified by the presence of a pale cytoplasm with
numerous vacuoles (mainly in the cytoplasm and some in the nucleus) and
damaged cytoplasmic membrane with a fairly intact nucleus
b) Late necrotic cells exhibit loss of cytoplasm and damaged/irregular nuclear
membrane with only a partially intact nuclear structure and often with nuclear
material leaking from the nuclear boundary
c) Staining intensity of the nucleus and cytoplasm is usually less than that
observed in viable cells

1.8.5 Methylation status, CpG islands and Micronuclei formation Epigenetics has
recently become a very promising target for manipulation in molecular biology
because of the growing evidence of its involvement in chromatin status regulation,
gene expression; and both epigenetics and genetics have an equal influence on the
development of genomic instability and cancer. The greatest potential of epigenetic
alterations is their reversible nature in contrast to mutations which made epigenetics
so attractive for therapeutic research (161). A similar correlation between MN
induction and DNA hypomethylation was shown in radiation-induced bystander cells.
An increase in the level of MN, DNA DSBs, and apoptosis was parallel to the loss of
nuclear DNA methylation in bystander human cells after microbeam radiation.
Analysis of the fate of MN in the cells has recently regained a lot of interest. The
recent study by Utani et al. suggested that MN formed after mitosis were stably
maintained in the cells for up to one cell cycle. Furthermore, mitotic division of cells
with MN led to formation of daughter cells either with or without MN (162). The
ability of MN DNA to replicate itself remains obscure, but some suggestions have
been made that MN replication depends on MN nature, and if it happens, usually it
occurs at the same time as main nucleus replication. Similarly, MN transcription
events depend mainly on MN structure. MN containing whole chromosomes showed
active transcription, whereas acentric fragments were not able to synthesize RNA,
unless they represented transcriptionally competent DMs (163). It should be
emphasized here that any possible transcriptional activity in MN depends on nuclear
envelope integrity and the presence of nuclear pore complexes. According to Fenech
et al. (164), the main mechanism of MN formation originated from chromosome
malsegregation is hypomethylation of centromeric and paracentromeric regions –
satellite repeats. Usually, satellites are hypermethylated, and loss of methylation
elongates repeat regions decreasing the tension in kinetochores and thus creating
wrong connections between microtubules of the mitotic spindle and chromosomes.
The role of DNA methylation is crucial for normal development, proliferation, and
genome stability. The distribution of CpG-dinucleotides is not random in the genome.
Most of CpG sites are clustered in promoter areas of genes creating so-called CpG
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islands. Usually, promoters of tumor suppressor genes are hypomethylated to allow
their expression for normal functioning of cells, whereas oncogenes and some repeat
elements are silenced through hypermethylation, thus maintaining genome integrity.
Reanimated transposons can lead to translocations, gene disruption, and chromosomal
instability. X chromosome inactivation is also a result of hypermethylation.
Centromeric regions of chromosomes are heterochromatic and lay within tandemly
repeated DNA. Constitutive heterochromatin of centromeres is epigenetically silenced
by histone methylation (H3K9Me3 and H3K27Me) and DNA hypermethylation, thus
enabling a low frequency of recombination and the repression of transcription.
However, undermethylation of repeated DNA sequences and satellite DNA in the
centromeric and pericentromeric regions of chromosomes is highly linked to
karyotypic instability found in a variety of cancers. The possibility exists that DNA
hypomethylation in the centromeric region may modify a platform for the correct
kinetochore orientation and attachment to the spindle, resulting in improper
chromosome segregation and MN formation. Such hypothesis is mainly supported by
ongoing experiments involving DNA methylation activators/inhibitors which affect
MN formation.
1.8.6 Genotoxicity and Micronuclei Understanding of the mechanisms of MN
formation induced by genotoxic agents is of a great significance for both the detection
of diseases such as cancer and their treatment. The manipulation of such mechanisms
may be beneficial for both the prevention of MN formation and development of
diseases and the induction of MN for therapeutic purposes. In fact, it is a matter of
choosing the right target in the process of MN formation. Epigenetic regulation of
MN formation includes at least four outlined mechanisms: a) DNA methylation, b)
histone modifications, c) chromatin remodeling, and d) non-coding RNA expression.
Nonetheless, their presence in a healthy individual is not unusual although they tend
to be more common among people adhering to unhealthy lifestyles. Generally,
younger individuals have lower MNf than the older individuals. In detail, an agerelated increase in chromosome damages and MN formation in lymphocytes has been
described. Analysis of population data from 12 Italian laboratories in the mid 1980s–
1990s showed the most dramatic increase in MN in the age group of 50–59 that
remained unchanged thereafter (165). The age-associated incline in CA and MN may
be caused by a decline in DNA repair and the aneuploidy phenomenon. Genomic
instability and oncogenicity cause the accumulation of DNA damage with age.
Oxidative damage can also contribute to MN frequency during ageing. The baseline
MN frequency in newborns and children is relatively low, but higher susceptibility to
DNA damages in children may rapidly increase the MN formation due to
environmental exposure to genotoxic agents. Gender factors have been studied in
parallel with aging. Mainly, a higher MN frequency has been reported for women.
Similarly, the effect of gender was described for MN associated with aneuploidy
(centromere-positive MN), which was higher in females. On the other hand, MN
testing is widely used for the evaluation of genotoxicity of different anti-cancer drugs.
Adriamycin is an anthracycline drug with strong mutagenic properties that increases
MN incidence up to 10- to 15-fold and significantly declines cell survival. Curcumin
alone induces MN in PC12 cells but reduces the total frequency of MN induced by
cisplatin, thus showing both genotoxic and antigenotoxic properties, depending on
prescription protocols. Similarly, anti-cancer drugs, gemcitabine and topotecan,
increase abnormal metaphases and the number of MN in mouse bone marrow. The
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CBMN assay showed the stimulation of DNA damages in V79 Chinese hamster cells
after combinational treatment with bleomycin and DNA-PK inhibitor wortmannin.
Interestingly, given that genotoxicity is linked to chromosome aberrations, it is
expected that cigarette smoking would cause MN. Surprisingly, most studies deny the
ability of smoking compounds to induce MN. In the Human MicroNucleus project,
1409 current smokers and 800 former smokers were tested for MN in lymphocytes.
Both groups showed a decrease in MN frequency compared to non-smokers (166).
Although, when tobacco-specific nitrosamine (NNK) was added to the culture of the
repair-deficient fibroblasts, the frequency of MN was doubled suggesting that
smoking could induce MN in repair-deficient cells. Finally, numerous studies have
shown that MNf is a sensitive biomarker of various types of cancers such as lung,
bladder and CRC, suggesting that cancer patients exhibit higher MNf than healthy
individuals (167). Although a number of studies has explored MNf in CRC, it is not
clear what the course of MNf is in the long-term, and especially how MNf is
correlated with prognosis.
1.8.7 Correlation between Micronuclei and Cancer MN are one of the four main
endpoints, together with chromosomal aberrations, aneuploidy, and sister chromatid
exchange (SCE) in the identification of cancer initiation. A large number of papers
describe the correlation between MN and cancer development. A significant increase
in MN in lymphocytes was shown in untreated cancer. Furthermore, healthy women
with BRCA1 and BRCA2 mutations showed a higher increase in MN frequency and a
higher radiation sensitivity than women without family history of breast cancer.
Similar outcomes were shown in lung cancer patients with a high frequency of
spontaneous MN, as well as in patients with pleural malignant mesothelioma, and
adenocarcinoma patients. Cancer-prone patients with Bloom syndrome and ataxia
telangiectasia also possess a high frequency of MN in lymphocytes. Analysis of
European cohorts indicates that individuals with increased MN are more likely to get
cancer 12–15 years after the test was performed (168).
1.8.8 Micronuclei and CRC A growing body of evidence indicates that the loss of
genomic stability is a key molecular pathological step that occurs early in
carcinogenesis. Chromosomal instability is the most common type of genomic
instability in CRC and it occurs in 80–85% of colorectal tumors. The genome of colon
cancer is often marked by chromosome rearrangement, alterations in chromosome
number (aneuploidy) and gene amplification. These events may represent promising
biomarkers for the prevention and risk assessment of CRC. Scientists have
demonstrated that the level of genetic damage in peripheral blood lymphocytes (PBL)
reflects the amount of damage in the precursor cells, which subsequently leads to the
carcinogenic process in target tissues. The use of biomarkers associated with this
event may provide effective tools for the early detection of the changes related to
cancer. Over the last decade, micronucleus (MN) analysis in PBL has been proposed
as a useful biomarker for this purpose (169). Micronuclei originate from chromosome
fragments or whole chromosomes that are not included in the main daughter nuclei
during nuclear division. The formation of micronuclei during the dividing process can
be caused by chromosomal rearrangements, altered genome expression or aneuploidy,
all of which are associated with the chromosome instability phenotype, often observed
in cancer patients (170). The hypothesis of an association between MN frequency and
cancer development is supported by a number of observations, the most substantial of
which include the high MN frequency in untreated cancer patients and in subjects
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affected by cancer-prone congenital diseases and a number of international cohort
studies, which have demonstrated that the MN frequency in the PBL of healthy
subjects is a predictor of cancer risk. It is widely accepted that chronic inflammation
can contribute to colon carcinogenesis by producing oxidative stress, which is defined
as over-production of oxygen species combined with the insufficient protective
mechanism of antioxidative defense. The increased production of superoxide radicals
may induce the release of chromosome-damaging material, the so-called clastogenic
factors (CFs), in circulating plasma. These low-molecular weight substances (lipid
peroxidation products, inosine nucleotides and cytokines) are produced via superoxide
stimulation in a multistep process that increases the production of superoxide radicals
perpetuating and enhancing chromosomal damage. MN frequency was significantly
higher in the CRC group than it was in the polyp and control groups. Moreover,
increased MN frequency, even if lower than that detected in CRC patients, was
identified in the lymphocytes of the adenoma polyp group with respect to controls.
Furthermore, the statistical analysis that was conducted using the Poisson model
indicated that the RR of the increase of MN frequency was associated with the
pathological status of the subjects. This suggests that the MN frequency varies
following the CRC dynamics through the different main stages of this pathology. It is
also demonstrated that ~40% of the subjects that tested positive in the FOB test had
no histological lesion linked to colon carcinogenesis, showing that the FOB test can
produce a high rate of false positive results (171). Furthermore, Karaman et al.
exhibited increased MN frequencies in the lymphocytes of CRC and colon polyp
patients, could support these observations, as the induction of changes in DNA that
lead to mutations plays a role in carcinogenicity (172).
1.8.9 Micronuclei assay It is well documented that micronuclei frequency represents
a sensitive indicator of genetic damage induced by various xenobotics and
environmental stressors. Among the various methods used for evaluating genetic
damage, the most common are: a) molecular (PCR and agarose gel electrophoresis,
quantitative PCR, ligation-mediated PCR, immuno-coupled PCR), b) fluorescence
[sister chromatid exchange assay, chromosomal aberrations assay, Comet assay,
alkaline single-cell gel electrophoresis, neutral single-cell gel electrophoresis, lesionspecific enzymes assay, bromodeoxyuridine-labelled DNA-comet FISH, halo assay,
Terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL)
assay, DNA breakage detection (DBD)-FISH, FCM-Annexin V labeling,
Radioimmunoassay (RIA)], c) chemiluminescence (ELISA, Immunohistochemical
assay , Immunological assay) and d) micronucleus assay. For the needs of this
doctoral thesis, the micronucleus assay was chosen on the basis of two main
advantages: a) The relatively easy evaluation of the parameter in concern and b) the
greater statistic power due to the higher number of counted cells instead with the
metaphase analysis assays.
1.9 Telomerase
1.9.1 Telomerase function and regulation Telomeres are repetitive DNA sequences
(TTAGGG) located at the end of chromosomes which are associated with the
Shelterin complex. Among its main functions, telomeres protect chromosomes from
end-to-end fusion and DNA degradation. The end replication problem, owing to the
inability of DNA polymerase to replicate the 3’ end of chromosomes, causes a
progressive telomere shortening which is coupled to cell division. When a critical
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telomere length is reached, cells activate the protective mechanisms, i.e. senescence &
apoptosis, in order to avoid the proliferation of genetically unstable cells. If these
mechanisms fail, cells continue to divide and enter into a crisis stage which is
characterized by massive genomic instability and cell death. Telomerase is a
ribonucleoprotein enzyme complex, consisting of two subunits; hTERC (human
telomerase RNA component), an RNA sequence pattern on which the synthesis
of telomeric parts is based, and a protein called human telomerase reverse
transcriptase (hTERT), whose responsible gene is located in chromosome 5 (5p15.33)
(Figure 11).

Figure 11. Illustration of the telomerase complex. Created with BioRender.com
Two of the six subunits of shelterin, TPP1 (tripeptyl peptidase I) and POT1
(protection of telomeres 1), regulate the action of telomerase. hTERT is responsible
for the suppression of apoptosis in an early phase before the induction of
cytochrome c. Normally, TA is elevated in the early gestation period. hTERC is
broadly distributed in the tissues, both present in normal and cancerous cells, while
hTERT expression occurs mainly in germ-line cells and most tumor cells. hTERT is
required for the unrestricted cellular growth and as a result it plays a leading role in
tumor initiation and further progression. Telomerase, however, requires also
additional enzymes and proteins for its stability and proper function. Dyskerin,
functioning as RNA binding protein and enzyme, is a pseudouridine synthetase.
Although this function is not of importance for telomerase, it is shown that its
presence is obligatory for the enzyme. Moreover, TCBA1 (telomerase Cajal body
protein 1) is associated with telomerase activity through dyskerin. Modulation of
telomerase activity occurs in several biological tiers; transcription, mRNA splicing,
sub- cellular localization of each component and the assemblage of TR and hTERT in
an active ribo-nucleoprotein complex. Transcription of hTERT gene is most likely
the key for the modulation of telomerase activity. The hTERT gene has a length of
35 kb, entailing 16 exons and 15 introns. For the total activation of hTERT promoter,
the concurrent action of MYC and SP1 is deemed essential. TP53, when coming in
interplay with SP1, downregulates TERT. Nuclear factor-kΒ, hypoxia-inducible
factor (HIF-1) and the ETS/MYC complex are also involved in the positive regulation
of hTERT promoter expression. Moreover, the histone methyltransferase SMYD3
incites TERT expression in healthy as well as malignant cancerous cells. Expression
of TERT is constricted by the onco-suppressor genes WT127 and MEN1, and also via
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MAD/MYC and TGF-β/ SMAD pathways. TERT expression is also suppressed by
the inhibitors p16INK4a and p27KIP1. Post-transcriptionally, regulation of
telomerase may take place, mainly, via tissue-specific alternative splicing
mechanisms. Notwithstanding that, the telomeres’ length is induced in each cell cycle
in a lower rate, endorsing cellular senescence (173). Loss of DNA sequences occurs
mainly due to two parameters: the end-replication problem, that is the dependence
of DNA polymerase on promoters (3’ telomeric ends) that undergo degeneration
and suppression of telomerase. At this point, the activation of telomerase compensates
for telomere shortening and allows cells successfully exit from the crisis stage.
Telomerase is specifically expressed in immortal cells, such as stem cells, germ
tissues and cancer cells. For the latter, telomerase confers an unlimited replicative
potential and has been implicated in immortalization and carcinogenesis (Figure 12).

Figure 12. Illustration of the differential mechanism of chromosome attrition in
normal and cancer cells. Created with BioRender.com
Telomeres with critical length incite checkpoint signalling mechanisms found in the
p53 pathway. The p53 tumour-suppressor downregulates hTERT gene. It was
observed that a mutant form of TERT presents the same antiapoptotic activity and that
p53-mediates downregulation of hTERT, which is critical for efficient p53-dependent
apoptosis. The uncapping of telomeres, instigated by the disruption of TRF2, induces
p53 as it represents a signal for breakage (through various mediators, like ataxiatelangiectasia mutated kinase (ATM kinase)). In case protective mechanisms are
inactivated, e.g. that of TP53 protein, cells continues with proliferation. By this
way, further corrosion of telomeres incites functional impairment regarding
telomeric end protection, thus leading to chromosomal instability. Consequently,
the erosion of telomeres may act as following; tumor suppression due to induction of
senescence, and simultaneously tumor promotion by provoking genomic instability.
Brief telomeres could also induce genome-wide DNA methylation, an event that can
regulate oncogene and onco-suppressor gene expression. Overall, the telomere
hypothesis supports the notion that shortening of telomeres to a critical length
fosters cells to evade further division, whereas protection of telomeres favors
proliferation. When the action of telomerase is inhibited, the result is cellular
senescence. On the contrary, expression of telomerase in ectopic sites permits cellular
division, as the length of telomeres remains intact (174,175).
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1.9.2 Telomerase independent elongation Some cancers are telomerase negative and
their telomere lengths are maintained by a mechanism known as alternative
lengthening of telomeres (ALT). This alternative mechanism (ALT), involves the
synthesis of new telomeric DNA from a DNA template via homologous
recombination (HR), in contrast to the telomerase dependent elongation. ALT cells
can be classified in four different groups according to the recombination mechanism
that they use. In human cancer cells where ALT is up-regulated, a characteristic
telomere phenotype is detected. ALT cells present heterogeneous telomere lengths
and longer telomeres than cancer cells which maintain the telomere status using
telomerase. The ALT mechanism is used less often than telomerase. ALT cells
include the promyelocytic leukemia (PML) nuclear bodies that contain telomeric
DNA and telomeric binding proteins and other proteins involved in the recombination
process. These ALT-associated PML bodies (APBs) may be used to identify cells
which use the ALT pathway. ALT is characteristic of some tumors such as
neuroepitelial tumors, osteosarcomas, in some types of soft tissue sarcomas and
occurs in low frequency in some types of carcinomas. In colon carcinogenesis, we
suggest this alternative mechanism to maintain TL in case that TA was negative
(176,177).
1.9.3 Telomerase activity and CRC Approximately 85% of CRCs are characterized
by chromosomal instability and telomere dysfunction may be considered a major
driving force in generating this feature. Telomere shortening is an early event in CRC
carcinogenesis and telomere/telomerase dysfunction is considered as a fundamental
player in this process. For telomerase, there is a general consensus that high hTERT
levels or telomerase activity are associated with poor prognosis. In non-cancerous
somatic cells, TA is undetectable or present at low levels. Cellular senescence is a key
barrier against cancer, which implies that cancer cells have been transformed to
immortal cells. This fact requires increased levels of TA, in order not to decrease
telomere’s length. This mechanism is explained by the hTERT promoter, whose
upregulated expression is promoted by differential hTERT gene expression in
neoplastic and normal cells. For example, Chen et al demonstrated that a net increase
of hTERT units is possible through upregulation of SPT5, a tumor-specific hTERT
promoter-binding protein encoded by the upregulated SUPT5H gene (178), while
Ling Zhang et al using the HCT-116 cell line (a KRAS mutated line), exhibited
increased TA via upregulation of the T-STAR gene (which encodes a number of
proteins responsible for multiple functions in pre-mRNA splicing, signaling and cell
cycle control) (179). Given the implication of telomeres’ length in CRC, TA has
attracted scientific interest as well. Jian Zou et al identified that telomerase is found to
be activated in 90% of malignant tumors (180). Interestingly, TA has been detected in
early stages of CRC which would mean that it is a determining factor during
carcinogenesis (181) while increased hTERT expression and elevated plasma
concentration of circulating TERT mRNA have also been identified as an unfavorable
independent prognostic marker of overall survival in patients with stage II CRC (182).
However, the prognostic role of telomere length in CRCs still needs to be confirmed.
Recently, the clinical utility of telomeres has been demonstrated to improve the
treatment of metastatic colorectal cancer: the outcome of patients treated with antiEGFR therapy seems to be dependent on the tumor telomere length. While most
studies identify telomere shortening as a critical initial event in carcinogenesis, the
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role of telomere length in cancer cells as a marker of disease progression is
controversial. In fact, considering CRC, mean telomere attrition has been associated
with the lymph node invasiveness of colon cancer cells, whereas other works
indicated that telomere length in cancer tissue was significantly longer in the late
stage of colorectal tumors.
1.9.4 Telomerase activity as diagnostic and prognostic marker in CRC Kim et al.
was the first group which studied the TA by means of the TRAP (telomeric repeat
amplification protocol) method. These authors determined that 90 % of tumors had
TA but not the normal cells. They also believed that TA may be a prognostic and
diagnostic factor in the future (183). The simplicity and sensitivity of the TRAP
method were quickly improved. As a result, the levels of TA can be measured and not
only the positive/negative classification, as happened at the beginning. These
improvements in the technique allow determining the low levels of TA in the normal
mucosa. The authors attribute this TA in the normal mucosa as micrometastasis of the
tumor in the adjacent mucosa. However, it can be due to the presence of the
proliferative cells, which are located in the intestinal crypts, or lymphocytes. TA in
CRC was detected in 80–100 % of tumor samples and telomerase activation is a
universal step in the carcinogenesis process, whereas TA was detected in 9–53 % in
normal mucosa. In the vast majority of studies, tumor mucosa presents a higher TA
than the corresponding normal mucosa. In this situation, where the TA in normal
mucosa is not null, it would be a good value to use the telomere index (TI) which
results from this formula: log (TA tumoral mucosa–normal mucosa). TI is the net TA
in the tumoral mucosa. The use of telomerase as a diagnostic biomarker in CRC has
been considered using the novel assay Telomerase Biosensor Technology (TBT;
Sienna Cancer Diagnostics, Melbourne, Australia), which is predicted to allow 95 %
specificity (few false positives) and 95 % sensitivity (few false negatives) for bladder
cancer and melanoma, as well as CRC. Some authors have found that TA is an
independent prognostic marker of recurrence, disease-free and overall survival in
patients with CRC and there is a general consensus that high levels of TERT and/or
TA are associated with poor prognosis in CRC. TI is described to be an independent
prognostic factor for predicting the recurrence and overall survival in the first 2 years
after surgery in rectal cancer but not in patients with colon cancer. This fact suggests a
different telomerase behavior depending of the tumor localization. These results are
according with other studies which identified differences in the etiology, pathologic
and clinical behavior of colon and rectal cancers. Local recurrence is more frequent in
rectal cancers patients and distant metastases are more frequent in colon cancers
patients. So it is reasonable to suggest different etiologic factors, molecular basis,
diagnostic and prognostic factors between colon and rectal cancer. These results
support the idea that the large bowel cannot be considered a uniform organ, at least
for cancer biology. Tatsumoto et al. classified patients with CRC according to high
TA (>50) and low TA (<50) and they found significant differences between
recurrence-free survival and overall survival. Patients with higher TA had worse
clinical prognosis (184). In contrast, the worst prognosis was found for patients with
telomerase-negative tumors, according to the results of Kawanishi-Tabata et al. These
authors only considered stage II CRC patients and this could be the explanation of this
disparity (185). In the years following, Sanz-Casla et al. demonstrated that patients
with TA in the tumor showed a higher risk of death or recurrence, independently of
other factors with prognostic value such as tumor stage and tumor location (186).
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Moreover, others research articles proved the usefulness of TA determination to
predict the recurrence and survival in the CRC patients operated on. An indirect way
to study TA is by determining the hTERT expression, as the acquisition of hTERT
expression seems to be an essential step for the TA in the majority of the human
tumors. There is a strong correlation between the hTERT expression and TA, and in
the latest years a correlation with the hypermethylation of the hTERT promoter, in
different cancer types included CRC, has been described. Methylation of the hTERT
promoter is necessary to activate its transcription (methylated promoters are usually
related with silent transcription, but this is an exception). Bertorelle et al. found that
hTERT level is an independent prognostic marker of overall survival in CRC patients
(187). Moreover, the identification of TERT transcripts in the plasma of CRC patients
could be a useful tool to monitor the disease, as the levels of TERT mRNA are
correlated to those in tumors. In summary, there is sufficient data to consider
telomerase as useful marker for monitoring and predicting the CRC outcome. The
telomerase analysis, to predict the clinical prognosis of CRC patients, could
contribute to the identification of groups of patients susceptible to receiving therapies
aimed at the inhibition of telomerase. It was reported that TA is strongly associated
with CRC, in terms of incidence, progression and metastatic activity. Moreover, an
increased level of hTERT expression and TA was often observed in rectum and leftsided adenocarcinomas, in comparison to those of the right colon. Moreover, colon
cancers entailed more telomerase activity than rectal cancers. An important finding
was the eliminated telomerase activity in patients with Dukes C or D stage in
comparison to patients with stage A or B, indicating that TA occurs at early stages of
disease (175).
1.9.5 Methods for TA estimation The most common methods for detecting
telomerase activity are TRAPs (telomeric repeat amplification protocols), which allow
one to perform semi-quantitative and quantitative analyses, using some of their
modifications. Such modifications include: increase of the analysis rate, replacement
of the radioactive label by nonlabeled compounds, the reduction of the amount of side
products, etc. Among these methods are the scintillation proximity assay,
hybridization protection assay, transcription amplification assay, and the magnetic
bead-based extraction assay. Some modifications even enable to detect telomerase
activity within a single cell. The telomeric repeat amplification protocol can be
subdivided into three main stages: primer elongation, amplification of telomerasesynthesized DNA, and thirdly, its detection. At the elongation stage, telomeric repeats
are added to the telomere-imitating oligonucleotide by telomerase present in the cell
extract. Then, PCR-amplification of telomerase-synthesized DNA is carried out with
the use of specific primers (telomere-imitating and reverse primers). At this stage,
different labels can be incorporated into the telomerase-synthesized DNA, such as
radioactive, fluorescent, or affine labels. This stage is then followed by detection (in
the original method, it comprises electrophoretic separation of PCR products and
photographing). The original TRAP method has several drawbacks. Initially, the CX
oligonucleotide, which complementarily overlaps with TS for several base pairs, is
used in the amplification of PCR products. It results in the dimerization of primers
and products that emerge due to the interaction between primers. Even when using the
optimal ACX primer with the noncomplementary TS end, a background signal may
emerge during the analysis of concentrated extracts from tumor tissues. An additional
problem is encountered when using reverse primers which completely correspond to
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telomeric repeats. The primers are not annealed at the matrix edges during PCR (as a
result of periodicity in telomeres), and hence false signals emerge. This problem is
typically solved by adding regions that are noncomplementary to telomeres with a 5’end nontelomeric “appendix” made of 6 bp to the primer ends. In order to reduce
nonspecific signals, it is possible to use a combination of several primers that are used
as reversed ones. Oligonucleotide TSG4 can also be added to the TRAP mixture in
order to assess the effect of duplex-stabilizing inhibitors; this oligonucleotide does not
require the synthesis of several repeats by telomerase before the inhibitor begins its
action. Moreover, in the case when PCR is used for signal amplification, the PCR
inhibitors contained in the specimen can impact the results of telomerase activity
detection. Originally, in the TRAP method, PCR products were detected in
polyacrylamide gel (PAAG) on account of the radioactive label, which was
introduced using a radioactively labeled primer or incorporated into the DNA during
the reaction. The method allows to perform a qualitative assessment of the activity
and processivity of telomerase in cell and tissue extracts; however, as previously
stated this requires radioactive specimens. PCR at the second stage of TRAP allows to
obtain an amount of DNA sufficient for gel staining, e.g., using ethidium bromide (an
appreciably strong mutagen with a low sensitivity), silver nitrite (its sensitivity is
equal to that when using the radioactive label; however, the method is more laborious
and relatively expensive), and Sybr Green and its analogs (its sensitivity is equal to
that when using the radioactive label, while mutagenicity is considerably higher than
that in ethidium bromide, although it is an intercalating dye, as well). Fluorescent
labeling of the nucleotides employed in TRAP can also be used. Over the years
several versions of the TRAP method have emerged: a) TRAP with an additional
specific reverse primer (“two-primer” TRAP). Two-primer TRAP is a modification of
the standard TRAP which is used to reduce false signals), b) TRAP with fluorescence
resonance energy transfer (FRET). One of the alternatives to DNA staining in the
TRAP method is to use primers with energy transfer (amplifluors). The method
involving the use of the time-resolution fluorescence resonance energy transfer
(HTRF) combines the standard FRET technique and a long-lived fluorescent donor.
The method is based on the use of europium or terbium cryptate complexes, c) TRAP
with detection using the scintillation proximity assay. Another means for the detection
of the DNA amplified in TRAP without PAAG is the scintillation proximity assay, d)
TRAP with detection using the hybridization protection assay. TRAP modification in
which the hybridization protection assay (Hybridization protection assay-TRAP) is
used is a safer modification, e) TRAP combined with enzyme-linked immunosorbent
assay (ELISA). In the TRAP-ELISA method, DNA after the amplification is
determined colorimetrically, facilitating the qualitative and semi-quantitative
assessment of telomerase activity, f) TRAP with electrochemical detection. After the
PCR, the nonreacted nucleotide triphosphates can be separated, followed by treatment
of the remaining products with 3 M HCl, g) TRAP with real-time PCR. Real-time
PCR is used for simultaneous DNA amplification and measurement of the amount of
products obtained after each amplification cycle. Standard TRAP, combined with
real-time PCR, allows to obtain quantitative results, h) TRAP on microchips. TRAP
on microchips is the combination of the two-primer TRAP and binding of PCR
products on chips, followed by probe hybridization and detection. Other than the
various versions of the TRAP method, methods for TA measurement also include
TERT mRNA by competitive polymerase chain reaction (PCR) and telomerase
activity by TRAP assay, TERT mRNA by real-time PCR, TA by TRAP assay-based
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enzyme linked immunosorbent assay (ELISA) and by TRAP assay-based immunofluorescence assay. The method of qRT-PCR (quantitative real-time polymerase chain
reaction) is a tool for detecting median telomere length, for the assessment of the
cellular response to ageing. For the assessment of telomerase levels, two main aspects
are targeted: quantification of hTERT mRNA levels and quantification of telomerase
activity. To achieve that, PCR could be utilized. The most effective way is to create
primers that have the ability to bind to the a and β sites and by this way identify the
overall mRNA, responsible for encoding the functional protein product. In the frame
of telomerase state in carcinogenesis, in situ hybridization performed in hTERT gene
is optimal, compared to TRAP TA and RT-PCR. However, telomerase is highly
expressed in stem and cancer cells. When telomeres are shortened, senescence and
ageing mean reduced mobilization of stem cells. When telomeres are overexpressed,
similarly the mobilization of stem cells is increased, meaning that this deviant stem
cell mobilization might contribute to carcinogenesis and genetic mutations. Telomeres
in CRC are briefer than in the adjacent normal mucosa. Nevertheless, multiple studies
agree upon the role of telomerase as a marker of colorectal carcinogenesis. Due to the
existence of intestinal crypt basal cells, the healthy mucosal part may present slight
hTERT mRNA and telomerase activity (188,189).
1.9.6 TRAP combined with enzyme-linked immunosorbent assay (ELISA) In the
TRAP-ELISA method, DNA after the amplification is determined colorimetrically,
facilitating the qualitative and semi-quantitative assessment of telomerase activity.
Biotin-conjugation of the TS primer allows for the binding of the amplified DNA to
streptavidin-coated microplates. The amplified DNA denatures and is hybridized with
digoxigenin (DIG)-labeled probes, which demonstrate specificity towards telomeric
repeats, and binds to the microplates due to the streptavidin–biotin interaction. This
complex can be detected using polyclonal sheep antibodies to DIG conjugated to
horseradish peroxidase; the activity of the latter is determined colorimetrically. This
method differs from the hybridization version by the emergence of a second step of
signal amplification due to the enzymatic reaction. One of the drawbacks of the
TRAP-ELISA method is the complexity in separating the telomerase-positive and
telomerase-negative controls, which may result from the absence of internal controls
and two steps of signal amplification. Nevertheless, the TRAP-ELISA method is
faster as compared with TRAP, which is based on the separation of the amplified
DNA in gel. This fact makes it possible to use the TRAP-ELISA method in screening
studies. The method is suitable for semi-quantitative determination of telomerase
activity in tissue and cell line extracts. The sensitivity threshold of this method is the
10-cell extract of the telomerase-positive cell line.

3. Aim of this study
Excluding skin cancer, colorectal cancer is the third most prevalent and lethal cancer
among both men and women in the United States. It was estimated that in 2020
147,950 individuals would be diagnosed with CRC in the United States (70.7% would
suffer from colon and 29.3% from rectal cancer) while 53,200 patients would die
from the disease. 2021’s projection has not improved since it is estimated that
149,500 individuals will be affected and 52,980 will die by it. Although the risk of
developing colorectal cancer increases with age—more than 90% of cases occur in
people aged 50 or older—recent research shows that the incidence of colorectal
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cancer has been increasing 1% to 3% annually for people younger than age 50 while
decreasing in older individuals. Since 1994, cases of young-onset colorectal cancer—
defined as colorectal cancer diagnosed before the age of 50—have increased by 51%,
according to the National Cancer Institute. The alarming rise in the incidence of
colorectal cancer in young adults prompted the American Cancer Society (ACS), in
2018, to change its recommendations for the start of colorectal screening from age 50
to age 45 for individuals at average risk. In addition, research by the ACS has found
that people younger than age 55 are 58% more likely to be diagnosed with late-stage
disease than older adults, making cure more difficult. Although the uptick in
colorectal cancer incidence in younger adults correlates with the increasing rates of
obesity in the United States, it is unclear what role obesity and other common risk
factors, including diet, inactivity, and family history, may be playing in the early
onset of this disease. CRC patients with distant metastases present the worst prognosis
since a significant number of them develops resistance to their therapy. Unfortunately,
diagnosis of chemoresistance is most often delayed, allowing for cancer progression
to take place before these patients receive second or third line treatments. Therefore,
patients who have developed chemoresistance will be recognized late while they will
have suffered the side-effects and costs of an ineffective treatment. At the same time,
healthcare systems are dealing with an immense financial burden as a result of these
treatments. Therefore, it is crucial to identify accurate, cost efficient and easy-to-use
tools that will provide valuable prognostic and predictive information. A great body
of evidence indicates molecular biomarkers as promising candidates for this purpose.
Therefore, effective and easy-to-use prognostic biomarkers are need. This doctoral
thesis focused on validating the clinical and possible prognostic value of two novel
biomarkers (MNf, and TA) for laCRC and mCRC. These biomarkers were chosen on
the basis of their close relation to chromosomal instability (CIN) and aberrant genetic
function; both major hallmarks in colorectal carcinogenesis. A secondary objective
was the correlation of these biomarkers with molecular biomarkers already used in
clinical practice such as CEA, CA-19.9 and alpha fetoprotein (α-FP). At the first
stage, blood collection from healthy individuals who just had a normal colonoscopy
was performed. At the same time, CRC patients who were to be treated in at the
Department of Medical Oncology, University Hospital of Heraklion were evaluated
for participation in this study. Unfortunately, not all of the patients who were
evaluated for their participation, were found to be eligible for this study. Moreover,
given that this study was performed in single center located in an area with
approximately 200.000 residents, the study population is relatively small. At the
second stage, standardization of the techniques was performed using peripheral blood
from two perfectly healthy individuals, allowing for the full set of both experiments to
take place by evaluation. At the third and final stage, medical records of all
participants were evaluated and these data were compared against each patients’ MNf
and TA data. After this stage, statistical analysis was performed (Figure 13).
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Figure 13. Graphical abstract of this doctoral study. Created with BioRender.com
4. Patients and study protocol
For the needs of this doctoral thesis, 94 consecutive patients treated at the Department
of Medical Oncology, University Hospital of Heraklion were evaluated for
participation between December 2016 and February 2021.
3.1 Inclusion criteria
In order to create a comparable group of patients certain inclusion criteria were
applied. This allowed for consistency among patients’ comparisons and scientific
solidity as the produced data would be comparable to those generated from other
studies.
1)

2)

Patients with radiologic evidence of mCRC documented by computed
tomography (CT) and/or magnetic resonance imaging (MRI) presenting
measurable disease treated with 1st line systemic treatment according to the
Hellenic Society of Medical Oncologists (HeSMO) guidelines (190)
Patients with radiologic evidence of laRC documented by abdominal and
chest computed tomography (CT) and abdominal and pelvic magnetic
resonance imaging (MRI) presenting measurable disease receiving induction
chemotherapy according to the Hellenic Society of Medical Oncologists
(HeSMO) guidelines (74).

3.2 Exclusion criteria
In order to create a comparable group of patients certain inclusion criteria were
applied. This allowed for consistency among patients’ comparisons and scientific
solidity as the produced data would be comparable to those generated from other
studies.
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1) Failure to complete the therapeutic regimen for any reason (toxicity, refusal of
the patient, or death)
2) Refuse of the patient to attend the study
3) Synchronous second primary cancer at the time of enrollment and/or therapy
Out of 94 patients evaluated, 85 were found eligible and were included however only
76 managed to complete it (55 mCRC and 21 laRC) since 5 patients presented
increased toxicity and had to stop while another 4 died prior to completion of the
study (Figure 14).

Figure 14. CONSORT flow diagram of this doctoral study
In order to be anatomically and embryologic accurate, the embryologic origin of each
part of the colon in order to divide primary location of the lesion in right and left
sided (caecum, ascending colon and proximal 2/3 of the transverse colon from the
midgut and therefore right colon, distal third of the transverse, the descending,
sigmoid colon and the rectum from the hindgut and therefore left colon). All
participants signed an informed consent. All samples generated by this study were
anonymized and personal data were managed according to the EU General Data
Protection Regulation (GDPR).
3.3 Therapy selection for mCRC
Based on the chemotherapeutic protocol that was selected mCRC patients received
one of the following therapies: I) folinic acid with 5-fluorouracil and oxaliplatin
(FOLFOX) II) folinic acid with 5-fluorouracil and irinotecan (FOLFIRI) or III) folinic
acid with 5-fluorouracil, oxaliplatin and irinotecan (FOLFOXIRI). Based on the
genetic profile of each patient a biological factor could be used [anti-VEGF
(Bevacizumab, Aflibercept) and anti-EGFR (Cetuximab, Panitumumab)].
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3.4 Therapy selection for laRC
Patients with laRC were informed about their therapeutic strategy: Induction
chemotherapy and then operation for RC. Chemotherapeutic protocols were FOLFOX
and capecitabine and oxaliplatin (CAPOX).

3.5 Response evaluation
The RECIST criteria version 1.1 were used as the gold standard for the evaluation of
the treatment response (191). At baseline, tumor lesions/lymph nodes were
categorized measurable or non-measurable. For tumor lesions in order to be
considered as candidates for response follow up they should be accurately measured
in at least one dimension (longest diameter in the plane of measurement is to be
recorded) with a minimum size of: 10 mm by CT scan (CT scan slice thickness no
greater than 5 mm). 10 mm caliper measurement by clinical exam (lesion which
cannot be accurately measured with calipers should be recorded as non-measurable).
20 mm by chest X-ray. In case that the lesion of interest is a malignant lymph node
then in order to be considered pathologically enlarged and measurable, a lymph node
must be 15 mm in short axis when assessed by CT scan (CT scan slice thickness
recommended to be no greater than 5 mm). At baseline and in follow-up, only the
short axis will be measured and followed.
All other lesions, including small lesions (longest diameter <10 mm or pathological
lymph nodes with P10 to <15 mm short axis) as well as truly non-measurable lesions.
Lesions considered truly non-measurable include: leptomeningeal disease, ascites,
pleural or pericardial effusion, and inflammatory breast disease, lymphangitic
involvement of skin or lung, abdominal masses /abdominal organomegaly identified
by physical exam that is not measurable by reproducible imaging techniques.
All measurements should be recorded in metric notation, using calipers if clinically
assessed. All baseline evaluations should be performed as close as possible to the
treatment start and never more than 4 weeks before the beginning of the treatment.
The same method of assessment and the same technique should be used to
characterize each identified and reported lesion at baseline and during follow-up.
Imaging based evaluation should always be done rather than clinical examination
unless the lesion(s) being followed cannot be imaged but are assessable by clinical
exam.
CT is the best currently available and reproducible method to measure lesions selected
for response assessment. This guideline has defined measurability of lesions on CT
scan based on the assumption that CT slice thickness is 5 mm or less. As is described
in Appendix II, when CT scans have slice thickness greater than 5 mm, the minimum
size for a measurable lesion should be twice the slice thickness. MRI is also
acceptable in certain situations (e.g. for liver lesions).
Using these criteria, patients were evaluated at the end of the therapy and were
divided according to their response into four subgroups:
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1) Complete response (CR): Disappearance of all target lesions. Any pathological
lymph nodes (whether target or non-target) must have reduction in short axis
to <10 mm.
2) Partial response (PR): At least a 30% decrease in the sum of diameters of
target lesions, taking as reference the baseline sum diameters.
3) Stable disease (SD): Neither sufficient shrinkage to qualify for PR nor
sufficient increase to qualify for PD, taking as reference the smallest sum
diameters while on study
4) Progressive Disease (PD): At least a 20% increase in the sum of diameters of
target lesions, taking as reference the smallest sum on study (this includes the
baseline sum if that is the smallest on study). In addition to the relative
increase of 20%, the sum must also demonstrate an absolute increase of at
least 5 mm. (the appearance of one or more new lesions is also considered
progression)
3.6 Blood sampling
Using sterile syringe and aseptic techniques, peripheral blood samples were collected
at predetermined time-points. For mCRC patients these were before the beginning of
the treatment, in the middle of it and at the end of treatment (approximately 0, 3 and 6
months of treatment, respectively). For laRC patients samples were taken before the
beginning of chemotherapy and at the end. We also took blood samples two weeks
postoperatively from twelve laRC patients. All blood samples were stored in 4 ◦C
until processing within 48 hours from sampling.
3.7 Control group
The control group was constituted by 25 healthy individuals with no medical
condition after having normal colonoscopy. All individuals provided an informed
written consent. Inclusion criteria were: age between 45 and 75 years old, medical
history free of cancer, autoimmune diseases, diabetes mellitus type I or II, and chronic
obstructive pulmonary disease (COPD), non-smokers or no smoking habits for the last
ten years and no consumption of immune-modifying medication. Exclusion criteria
were the presence of the above-mentioned diseases, direct exposure at any time
(domestic or occupational) to pesticides, herbicides, organic solvents or any persistent
organic pollutant, for women the use of oral contraceptives, and the will not to
participate in the study.

4. Materials and Methods
For the needs of this doctoral thesis the following experimental procedures were used:
1. Cytokinesis-Block Micronucleus assay in peripheral blood lymphocytes for
the evaluation of the genotoxic effect of CRC and chemo/radio therapy upon
lymphocytes
2. Telomerase activity using photometric enzyme immunoassay for the detection
of telomerase activity, utilizing the Telomeric Repeat Amplification Protocol
(TRAP) ELISA
These techniques are thoroughly present below:
4.1 CBMN in peripheral blood lymphocytes (PBLs)
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All the necessary equipment used for this process was sterilized using dry heat
sterilization process at 200°C for 30 minutes. Cell culture flasks, pipettes and
Eppendorf conical tubes were retrieved sterile by the production companies.
The water that was used for the production of Giemsa staining was double distilled
and sterile in glass cone vials in autoclave using steam heated to 130 °C under
pressure 2 atm for 15 minutes.
All experimental procedures took place in a laminar flow cabinet where UV radiation
for 25 minutes was used to disinfect all reagents and equipment used prior every
culture setting. Blood sampling was performed using sterile single use syringes after
alcohol solution 90% was applied on patients’ skin.
Blood samples were transferred in heparin tubes in order to avoid blood clotting and
the blood was kept in refrigerator at 4°C for up to 48 hours (until when cell culture
should be made).
Blood cultures were incubated in an incubator under stable conditions of 5% CO2
concentration, 30% humidity and 37°C for 72 hours.
4.1.1 Materials
1) Whole blood (0.5 ml)
2) 6.5 ml Ham's F-10 medium (Gibco/Thermo Fisher Scientific, Waltham, MA
USA)
3) 1.5 ml fetal bovine serum (Standard Fetal Bovine Serum, certified, US origin,
Gibco/Thermo Fisher Scientific)
4) 0.3 ml phytohemagglutinin Μ (PHA-M; 10 ml, Thermo Fisher Scientific)
5) 6μg/ml or 25 μl of cytochalasin-B (white to off-white powder, ≥98% 5 mg;
Acros Organics, Inc./Thermo Fisher Scientific) was added 44 h following
culture initiation
6) 0.3 ml Penicillin-Streptomycin (10,000 U/mL) (Gibco/Thermo Fisher
Scientific, Waltham, MA USA)

4.1.2 Solutions
1) Hypotonic solution of Ham's F-10 medium and milli-Q water (1:1, v/v)
2) Fixative solution of methanol:acetic acid (5:1, v/v)
3) Sorensen’s phosphate buffer: 9.08 gr of Monopotassium phosphate (KH2PO4)
(83.7mM) and 11.88gr of sodium phosphate dibasic (Na2HPO4) in 1 liter of
double distilled water (66.7mM). The resulting solution was Na2HPO4 / KH2PO4
1:1 with pH 7.2
4) Giemsa (Gibco/Thermo Fisher Scientific) 15% (dilution in Sorensen’s phosphate
buffer)
5) Cytochalasin b 5 mg in 500 μl of Dimethyl sulfoxide (DMSO) [(CH3)2SO]
4.1.3 Methodology
The methodology of peripheral blood lymphocytes (PBLs) cultivation for the
identification of micronuclei was based upon the proposed methods of CBMN with
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use of cytochalasin b while standard criteria for micronuclei evaluation were used as
these were proposed by Fenech (2003). In detail, the cultivation protocol stands as
follows:
1) In a laminar flow cabinet where UV radiation for 25 minutes was used to
disinfect all reagents and equipment prior culture. In each flask, 0.5 ml of
whole blood to 6.5 ml Ham's F-10 medium, 1.5 ml fetal bovine serum, 0.3 ml
phytohemaglutinin Μ and 0.3 ml of Penicillin-Streptomycin were added.
Afterwards, blood cultures were incubated at 37°C, with 5% CO2 and 30%
humidity for a period of 72 h.
2) At 44 hours after culture initiation, flasks were taken under aseptic conditions
from the incubator to the laminar flow cabinet where six micrograms per
milliliter corresponding to 25 microliters of cytochalasin-B were added. After
that, each flask was brought back to the incubator for another 28 hours.
At 72 hours post-incubation, culture of PBLs has finished and the following steps are
applied in order to achieve PBL isolation according to the technique of Rothfels and
Siminovitch 1958:
1) After 72 in the incubator, the blood solution contained in each flask is
transferred to separate 15 ml sterile conical polypropylene centrifuge tubes.
Then, centrifuge tubes are centrifuged at 400 × g (1,500 rpm) at 20°C for 10
minutes.
2) After the completion of centrifugation, supernatant (approximately 7 ml) is
removed using a sterile plastic pipette and 4 ml of the hypotonic solution
(Ham's F-10 medium and milli-Q water 1:1, v/v) are added. The conical
centrifuge tube is stirred using a vortex laboratory shaker at 2000 rpm for 10
seconds and then is left aside for 2 minutes.
3) 6 ml of the fixative solution of methanol:acetic acid (5:1, v/v) are added
slowly while stirring the tube on the vortex laboratory shaker at 2000 rpm
4) Conical centrifuge tubes are put back to the centrifuge at 400 × g (1,500 rpm)
at 20°C for 10 minutes.
5) We remove the supernatant (approximately 7 ml) and 6 ml of the fixative
solution of methanol:acetic acid (5:1, v/v) are added slowly while stirring the
tube on the vortex laboratory shaker at 2000 rpm
6) Conical centrifuge tubes are put back to the centrifuge at 400 × g (1,500 rpm)
at 20°C for 10 minutes
7) Steps 5,6 are repeated until the solution is clear (approximately 2-3 times)
8) Since the solution has become clear, we remove the supernatant so that less
than 0.5 ml is left. We mobilize the cellular pellet with a pipette and drop 2-3
drops of the cellular solution over clean microscope slides. Slides are left to
air-dry at room temperature
9) Having the slides dried, we immerse them in Giemsa 15% solution with
Sorensen’s phosphate buffer at 25°C for 20 min
10) We leave microscope slides to air-dry at room temperature and afterwards we
apply two drops of mounting medium and place a cover slip over each slide.
The slides were then placed under a Nikon Eclipse E200 microscope (Nikon
Holdings Europe B.V., Amsterdam, The Netherlands) where the binucleated
cells (BN cells) and MN were viewed. One thousand BN cells with an intact
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cytoplasm were scored per slide for each sample, in order to calculate the MNf
(Figure 15).

Figure 15. Indicative MN in binucleated cell photographed from a cell culture

4.2
Telomerase activity estimation using photometric enzyme immunoassay
utilizing the Telomeric Repeat Amplification Protocol (TRAP) polymerase chain
reaction (PCR) enzyme linked immune sorbent assay (ELISA)
All the necessary equipment used for this process was sterilized using dry heat
sterilization process at 200°C for 30 minutes. Pipettes and Eppendorf conical tubes
were retrieved sterile by the production companies.
All experimental procedures took place in a laminar flow cabinet where UV radiation
for 25 minutes was used to disinfect all reagents and equipment used prior blood
handling. Blood sampling was performed using sterile single use syringes after
alcohol solution 90% was applied on patients’ skin.
Blood samples were transferred in K2EDTA tubes in order to avoid blood clotting
and the blood was kept in refrigerator at 4°C for up to 48 hours (until when separation
of peripheral blood lymphocytes should be made).
PBS is an isotonic buffer frequently used in biological applications, such as washing
cells, transportation of tissues, and dilutions. PBS closely mimics the pH, osmolarity,
and ion concentrations of the human body. Since it is nontoxic to cells, it is
extensively used for cell container rinsing and other preparations that might leave a
residue. It is simple to prepare and has good shelf life, but will precipitate in the
presence of zinc ions.
Eppendorf conical tubes containing peripheral blood lymphocytes were kept in deep
freezer (-80°C) until TRAP-ELISA assay could be done.
The determination of telomerase activity in the PBMCs was performed quantitatively
using the teloTAGGG telomerase PCR ELISA PLUS kit (Roche Diagnostic GmbH,
Mannheim, Germany). A total of 2×105 cells were transferred to a PCR tube for
sample preparation for telomerase activity assay. Following centrifugation at 3,000 ×
g for 10 min, the supernatant was carefully removed and the pellets were collected.
The assay principle was consisting of two steps. The first step included the addition of
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telomeric repeats (TTAGGG) to the 3′ end of biotin-labelled primers and product
amplification by PCR. The second step consisted of ELISA reaction. The workplaces
for sample preparation, TRAP reaction, and detection of amplicons were physically
separated in order to minimize the risk of carry-over contamination. In order to
achieve higher data reliability all samples were tested in triplicates. TA was expressed
as a total and as per outcome (progression, stable, partial and complete response).
4.2.1 Materials for peripheral blood mononuclear cells (PBMCs) harvesting
1) 2.5 ml of whole blood
2) 32.5 ml Phosphate-buffered saline (PBS) 1x
3) 5 ml Ficoll- Histopaque®-1077 (Gibco/Thermo Fisher Scientific, Waltham,
MA USA)

4.2.2 Solutions
1) PBS 1x, (1000 ml of Milli-Q® Water, 8 g of NaCl, 200 mg of KCl, 1.44 g,
Na2HPO4, 245 mg of KH2PO4). pH is adjusted to ≈ 7.4
4.2.3 Methodology
The methodology of peripheral blood mononuclear cells (PBMCs), that is monocytes
and lymphocytes, isolation follows these steps:
1) 2.5 ml of whole blood are transferred with a pipette in a 15 ml sterile conical
polypropylene centrifuge tube and 2.5 ml of PBS 1x are added. The solution
of blood/PBS (1:1, v:v) is gently mixed
2) 5 ml Ficoll- Histopaque®-1077 are transferred with a pipette in a 15 ml sterile
conical polypropylene centrifuge tube and the solution of blood/PBS is
carefully added with a pipette in an incline so that the solution is not mixed the
Ficoll- Histopaque®-1077 (Figure 16)
3) Conical centrifuge tube is then put to the centrifuge at 1600 rpm at 20°C for
25 minutes
4) The cloudy band between supernatant (plasma) and Ficoll- Histopaque is
carefully transferred with a pipette to a new 15 ml sterile conical
polypropylene centrifuge tube avoiding any Ficoll- Histopaque contamination
(Figure 16)
5) The cellular solution is mixed with 10 ml of PBS 1x and then the tube is
centrifuged at 2000 rpm at 20°C for 5 minutes
6) The supernatant is removed and 10 ml of PBS 1x is added. Cellular pellet is
mobilized with pipette suctioning. The tube is centrifuged at 2000 rpm at 20°C
for 5 minutes
7) The supernatant is removed and the pellet is transferred with a pipette in an
Eppendorf conical tube where 1.5 of PBS 1x is added. The tube is centrifuged
at 2000 rpm at 20°C for 5 minutes
8) The supernatant is removed and the Eppendorf conical tube is put in deep
freezing (-80°C) until TRAP-ELISA assay is performed
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Figure 16. Graphical presentation of the key steps in lymphocytes isolation

4.2.4 Materials for Telomeric Repeat Amplification Protocol (TRAP) polymerase
chain reaction (PCR) enzyme linked immune sorbent assay (ELISA)
1)
2)
3)
4)
5)
6)
7)
8)

500 ml of Milli-Q® Water
Microcentrifuge
PCR thermal cycler
Tubes for PCR amplification
Sterile reaction (Eppendorf) cups for preparing dilutions
Heatable Microplate shaker
Microplate reader
Buffers in a Box, Premixed PBS, 10× RNase, DNase-free

4.2.5 Solutions
1) Washing buffer, 1×: Dilute an appropriate volume of Washing buffer, 10×
conc. (bottle 5) with autoclaved double dist. water (1:10) and mix thoroughly.
Approx. 2.5 ml of the diluted Washing buffer are needed for one reaction
2) Anti-DIG POD, stock solution: Reconstitute the lyophilizate in 240 μl
autoclaved double dist. water. This results in an antibody conjugate
concentration of 0.5 U/ml
3) Anti-DIG POD, working solution: To prepare the working solution, dilute an
appropriate amount of the reconstituted anti-DIG-POD (solution 6) with
Conjugate dilution buffer (solution 7) to a final concentration of 10 mU/ml
(e.g., 100 ml antibody solution and 4.9 ml of Conjugate dilution buffer).
4) Positive control, cell extract: Reconstitute lyophilized cell extract on ice with
20 ml autoclaved double dist. water and mix thoroughly. The reconstituted
solution has a concentration of about 1 × 103 cell equivalents per microliter.
Dispense solution into suitable aliquots (1–3 ml will be needed for 1 reaction).
Keep the extract on ice during pipetting.
5) Preparation of negative control: Telomerase essentially requires integrity of its
internal RNA component as a template for the addition of the telomeric repeat
sequences to the telomerase-specific primer. Therefore, pre-incubation of the
cell or tissue extract with RNase, DNase-free will fully destroy telomerase
activity contained in the extract and offers a convenient control of specificity.
76

4.2.6 Methodology
The following protocol was used to provide a positive control:
1) 5 μl of cell extract typically corresponding to 5000 cell equivalents are
incubated with 1 μl DNase-free RNase (1 μg/μl) for 20 min at 37°C.
2) An aliquot of 1–3 μl of the RNase treated extract is used for the TeloTAGGG
Telomerase PCR ELISA.
Note: Incubation of a telomerase-positive extract at 37°C for 20 min in the absence of
RNase does not affect the telomerase-specific signals. Hence any loss of signal is due
to specific degradation of the internal RNA component. Exert extreme care to avoid
carry-over of RNase into samples, resulting in false-negative readings. Alternatively,
heat-treatment of the cell extract for 10 min at 85°C prior to the TRAP reaction may
be used to inactivate telomerase protein for producing negative controls.

Preparation of extracts from cells
1)
2)
3)
4)

Harvest and count cells using a hemocytometer, Neubauer
Transfer 2 × 105 cells per single reaction into a fresh Eppendorf tube.
Pellet cells at 3000 × g for 10 min in a refrigerated centrifuge at +2 to +8°C
Carefully remove supernatant and resuspend the cells in PBS and repeat the
centrifugation step
5) Carefully remove the supernatant. If the TeloTAGGG Telomerase PCR ELISA
is not performed immediately after the extract preparation, the pelleted cells
can be stored at -80°C until use
6) Resuspend the pelleted cells in 200 μl Lysis reagent (solution 1), pre-cooled on
ice by retropipetting at least 3 times and incubate on ice for 30 min.
Note: Because frozen cell pellets were used for extraction, thaw cell pellets on ice
before adding Lysis reagent (solution 1)
7) Centrifuge the lysate at 16.000 × g for 20 min at +2 to +8°C (in a refrigerated
centrifuge)
8) Carefully remove the supernatant and transfer to a fresh tube. To ensure that no
cellular debris of the pelleted cells is transferred, we recommend pipetting only
175 μl of the cell extract
Telomeric repeat amplification protocol (TRAP reaction)
4) For each sample to be tested and the controls, transfer 25 μl Reaction mixture
(Solution 2) into a tube suitable for PCR amplification
5) Samples: 1–3 μl cell extract per tube (corresponding to 1× 103 – 3× 103 cell
equivalents or 1– 50 μg total protein, see sample preparation)
6) Negative controls: 1–3 μl of the corresponding RNase treated or heat treated
cell extract (corresponding to 1× 103 – 3× 103 cell equivalents or 1 –50 μg total
protein)
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7) Positive control: 1–3 μl of the reconstituted solution (corresponding to 1 × 103
cell equivalents)
Note: All pipetting steps should be done on ice
8) Transfer tubes to a thermal cycler and perform a combined primer
elongation/amplification reaction by the protocol in Table 4:

Phase
Primer
elongation

Time
10-30
min

Temp.
25°C

Cycles
1

Telomerase
inactivation
Amplification:
Denaturation
Annealing
Polymerization

5 min

94°C

1

30s
30s
90s

94°C
50°C
72°C

1-30

72°C
1
Hold
4°C
Table 4. Elongation/amplification reaction by the protocol
10 min

Hybridization and ELISA procedure
1) Per sample transfer 20 μl of Denaturation reagent (solution 3) into a nucleasefree, uncoated microplate (MP)
2) Add 5 μl of the amplification product and incubate at +15 to +25°C for 10
minutes
3) Add 225 μl Hybridization buffer (solution 4) per tube and mix thoroughly by
vortexing briefly.
4) Transfer 100 μl of the mixture per well of the precoated MP modules supplied
with the kit and cover the wells with the self-adhesive cover foil to prevent
evaporation
5) Incubate the MP modules at 37°C on a shaker (300 rpm) for 2 hours
6) Remove the Hybridization solution completely. Wash 3 times with 250 μl of
Washing buffer (solution 5) per well for a minimum of 30 s each and remove
Washing buffer carefully
7) Add 100 μl Anti-DIG-POD working solution (solution 11) per well. Cover the
MP modules with a cover foil and incubate at 15 –25°C (18–22°C) for 30
minutes while shaking at 300 rpm
8) Remove the solution completely. Rinse 5 times with 250 μl of Washing buffer
(solution 5) per well for a minimum of 30 seconds each, and remove Washing
buffer carefully
9) Add 100 μl TMB substrate solution (solution 8) prewarmed to room temperature per well. Cover the wells with cover foil and incubate for color
development at +15 to +25°C for 10–20 minutes while shaking at 300 rpm
10) Without removing the reacted substrate, add 100 μl Stop reagent (solution 9)
per well to stop color development. Addition of the Stop reagent causes the
reacted POD substrate to change in color from blue to yellow, and is required
to achieve maximal sensitivity (Figure 17).
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11) Using a Microplate (ELISA) reader, measure the absorbance of the samples at
450 nm (with a reference wavelength of approx. 690 nm) within 30 min after
addition of the Stop reagent
12) Absorbance values are reported as the A450 nm reading against blank
(reference wavelength A690 nm).
Negative control An appropriate negative control for checking the specificity of the
telomerase reaction is degrading the telomerase-associated RNA by preincubating the
cell extract with DNase-free RNase. Alternatively, heat-treatment may be used to
prepare negative controls. With this RNase treatment, the maximium value of
absorbance for the negative control should be 0.25 A450 nm – A690 nm units. If
values are higher, the whole experiment including TRAP reaction should be repeated.
Positive control The absorbance readings obtained with the positive control (supplied
with the kit) should be higher than 1.5 A450 nm – A690 nm units after 20 min
substrate reaction, when using 1 × 103 cell equivalents in the assay. If values are
lower, the whole experiment including TRAP reaction should be repeated.
Samples Subtract the mean of the absorbance readings of the negative controls from
those of the samples. Samples are regarded as telomerase-positive if the difference in
absorbance (ΔA) is higher than 0.2 A450 nm – A690 nm units.

Figure 17. Indicative photograph from a TRAP-ELISA experiment of this doctoral
study. P.C. = Positive control, N.C.= negative control
4.3 Statistical analysis
Frequency data were analysed using non-parametric statistics. Pearson’s Chi-square
test (χ2) was applied to estimate differences in proportions of patients’ and disease
characteristics (Table 1). In order to examine TA differences and percentage
differences of MNf (%DΜΝf) between two groups (e.g mCRC vs IaRC), the MannWitney test was applied. Whereas, in order to examine TA differences and %DΜΝf
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for more than two groups (e.g. disease response) Kruskal-Wallis comparisons were
applied. Comparison of counts of MNf were assessed using G-test when bivariate
comparisons of before, middle and after therapy sampling points were compared. The
Chi-squared test was used for the analysis of the CBPI values. A crude, due to small
number of cases, discrimination limit between responses was established using
%DΜΝf as an indicator. The %DΜΝf definition between middle and before was set
by the formula

ROC curve analysis, corresponding diagrams of sensitivity vs 1-specificity were
applied between %DMNf in a binary response (progressive vs stable/partial/complete
response and progressive/stable vs partial/complete response) according to %DMNf.
TA was measured in 28 patients, whose characteristics are presented in Table 1, at
three time points: before (at the beginning of the therapy), middle (at the middle of
therapy for mCRC and at the end of therapy for laRC) and after (at the end of therapy
for mCRC and after surgery for laRC).
IBM SPSS Statistics 26.0 and OpenEpi 3.01 open source epidemiological program
(https://www.openepi.com/Menu/OE_Menu.htm) were used for statistical analysis of
data and sensitivity analysis. A level of 0.05 was set as level of acceptance.

5. Results
As presented in Table 5, for the needs of this doctoral thesis 76 CRC patients were
prospectively studied. Out of these 76 patients, 55 were diagnosed with mCRC and 21
with laRC. In total, 44 female patients (57.9%) and 32 male patients (42.1%) were
included. For the mCRC group, sex groups were almost equally proportionate
(females 27 and males 28, 49.1% and 50.9% accordingly). In the laRC group there
was a predominance of the male patients since there were 16 males against 5 females
(76.2% and 23.8% accordingly). However, in mCRC group there were more females
than those in laRC (27 and 5 accordingly, p=0.034) highlighting that laRC is not as
common as mCRC. Regarding the age distribution, most patients were aged between
56-70 years old (32 cases, 42.1%) and this was also observed for the mCRC (24,
43.6%) and laRC groups (8, 38.1%) (p=0.435) (Table 6). Tables 7-10 provide a
thorough presentation of each patients’ characteristics [age, sex, therapy, biologic
agent (if given), disease response and mutation status (when this was known)]
5.1 metastatic CRC (mCRC) In the mCRC group, 29 patients were treated with
FOLFOX, 22 with FOLFIRI and four with FOLFOXIRI (52.7%, 40% and 7.3%
respectively). Moreover, 40 patients received an additional treatment with a biological
agent (cetuximab, aflibercept, bevacizumab or panitumumab) based on their genetic
profile; 19 were treated with Bevacizumab, five with Aflibercept, nine with
Cetuximab and seven with Panitumumab (34.5%, 9%, 16.3% and 12.7% accordingly).
Based on RECIST criteria for disease response evaluation, the generated data suggest
that the mCRC group had the following characteristics: 13 patients exhibited
progressive disease, 18 stable disease, 23 had partial response while one had complete
80

response (23.6%, 32.7%, 41.8% and 1.8% respectively). Finally, 32 of the mCRC
patients had left-sided primary lesion (76.4%) while 13 had right sided (23.63%).
5.2 Locally advanced Rectal Cancer (laRC) In the laRC group 12 were treated with
FOLFOX (57%) and 9 with CAPOX (43%). Based on RECIST criteria for disease
response evaluation, the generated data suggest that the laRC group, two patients had
progressive disease, five stable, 11 presented partial response and three had complete
response (9.5%, 23.8%, 52.4% and 14.3% respectively).

MNf

TA

mCRC

laRC

55

21

28 (50.9)
27 (49.1)
0 (0.0)
13 (23.6)
24 (43.6)
18 (32.7)

16 (76.2)
5 (23.8)
1 (4.8)
5 (23.8)
8 (38.1)
7 (33.3)

0.068

22 (95.6)
1 (4.3)
29 (52.7)

47 (85.5)
8 (14.5)
12 (57.0)

0.199

FOLFIRI
FOLFOXIRI
CAPOX
Bevacizumab
Aflibercept

22 (40.0)
4 (7.3)
0 (0.0)
19 (34.5)
5 (9.0)

0 (0.0)
0 (0.0)
9 (43.0)

Cetuximab
Panitumumab
No agent
Progression
Stable disease
Partial
response
Complete
response
WT
exon 2 mut
exon 3 mut

9 (16.5)
7 (12.7)
15 (27.2)
13 (23.6)
18 (32.7)
23 (41.8)

2 (9.8)
5 (23.8)
11 (52.4)

1 (1.8)

3 (14.3)

25 (45.5)
18 (32.7)
0 (0.0)

9 (39.1)
6 (26.1)
0 (0.0)

BRAF, n (%)

exon 4 mut
Unknown
WT
Mutation
Unknown
WT

1 (1.8)
11 (20.0)
42 (76.4)
2 (3.6)
11 (20.0)
41 (74.5)

1 (4.3)
7 (30.4)
15 (65.2)
2 (8.7)
6 (26.1)
15 (65.2)

Mismatch repair

V600E mut
Unknown
Proficient

4 (7.3)
11 (20.0)
12 (58.2)

1 (4.3)
7 (30.4)
21 (91.3)

Total Number of
patient
Sex, n (%)
Age, n (%)

Males
Females
≤40
41-55
56-70
70+

ECOG performance
status, n (%)

0
1

Chemotherapy, n(%) FOLFOX

Biological Agent,
n (%)

Disease Response,
n (%)

KRAS, n (%)

NRAS, n (%)

p

0.435

0.98*

NA

0.08

mCRC

laRC

23

5

9 (39.0)
14 (61.0)
1 (4.8)
5 (23.8)
8 (38.1)
7 (33.3)

3 (60.0)
2 (40.0)
1 (20.0)
3 (60.0)
1 (20.0)
0 (0.0)

0.393

19 (86.4)
3 (13.6)
10 (43.5)

5 (100.0)
0 (0.0)
4 (80.0)

0.08

13 (36.3)
0 (0.0)
0 (0.0)
7 (30.0)
5 (22.0)

0 (0.0)
0 (0.0)
1 (20.0)

0 (0.0)
3 (60.0)
1 (20.0)

1 (4.0)

1 (20.0)

Unknown
***

0.31**

Unknown

0.48**

Unknown

0.01

Unknown

0.173

0.14*

NA

6 (26.0)
0 (0.0)
5 (22.0)
6 (20.0)
7 (30.0)
9 (40.0)

0.61**

P
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0.25

status, n (%)

2 (3.6)
21 (38.2)
42 (76.4)
13 (23.6)
3.6/4.4
(0-20)
3.2/3.5
(0-11)
0/3.2
(0-14)
0/3.6
(0-8)

Deficient
Unknown
Location of
Left
primary lesion, n (%) Right
Metastatic sites
Liver
[median/mean
(range)]
Lung
Lymph nodes
Peritoneum

1 (4.3)
1 (4.2)
19 (83.0)
4 (17.0)

0.54

21 (100)
0 (0.0)

5 (100)
0 (0.0)

NA

NA***

0/3.2 (0-6)

Table 5. Patient characteristics for MNf and TA groups are presented [sex, age,
ECOG performance status, chemotherapy, biologic agent, disease response based on
the RECIST criteria, KRAS status, NRAS status, BRAF status, mismatch repair
(MMR) status, location of the primary lesion, number of metastatic sites]. * p-values
from comparison of FOLFOX with the rest of chemotherapies, ** p-values from
comparison between Wild-type and mutations,*** Unknown: There were no data ,
**** NA: Not applicable

Colorectal Cancer
laRC
n
Sex

Age groups

mCRC
%

n

%

Total
N

p
%

5

23.8%

27

49.1%

32

42.1%

Male

16

76.2%

28

50.9%

44

57.9%

<= 40

1

4.8%

0

0.0%

1

1.3%

41 - 55

5

23.8%

13

23.6%

18

23.7%

56 - 70

8

38.1%

24

43.6%

32

42.1%

70+

7

33.3%

18

32.7%

25

32.9%

Female

NA

0.034

0.435

Table 6. Patients’ distribution according to their age and sex

In Figure 18 the distribution of therapies in colorectal metastatic with or without the
presence of biological agent is shown. Patients with mCRC were primarily treated
with FOLFOX (29 patients, 52.7%), and FOLFIRI (22 patients, 40.0%), while only 4
of them (7.3%) were treated with FOLFOXIRI. On the other hand, laRC patients were
primarily treated with FOLFOX (12 cases, 57.1%). Two of 4 patients (50.0%) treated
with FOLFOXIRI, 21 of 29 (72.4) treated with FOLFOX and 17 of 24 patients
(77.3%) treated with FOLFIRI have an additional biological agent. Further
comparative analysis was conducted between mCRC and laRC groups for those
characteristics where no data were missing. All comparisons showed that there is an
adjustment in demographics and patient’s data with the exception of mismatch repair
status in MNf dataset (p=0.01). Figure 19 depicts all patients based on their response
to the therapy they were given (progressive disease, stable disease, partial response
and complete response). As evident by these data, a sum of 38 patients had partial or
complete response to their therapy, out of which 24 were mCRC patients. On the
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other hand, 2 patients with laRC patients exhibited progressive disease (9.5%), 5
patients exhibited stable disease (23.8%), 11 exhibited partial response (52.4%) while
3 laRC patients had complete response (14.3%). Metastatic colorectal Ca patients
showed a reverse profile on outcomes. For example 13 had progressive disease
(13.6%), 18 had stable disease (22.7%), 23 presented partial response (41.8%) and
only 1 mCRC patient was documented to have complete response (1.9%).

Figure 18. Distribution of used therapies with existence of biological agent in
metastatic colorectal patients.
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Figure 19. Outcomes of mCRC and laRC patients.
Patient Age Sex
Therapy Response
1
47 female FOLFOX Stable disease
2
56 male
CAPOX Complete response
3
38 female FOLFOX Stable disease
4
50 male
FOLFOX Partial response
5
78 female FOLFOX Partial response
6
43 male
CAPOX Partial response
7
61 male
FOLFOX Stable disease
8
65 male
FOLFOX Stable disease
9
45 male
FOLFOX Stable disease
10
48 female FOLFOX Partial response
11
61 male
CAPOX Partial response
12
60 male
CAPOX Partial response
13
60 male
CAPOX Complete response
14
83 male
CAPOX Progression
15
62 male
CAPOX Partial response
16
72 male
CAPOX Progression
17
80 female FOLFOX Partial response
18
80 male
FOLFOX Partial response
19
73 male
FOLFOX Partial reponse
20
79 male
FOLFOX Partial
21
66 male
CAPOX Complete response
Table 7. Detailed presentation of the characteristics of the laRC group
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laRC
Patients

CEA
CEA
CEA
Ca19-9
Ca19-9
Ca19-9
Before
End
After
Before
End
After
1 2 2,66
2,3 16,5
18 3
4
4,2 5
6 7 8 1,68
1,4 <0,6
2,6 9
10 11
12 13 2,64
2 5 14
16
9
2,32
<2
15
2,14
5,88 16
2,07 17
24 18
3,95 10,4 19
3,7
5,96 9,8
10,9 20
21 Table 8. CEA and CA-19.9 levels for laRC patients before the beginning of their
therapy, at the end of it and after surgery

Patient
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Age
76
83
80
44
84
57
66
79
61
66
70
45
47
42
46
67
67
65
59
85
77

Sex
male
female
male
male
female
female
male
female
female
female
female
male
male
male
female
female
male
female
female
female
male

Therapy
FOLFOX
FOLFIRI
FOLFOX
FOLFIRI
FOLFIRI
FOLFIRI
FOLFOX
FOLFIRI
FOLFIRI
FOLFIRI
FOLFIRI
FOLFOX
FOLFOX
FOLFIRI
FOLFOX
FOLFOX
FOLFIRI
FOLFIRI
FOLFIRI
FOLFOX
FOLFOX

Bio. Agent
Cetuximab
NO
Cetuximab
Bevacizumab
Bevacizumab
NO
Cetuximab
NO
AFLIBERCEPT
AFLIBERCEPT
AFLIBERCEPT
AFLIBERCEPT
Cetuximab
Cetuximab
Bevacizumab
NO
AFLIBERCEPT
Cetuximab
Bevacizumab
NO
Bevacizumab

Location
LEFT
RIGHT
LEFT
LEFT
RIGHT
LEFT
LEFT
LEFT
LEFT
LEFT
LEFT
LEFT
LEFT
RIGHT
LEFT
LEFT
LEFT
RIGHT
LEFT
RIGHT
LEFT

Response
Progression
Partial response
Progression
Stable disease
Progression
Partial response
Progression
Partial response
Stable disease
Partial response
Partial response
Progression
Stable disease
Partial response
Progression
Stable disease
Stable disease
Stable disease
Partial response
Partial response
Stable disease

Mutation
all wt
BRAF mut
all wt
KRAS mut
KRAS mut
no data
all wt
no data
no data
MSI high, BRAF mut
no data
NRAS mut
all wt
no data
KRAS mut
no data
NRAS mut
all wt
KRAS mut
all wt
KRAS mut
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

71
69
69
53
74
78
71
68
43
46
59
77
74
59
73
76
69
59
55
83
67
59
61
58
55
72
67
47
60
54
61
74
50
62

male
male
female
female
male
male
male
female
male
female
female
female
female
male
male
male
male
male
female
female
male
male
male
female
female
male
male
female
male
female
male
male
female
female

FOLFOX
FOLFOX
FOLFOX
FOLFOX
FOLFOX
FOLFOX
FOLFIRI
FOLFOX
FOLFOX
FOLFOXIRI
FOLFIRI
FOLFOX
FOLFOX
FOLFIRI
FOLFIRI
FOLFOX
FOLFIRI
FOLFOX
FOLFOXIRI
FOLFOX
FOLFOX
FOLFOX
FOLFIRI
FOLFOX
FOLFIRI
FOLFIRI
FOLFIRI
FOLFOX
FOLFOX
FOLFOX
FOLFOX
FOLFIRI
FOLFOXIRI
FOLFOXIRI

Bevacizumab
NO
NO
Panitumumab
Panitumumab
NO
NO
NO
Bevacizumab
NO
NO
Bevacizumab
Bevacizumab
Panitumumab
Bevacizumab
Panitumumab
Bevacizumab
Panitumumab
Bevacizumab
Cetuximab
Cetuximab
Bevacizumab
Bevacizumab
NO
Panitumumab
Panitumumab
Bevacizumab
Bevacizumab
Cetuximab
Bevacizumab
NO
Bevacizumab
NO
Bevacizumab

LEFT
RIGHT
LEFT
LEFT
LEFT
LEFT
RIGHT
LEFT
LEFT
LEFT
LEFT
LEFT
RIGHT
LEFT
LEFT
LEFT
LEFT
LEFT
LEFT
LEFT
LEFT
RIGHT
LEFT
RIGHT
LEFT
LEFT
RIGHT
LEFT
RIGHT
LEFT
RIGHT
LEFT
LEFT
LEFT

Partial response
Progression
Progression
Stable disease
Partial response
Partial response
Progression
Partial response
Stable disease
Stable disease
Complete resposne
Partial response
Stable disease
Stable disease
Partial response
Partial response
Partial response
Stable disease
Progression
Partial response
Stable disease
Stable disease
Stable disease
Partial response
Partial response
Progression
Partial response
Progression
Partial response
Partial response
Progression
Stable disease
Partial response
Stable disease

KRAS mut
no data
no data
all wt
all wt
KRAS mut (A146T exon 4)
KRAS mut (G12P)
no data
KRAS mut (G12P)
no data
all wt
KRAS mut
KRAS mut (G12S)
all wt
KRAS mut (G13D)
all wt
KRAS mut
all wt
KRAS mut(exon 4 G436A)
all wt
all wt
KRAS mut (G12D)
KRAS mut (G12D)
BRAFmut (V600E)
all wt
all wt
KRAS mut (G12D)
KRAS mut (G12S)
all wt
NRAS mut (Q61R)
all wt
KRAS mut (G12V)
all wt
BRAF mut (V600E)

Table 9. Detailed presentation of the characteristics of the mCRC group

mCRC
Patients

CEA
Before

22
23
24
25
26
27
28 -

CEA
Middle

15,3
5,54
118
1,42
1,7
26,7
-

CEA
After

2,5
5,7 46
2,83 3,36 214,2
-

Ca19-9
Before
0,5
35 <2

52,9 -

Ca19-9
Middle

51 10
<2
9,89
18

Ca19-9
After
16

5,5 <2
11,37 7,5 26,11

-

28,85
86

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

-

363
868
24 1,63
30,21 32,7
5,62

-

-

2,18
82,21
12,7
9,51 5,19
4,93
31,28
4,37
-

-

26
2,47 355
1,3
1,3 23,27
5,1
22,6
22,18
1,76
108
2,5
263
90,81
61

-

4,2
335
9
5,96 1,78
7,83
132,6
4 18,5
2,2
1882
98,6

115,85 64 9,97

1583
24
6,44 -

13 3,96
25,2
1,1 2,87
66,84
1,4

19,41
28,82
1,34
2,81
34
12
12,4
3,39
25,13
5,7
12
813 1,74
6,6 2,13 3,92
14,19
3,4
30,69
2,5 3
6,9
8,8
-

2,7
3,53 -

21,73
<2
7,84
6,61
4
30

51

4,3
7,34
5,65
34
19,59
780

11 -

6,68

224,4
2,2 1,24
<2
5,3
42,3 3,9 <2
8,3 <4
-

13
2,03 34,75
<2
91,2
<2
<2
9

6,22 <2
65,5 17
2 <2
171

3,5
330

4,8
497 <2
2,16
7,97

2,3
134 16,25 -

28,5
4,42 <2

33
2,63

4,8
68,37
234
15,01 1,77
241,9
24,06
3,5 <2
<2
<2
72
226,16
284,17
12,25 <2
<2
<2
-

2,64
156,87
12 1,6 -

15,94

<2
71,05 -

31,6 185 24 <2
-

<2
77

17
2,6

29 57,3
<2
11,46 -

10,5
14

24
-

-

<2

<2
-

75
1165
4,01 -

26,9
<2
6 2,5

2,1 1255
301 -

87,5
657,4
17
9

64

<2
4,8
3,63 19
35 -

19,48
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Table 10. CEA and CA-19.9 levels for mCRC patients before the beginning of their
therapy and at the end of it
5.3 MN frequency evaluation
MNf was measured for all patients of our study and their characteristics are presented
on Table 5. Counts of MNf were measured at three different time points of therapy
(before, middle and after). In Table 11 the descriptive statistics and comparisons of
micronuclei (MNf) are shown. There is a statistically significant difference at the
initial stage (32.3±9.6) the middle of the therapy (22.0±8.4) and final stage (22.7±9.3)
(F(2, 125)=127.671, p<0.001) when total number of cases were included. When the
sample were divided into two parts (laRC and mCRC) Mann-whitney showed a
significant effect between the three periods both for laRC (χ2(2)=19,500, p<0,001)
and mCRC (χ2(2)=57,691, p<0.001). Our data from the MN assay on control group,
mCRC and laRC patients are presented in Table 12, Table 13 and Table 14
respectively.

Total

Non metastatic

Metastatic

MNf
Initial

Mean
32,3

SD
9,6

Middle

22,0

8,4

Final

22,7

9,3

Initial
Middle

29,5
17,7

5,7
4,7

Final
Initial

20,8
32,9

5,5
10,2

Middle

23,0

8,8

Final

23,2

9,9

F(df1, df2)=
F(2, 128)=127,671,
p<0,001

Friedman
2

χ (2)=75,390
p<0,001

F(2, 126)=1,304
p=0.275

2

χ (2)=19,500,
p<0,001

2

χ (2)=57,691,
p<0,001

Table 11. Number of micronuclei MNf at three periods (initial, middle and final) time
of the therapy.

Groups

BN cells scored

Mean ± SE

Control

25000

7.28 ± 1.06

mCRC Before

55000

29.3 ± 9.07

38.00 <0.001

laRC Before

21000

26.4 ± 4.82

30.15 <0.001

Control

25000

8.18 ± 1.11

mCRC Before

55000

32.3 ± 9.97

41,1

MN cells

laRC Before

21000

29.6 ± 5.21

33,76 <0.001

CBPI ± SE

Control

1.29 ± 0.03

(Mean ± SE)

mCRC Before

1.32 ±0.004

laRC Before

1.36 ±0.007

BNMN

G

P
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<0.001

Table 12. Statistical analysis of the mean BNMN and MNf of healthy controls and
(A) mCRC/laRC patients at the beginning (Before). Values in bold font indicate
statistically significant differences (P<0.05) compared with the controls. G indicates
2POi ln(Oi/Ei), where ‘Oi’ is the observed frequency in a cell, ‘Ei’ is the expected
frequency under the null hypothesis, ‘ln’ denotes the natural logarithm and the sum is
taken over all non-empty cells. SE, standard error; BN, binucleated cells (for each
patient 1,000 BN cells were scored); BNMN, binucleated cells with micronuclei.

Based on the absence of a significant difference of the CBPI values between: A) CRC
groups and control and B) each sampling point for each response group, we are able
to assume that our data is resulted by the cancer itself and the different treatments.
Our data indicates that MNf is significantly higher in patients with mCRC or laRC
than in healthy individuals (G = 41.1, p<0.0001 and G=33.76, p<0.0001 respectively).
Moreover, the relative difference of MNf at the middle of the therapy in relation to
that before the beginning of the therapy has been calculated for each patient and the
mean values were 31.1±19.0 with median of 33.3 (range from -42.11 to 65.71). Mean
values were not significantly different (t-test p=0,130, MW p=0,216) for laRC
(36.5±10.7, median 39.3) and mCRC (29.0±21.1, median 32.7). Therefore, there was
no significant difference between mCRC and laRC groups (Figure 20).

Figure 20. Percentual difference between middle and before measurements of MNf
for metastatic colorectal cancer (mCRC) and locally advanced rectal cancer (laRC). *
= extreme value as marked in SPSS

MNf analysis for the whole mCRC group revealed that a borderline significance is
extracted when the middle of the treatment (Middle) is compared to the beginning of
the treatment (Before) (p=0.05), while MNf did not exhibit a further significant
decrease at the end point (after) (Table 13). After stratification of patients according
to their disease response, a relative pattern of a steady drop of MNf was observed. In
detail, even though patients with progressive and stable disease exhibit an
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insignificant decrease of their MNf in the middle (G =1.60, p=0.200 and G =3.48,
p=0.060 respectively) and at the end of their treatment (G =2.13, p=0.14 and G=3.55,
p=0.06 respectively), those with disease progression had lower decrease of MNf than
those with stable disease (Table 13). On the contrary, patients with partial response
presented a statistically significant decrease of their MNf both at the middle and at the
end of the treatment (G=5.16, p=0.02 and G=3.94, p=0.04 respectively) (Table 13).
However, since there was only one patient with complete response no statistical
analysis of his data was done even though his MNf grossly followed the decreasing
trend of those with partial response (before the treatment MNf was 28 at the middle
18 and at the end 15).
mCRC
All
patients

BN cells
scored

Mean ± SE

Before

55000

29.3 ± 9.07

Inter

55000

After

G

P

19.4 ± 6.86

3.90

0.04

55000

19.6 ± 8.46

3.73

0.05

Before

55000

32.3 ± 9.97

Inter

55000

22.2 ± 8.28

3.65

0.05

MN cells

After

55000

22.6 ± 9.72

3.35

0.06

CBPI ± SE

Before

1.32 ± 0.004

(mean ± SE)

Inter

1.32 ± 0.004

After

1.30 ± 0.002

Before

13000

28.8 ± 10.03

Inter

13000

21.3 ± 6.3

2.20

0.14

After

13000

20.9 ± 9.66

2.46

0.11

Before

13000

31.3 ± 10.76

Inter

13000

24.6 ± 10.93

1.60

0.20

After

13000

23.6 ± 10.92

2.13

0.14

CBPI ± SE

Before

1.29 ± 0.001

(mean ± SE)

Inter

1.32 ± 0.004

After

1.31 ± 0.003

Before

18000

30,2 ± 8,38

Inter

18000

20,3 ± 6,4

3.77

0.05

After

18000

20.1 ± 8.77

3.93

0.04

Before

18000

33.1 ± 9.35

Inter

18000

23.1 ± 7.39

3.48

0.06

BNMN

Progressiv BNMN
e
disease

MN cells

Stable
disease

Sampling Point

BNMN

MN cells
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Partial
Response

23 ± 10.02

After

18000

3.55

0.06

CBPI ± SE

Before

1.32 ± 0.003

(mean ± SE)

Inter

1.31 ± 0.002

After

1.30 ± 0.001

Before

23000

29.0 ± 9.54

Inter

23000

17.8 ± 5.98

5.15

0.02

After

23000

18.7 ± 7.88

4.29

0.03

Before

23000

32,5 ± 10.51

Inter

23000

20.6 ± 7.4

5.16

0.02

MN cells

After

23000

22.0 ± 9.30

3.94

0.04

CBPI ± SE

Before

1.33 ± 0.006

(mean ± SE)

Inter

1.31 ± 0.005

After

1.30 ± 0.001

BNMN

Table 13. Statistical analysis of the mean BNMN and MNf of mCRC patients at the
beginning (Before), the middle (Inter) and at the end (After) of the treatment for all
mCRC patients and according to their disease response (progressive disease, stable
disease, partial response and complete response). Values in bold font indicate
statistically significant differences (P<0.05) compared with the controls or as
indicated. G indicates 2POi ln(Oi/Ei), where ‘Oi’ is the observed frequency in a cell,
‘Ei’ is the expected frequency under the null hypothesis, ‘ln’ denotes the natural
logarithm and the sum is taken over all non-empty cells. SE, standard error; BN,
binucleated cells (for each patient 1,000 BN cells were scored); BNMN, binucleated
cells with micronuclei.

Regarding the laRC group, since our primary objective was to evaluate our
biomarkers’ prognostic value of therapies response, we tested for MNf after laRC
surgery in approximately half of our patients (12 out of 21). Therefore, a difference in
counted BN cells is observed for the sampling point “surgery” relative to the other
two sampling points (Table 14). However, our data indicates a similar decreasing
trend as observed in the mCRC group. In detail, a significant decrease of MNf
(G=4.01, p=0.04) is found at the end of the treatment (sampling point “after”) in
relation to the beginning (Table 14). However, even though patients maintain lower
MNf than what they had before treatment, a slight increase is observed after surgery
(G=3.00, p=0.08) (Table 14). When divided in subgroups our data indicates a steady
decrease of MNf that positively correlates to the disease response. Patients with
progressive disease present a lower decrease of MNf after treatment (p=0.24), than
those patients with stable disease (G=2.82, p=0.09), partial response (G=4.50, p=0.03)
or complete response (G=4.77 p=0.02) (Table 14).
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Sampling Point

BN cells
scored

Mean ± SE

Before

21000

26.4 ± 4.82

After

21000

Surgery

G

P

16.9 ± 4.00

4,01

0.04

12000

17.4 ± 3.57

3.57

0.06

Before

21000

29.6 ± 5.2

After

21000

19.7 ± 4.7

3.85

0.04

MN cells

Surgery

12000

20.8 ± 5.48

3.00

0.08

CBPI ± SE

Before

1.36 ± 0.007

(mean ± SE)

After

1.32 ± 0.003

Surgery

1.27 ± 0.003

Before

2000

27.5 ± 6.36

After

2000

21.5 ± 4.95

1.45

0.22

Surgery

1000

16.0 ± 5.1

5.80

0.01

Before

2000

31.3 ± 10.76

After

2000

23.5 ± 6.36

1.35

0.24

MN cells

Surgery

1000

17.0 ± 5.2

6.42

0.01

Progressive

CBPI ± SE

Before

1.30 ± 0.001

disease

(mean ± SE)

After

1.40 ± 0.005

Surgery

1.26 ± 0.002

Before

5000

28.7 ± 4.72

After

5000

19.7 ± 3.25

3.25

0.07

Surgery

3000

24.0 ± 4.24

0.83

0.36

Before

5000

32.7 ± 4.62

After

5000

23.7 ± 4.72

2.82

0.09

MN cells

Surgery

3000

27.0 ± 2.83

1.09

0.29

CBPI ± SE

Before

1.30 ± 0.001

(mean ± SE)

After

1.40 ± 0.005

Surgery

1.26 ± 0.002

Before

11000

laRC
BNMN

All patients

BNMN

BNMN

Stable
disease
Partial

BNMN

24.8 ± 4.14
92

After

11000

14.9 ± 2.93

4.71

0.02

Surgery

6000

14.4 ± 2.64

5.25

0.02

Before

11000

27.8 ± 4.30

After

11000

17.5 ± 3.18

4.50

0.03

MN cells

Surgery

6000

17.9 ± 3.18

4.14

0.04

CBPI ± SE

Before

1.35 ± 0.008

(mean ± SE)

After

1.30 ± 0.001

Surgery

1.30 ± 0.010

Before

3000

30.0 ± 6.25

After

3000

18.7 ± 5.50

5.05

0.02

Surgery

2000

22.0 ± 4.24

2.41

0.11

Before

3000

33.7 ± 7.37

After

3000

22.0 ± 6.08

4.77

0.02

MN cells

Surgery

2000

22.0 ± 4.24

4.77

0.02

CBPI ± SE

Before

1.45 ± 0.001

(mean ± SE)

After

1.32 ± 0.001

Surgery

1.22 ± 0.001

Response

BNMN

Complete
response

Table 14. Statistical analysis of the mean BNMN and MNf of laRC patients at the
beginning (Before), the end of the treatment (After) and after surgery (Surgery) for all
laRC patients and according to their disease response (progressive disease, stable
disease, partial response and complete response). Values in bold font indicate
statistically significant differences (P<0.05) compared with the controls or as
indicated. G indicates 2POi ln(Oi/Ei), where ‘Oi’ is the observed frequency in a cell,
‘Ei’ is the expected frequency under the null hypothesis, ‘ln’ denotes the natural
logarithm and the sum is taken over all non-empty cells. SE, standard error; BN,
binucleated cells (for each patient 1,000 BN cells were scored); BNMN, binucleated
cells with micronuclei.

5.4 Evaluation of MNf as a prognostic biomarker
The prognostic significance of MNf in mCRC and laRC patients was roughly
established using ROC curve analysis. Variation of MNf expressed as %DMNf
between initial and middle measurements was estimated by setting binary outcome
variables for two scenarios: Progressive disease vs stable/partial/complete response
(scenario 1) and progressive/stable disease vs partial/complete response (scenario 2).
For scenario 1, the best set of sensitivity and specificity was found at 29% difference
between middle and initial MNf measurements (sensitivity 36% and specificity
87.0%). While the highest specificity (87.2%) was achieved at 31% reduction of MNf.
For scenario 2, the best set of sensitivity and specificity was found again at 29%
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difference between middle and initial MNf measurements (sensitivity 72.7% and
specificity 59.3%) and the highest specificity (59.6%) was found for 31% reduction of
MNf (Table 15).

Outcome
Prog.
(ΝΤ=15)

S.D. / P.R. /C.R.
(ΝΤ=61)

Prog. / S.D.
(ΝΤ=38)

P.R. / C.R.
(ΝΤ=38)

Limit

N

%

N

%

N

%

N

%

≤33%

9

25,0% 27

75,0%

20

55,6%

16

44,4%

>33%

6

15,0% 34

85,0%

18

45,0%

22

55,0%

≤ 31%

9

31,0% 20

69,0%

19

65,5%

10

34,5%

>31%

6

12,8% 41

87,2%

19

40,4%

28

59,6%

≤ 29%

8

36,4% 14

63,6%

16

72,7%

6

27,3%

>29%

7

13,0% 47

87,0%

22

40,7%

32

59,3%

Table 15. Sensitivity and specificity values for three different cutoff points of
percentage difference of MNf. It can be seen that when the outcome is progressive
disease vs stable/ partial/complete response the best set of sensitivity-specificity is
found at 29% difference between middle and initial MNf measurements (sensitivity
36.4% and specificity 87.0%). The highest specificity (87.2%) was found for 31%
reduction of MNf. When the outcome was set between stable/progressive disease vs
partial/complete response the best set of sensitivity and specificity variables was
found for 29% difference (sensitivity 72.7% and specificity 59.3%). ΝΤ= Total
number of patients, Prog.= progression, S.D.= stable disease, P.R.= Partial response,
C.R.= complete response

5.5 Telomerase activity (TA)
As presented in Table 16, based on the non-parametric analysis (Kruskal-Wallis) there
is no significant difference between patients’ mean TA before the beginning of their
therapy (p=0.256) [progressive disease: 2.1±1.6 (95% CI: 0.4-3.8), stable disease:
1,4±1,7 (95% CI: 0,2-2,6), partial response: 0,8±1,0 (95% CI:0,1-1,5), complete
response: 0,6±0,6 (95% CI:-5,2 - 6,4)], at the middle sampling point (p=0.072)
[progressive disease: 2,8±0,8 (95%CI:1,9-3,7), stable disease: 1,5±1,3 (95%CI:0,52,4), partial response: 1,1 ±1,4 (95%CI:0,1-2,1), complete response: 0,2±0,1 (95%CI:
-1,0-1,4)] or at the third sampling point (p=0.096) [progressive disease: 2,5±1,3
(95%CI: 1,1-3,9), stable disease: 1,1±1,2 (95%CI:0,2-2,0), partial response: 1,1±1,3
(95%CI: 0,2-2,0), complete response: 0,9±1,2 (95%CI: -10,2-12,0)]. However, as
presented in Table 16 and Figures 21/22, Mann-Whitney test and t-test proved that the
mean of patients who eventually developed progressive disease, exhibited an overall
higher level of TA in relation to all other response groups before the beginning of the
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therapy (p=0.012 and p=0.009 respectively). Thereafter, TA was increased and
remained elevated during the middle and third sampling points respectively. In Figure
4 the comparison of patients with progressive CRC (mCRC and laRC) against all
other patients (stable disease, partial and complete response) exhibited a significantly
statistical difference (t-test p=0.009, Mann-Whitney p=0,012).

95%
Telomerase Activity
Before

n

Progression 6

SD

LL

UL

Minimum

Maximum

p

2,1

1,6

0,4

3,8

0,1

3,7

0.256

Stable
disease

10

1,4

1,7

0,2

2,6

0,0

3,8

Partial
response

10

0,8

1,0

0,1

1,5

0,0

2,4

Complete
Response

2

0,6

0,6

-5,2

6,4

0,2

1,1

Total

28

1,3

1,4

0,7

1,8

0,0

3,8

2,8

0,8

1,9

3,7

1,7

3,7

Middle Progression 6

After

Mean

Stable
disease

10

1,5

1,3

0,5

2,4

0,0

3,5

Partial
response

10

1,1

1,4

0,1

2,1

0,0

3,2

Complete
Response

2

0,2

0,1

-1,0

1,4

0,1

0,3

Total

28

1,5

1,4

1,0

2,1

0,0

3,7

2,5

1,3

1,1

3,9

0,1

3,6

Progression 6
Stable
disease

10

1,1

1,2

0,2

2,0

0,0

3,3

Partial
response

10

1,1

1,3

0,2

2,0

0,0

3,3

Complete
Response

2

0,9

1,2

-10,2

12,0

0,0

1,8

Total

28

1,4

1,3

0,9

1,9

0,0

3,6

0.072

0.096

Table 16. Telomerase activity measured at 3 time points, before (before the initiation
of the therapy), middle (at the middle of therapy for mCRC and at the end of therapy
for laRC) and after (at the end of the therapy for mCRC and after surgery for laRC) is
presented for all CRC cases. p-values were estimated with Kruskal-Wallis test. n=
Number of patients
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Figure 21. Mean values with 95% confidence intervals (C.I.) of telomerase activity
for initial, middle and final sampling points

Figure 22. Comparison of patients with progressive CRC (mCRC and laRC) against
all other patients (stable disease, partial and complete response) exhibited a
significantly statistical difference (t-test p=0.009, Mann-Whitney p=0,012)
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5.6 Correlation between MNf and TA with CEA and CA 19.9 levels in mCRC
and laRC patients
This doctoral thesis had set the correlation between MNf and TA with CEA and CA
19.9 levels in mCRC and laRC patients as its secondary objective. However, due the
fact that CEA and CA-19.9 levels were evaluated as part of the clinical management
of each patient in the Department of Clinical Oncology, not only the sampling points
would differ from those of MNf/TA (in many cases by a month) but also a great
number of samples were not taken. Therefore, in order to avoid methodological errors
the correlation was not performed. Tables 8 and 10 present the levels of CEA and CA19.9 that were chronologically closer to MNf and TA sampling points.
6. Discussion
Colorectal cancer is and, according to the latest statistics, will be one of the leading
causes of cancer-related morbidity and mortality worldwide for both sexes. Due to the
delayed onset of symptoms, poor patient compliance with the various diagnostic
modalities (namely colonoscopy) and the relatively low suspicion of the general
public, a great number of patients are presented with metastatic or advanced CRC.
However, CRC patients with distant metastases are characterized by the worst
prognosis since a significant number of them develops resistance to their therapy at
some point of its course. Unfortunately, diagnosis of chemoresistance is most often
delayed, allowing for cancer progression to take place before these patients receive
second or third line treatments. At the meantime, patients and their relatives are
struggling with the various therapy-related side effects while at the same time health
care systems are dealing with immense costs of both the ineffective therapies and the
prolonged hospital stay. Therefore, the need for early and reliable recognition of
chemoresistance has become greater than ever. In order to fulfill this need for
identification of effective prognostic and predictive biomarkers in CRC, this doctoral
thesis focused on unveiling possible prognostic values of two novel biomarkers (MNf
and TA) in PBLs isolated from patients with mCRC and laRC blood samples.
Although the findings are hypothesis driving, given the relatively small number of
patients tested, the generated data provides further proof that MNf is not only
significantly increased in CRC but it could also serve as a promising biomonitoring
tool for mCRC and laRC prognosis. More specifically, according to the data
generated here, patients diagnosed with mCRC and laRC, regardless of age, sex, BMI
and genetic status had high rates of BNMN and MNf. Τhis was found both before and
throughout the systemic therapy, even though a declining trend was evidenced after
the beginning of the therapy. Nevertheless, even if MNf decreased, it never reached
the MNf of healthy individuals.
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Figure 23. Graphic representation of MNf in controls and the trends between
sampling points for all mCRC patients
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Figure 24. Graphic representation of MNf in controls and the trends between
sampling points for all laRC patients

In parallel, both mCRC and laRC patients had the same CBPI values with that of
healthy individuals, that remained stable across all time points regardless the therapy
or the response. We can speculate that the observed decrease in the mean MNf after
the first trimester of the therapy (middle sampling point) reflects the response of the
organism to the treatment accomplished by the depletion of the sensitive cancerous
“background”. Figures 23-27 illustrates how MNf may follow a steep decreasing
trend in patients with partial/complete response or a shallow decrease in patients with
disease progression.
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Figure 25. Graphic representation of MNf in controls and the trends between
sampling points for all patients (mCRC and laRC) with progressive disease
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Figure 26. Graphic representation of MNf in controls and the trends between
sampling points for all patients (mCRC and laRC) with stable disease
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Figure 27. Graphic representation of MNf in controls and the trends between
sampling points for all patients (mCRC and laRC) with partial or complete response

A possible explanation of our findings lies in the fact that MN assay is a sensitive
indicator of genomic damages of exogenous and endogenous origin (192) while MNf
in PBLs, despite the unknown underlying mechanism, is shown to positively correlate
with chromosomal and genomic instability, which is one of the pillars in colorectal
carcinogenesis. Therefore, the emergence of a resistant cluster of cancer-cells against
the sensitive “background” can be indirectly identified through MNf. However, the
following increase of mean MNf (but never to the degree before treatment) raises a
challenge for its clinical interpretation. The first scenario is that of a ‘gradual
emergence of a resistant clone’. First, sensitive cancer cells are depleted and so MNf
and BNMN decrease. Subsequently, resistant ones emerge as they do not have to
compete for energy or oxygen supply. In fact, this scenario could explain the
fluctuations in MNf observed in the 3 response groups during the therapy. At the
middle of therapy, both the good and no response groups began killing sensitive cells
and decreased their MNf numbers, while the stable group did not. While the good
responders then continued to deplete sensitive cancer cells, the non-responders began
to increase cancer cells and their MNf increases accordingly, while the stable group
maintained almost the same cell number and MNf. The second scenario is the ‘longterm chemo-effect’. As mentioned before, both oxaliplatin and irinotecan increase
MNf. However, in order to do that, certain time is needed. This is why, even though
cancer load decreases and the drug accumulation is not yet at its peak, the MNf also
decreases. However, as the rate of cancer cells decrease diminishes and the
accumulation of the drug reaches its peak, the MN-increasing properties of oxaliplatin
and irinotecan become evident. This scenario can also explain why at the end of the
treatment the partial/complete response group did not differ significantly, in terms of
mean BNMN and MNf, than the other two groups (progressive and stable disease).
Interestingly though, even if the majority of the patients exhibited a ‘v’-shaped trend
of MNf (decrease and then slight increase), there were 4 patients who exhibited a
reverse ‘v’-shaped trend, with an increase of mean MNf at 3 months, and a
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subsequent decrease at 6 months of treatment despite favorable disease response, as
shown in Figures 23/24. In fact, these 4 patients who presented reverse ‘v’-shaped
trend, were treated with a combined therapy of FOLFIRI plus any biologic agent.
Therefore, MNf may not be appropriate to be used as prognostic biomarker in such
patients, and special caution is suggested for its use. Nonetheless, it could be used as a
biomonitoring tool of cancer load.
However, in order to estimate whether MNf could serve as prognostic biomarker, a
validation of its sensitivity and specificity in identifying progressive and stable
disease from partial or complete response was carried. Therefore, the present thesis
identified that a decrease of MNf less than 29% between middle and initial MNf
measurements can discriminate between progressive disease from stable/responsive
disease with sensitivity 36% and specificity 87.0%, while if the threshold is set at
31% reduction of MNf then specificity reaches its highest value (87.2%). On the other
hand if the threshold of decrease is set at 29% for discrimination between
stable/progressive and responsive disease then sensitivity reaches 72.7% and
specificity 59.3%. These findings are important because early identification of those
patients who are more likely to develop progressive disease can allow clinicians to
take early decisions on therapy selection.
As for TA, even though the number of patients to which TA was evaluated is rather
small, our results indicate its potential in CRC prognosis suggesting the need for
future studies with greater patient sets. Despite the fact that statistical analysis
between each response group did not reach statistical significance, our data indicate
that TA is relatively higher in patients with progressive disease than those with partial
or complete response at all sampling points. Moreover, in patients with progressive
disease, an increase of TA is observed in the middle of their therapy, suggesting that
patients who are more likely to develop progressive disease are more likely to have
upregulated TA at the middle of their therapy. This can be explained by numerous
studies that have identified telomerase as a key target of multiple carcinogenic
pathways such as the PI3K/AKT/mTOR, the RAS/RAF/MEK/ERK 1/2, the
JAK/STAT and the JAK/PI3K/AKT/HSP90/mTORC1 (193). An interesting finding
highlighting the complexity of hTERT regulation is that EGFR-mediated MAPK
signaling attenuates Groucho-mediated gene repression, establishing a node for
crosstalk between the EGFR, Notch, WNT, and TGF-β signaling pathways (193). A
graphical presentation of the aforementioned mechanisms is shown in Figure 28.
Unfortunately, since our primary objective was to investigate possible prognostic
significance of these biomarkers, we did not examine any de-regulation of the
aforementioned pathways.
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Figure 28. Graphical presentation of the various cellular cascades implicated in
hTERT expression, telomerase activity and telomeres length. During transcription of
hTERT gene, positive regulation is exerted via the PI3K/AKT/mTOR, the
RAS/RAF/MEK/ERK 1/2 and the JAK/STAT pathways primarily on hTERT’s
promoter. Another step of positive regulation is found during the translation and post
translation phase of hTERT mRNA since the RAS/RAF/MEK/ERK pathway is
described to regulate hTERT mRNA translation while the PI3K/AKT/mTOR pathway
seems to be involved post-translationaly via direct phosphorylation of hTERT by
AKT and HIF-1α. Rat sarcoma (RAS), Rapidly Accelerated Fibrosarcoma (RAF),
Mitogen-activated protein kinase kinase (MEK also known as MAP2K, MAPKK),
extracellular signal-regulated kinase (ERK, also known as MAPK),
phosphatidylinositol 3-kinase (PI3K), Protein kinase B (PKB, also known as Akt),
mechanistic target of rapamycin kinase (mTOR), hypoxia-inducible factor-1α (HIF1α). Created with BioRender.com

Finally, in order to thoroughly understand and interpret these results, it is important to
know how these biomarkers are affected by the different therapeutic agents used in
our study. To begin with, FOLFOX, FOLFIRI and FOLFOXIRI regimens are the
three principal first-line therapeutic regimens administered for stage IV CRC
according to HeSMO guidelines. They share two components, folinic acid (FA) and
5-fluorouracil (5-FU), while oxaliplatin and irinotecan are the compounds that
differentiate the first two respectively or if combined make the later. CAPOX on the
other hand, which along with FOLFOX is primarily used to treat laCRC, contains
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capecitabine and oxaliplatin. Based on bibliographic evidence validating the effect of
these agents upon MNf and TA, it is evident that there is no universal effect. Overall
it is reported that 5-FU, capecitabine, oxaliplatin and irinotecan increase BNMN,
while FA significantly reduces it (194). Interestingly, as mentioned earlier, our data
provides further proof that irinotecan and therefore FOLFIRI may increase MNf.
However, for the most part, little data exists regarding any alterations of TA
concomitant to administration of these substances. According to Akiyama et al, TA
was decreased in human haematopoietic cancer cell lines, Daudi and U937, treated
with irinotecan (195). However, there is no data suggesting any possible alterations of
TA in CRC cell lines. Chung et al, using the HCT116 and DLD1 CRC cell lines
demonstrated a decreased TA concurrent to 5-FU administration possibly via by
STAT3 inhibition (a potent activator of hTERT promoter). However, despite thorough
research in various databases, to date there is no study available evaluating the effect
of the chemotherapeutic regimens of FOLFOX, FOLFIRI, FOLFOXIRI or CAPOX
on any of the biomarkers-in study. Given the great number of our patients treated with
some kind of biologic agent (bevacizumab, cetuximab, panitumumab or aflibercept),
we expanded our research to include them as well. The only published data focusing
on MNf comes from an in vivo cytogenetic assay performed in male Wistar rats,
where cetuximab did not elicit any genotoxic effects (196). However, the results
should be considered of limited value due to the lack of immunoreactivity of
Cetuximab with rat tissues.
7. Conclusions
Despite critical advances in most aspects of CRC management, it is indisputably one
of the most important burdens of global health due to the related increased morbidity
and mortality. Metastatic CRC, the final stage of CRC, remains a true challenge, not
only for researchers and clinicians, but also for the socioeconomic system. This is
because its inherent biologic complexity and diversity makes it difficult to implement
a universal approach in designing effective therapeutic and study protocols. On the
contrary, even though laRC is a rather favorable type of CRC due to the absence of
distant metastases, there still is a metastatic potential. Therefore, early recognition of
chemoresistance is crucial. This doctoral thesis made it possible not only to recognize
possible prognostic significance at an early stage of therapeutic management for two
novel biomarkers (MNf and TA), but also to suggest a relative threshold for MNf
(decrease of MNf less than 29% between middle and initial MNf measurements can
discriminate between progressive disease from stable/responsive disease with
sensitivity 36% and specificity 87.0%, while at 29% decrease discrimination between
stable/progressive and responsive disease is able with sensitivity of 72.7% and
specificity 59.3%) as a discrimination point between progressive and
stable/responsive disease. On the other hand, even if TA did not prove to have
significant correlation with disease response, possibly due to the small number of
patients, it was exhibited that patients with progressive disease had higher mean TA
than all other patients suggesting that further analysis in greater patient sets is needed.
In a nutshell, the results of the current study should be interpreted with caution due to
the limitations of the protocol (relatively small number of cases, different systemic
treatment, different mutations subtypes, not randomized manner etc.) and could
mainly serve as a hypothesis driving study for further evaluation in the future.

103

References
1.

Colorectal Cancer Statistics | How Common Is Colorectal Cancer? [Internet].
[cited 2021 Jun 6]. Available from: https://www.cancer.org/cancer/colonrectal-cancer/about/key-statistics.html

2.

Siegel RL, Miller KD, Goding Sauer A, Fedewa SA, Butterly LF, Anderson
JC, et al. Colorectal cancer statistics, 2020. CA Cancer J Clin [Internet]. 2020
May [cited 2021 Jan 14];70(3):145–64. Available from:
https://acsjournals.onlinelibrary.wiley.com/doi/full/10.3322/caac.21601

3.

Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer Statistics, 2021. CA Cancer
J Clin [Internet]. 2021 Jan 12 [cited 2021 Feb 3];71(1):7–33. Available from:
https://onlinelibrary.wiley.com/doi/10.3322/caac.21654

4.

Siegel RL, Miller KD, Fedewa SA, Ahnen DJ, Meester RGS, Barzi A, et al.
Colorectal cancer statistics, 2017. CA Cancer J Clin [Internet]. 2017 May 6
[cited 2018 Nov 3];67(3):177–93. Available from:
http://doi.wiley.com/10.3322/caac.21395

5.

Hong Y, Kim J, Choi YJ, Kang JG. Clinical study of colorectal cancer
operation: Survival analysis. Korean J Clin Oncol [Internet]. 2020 Jun 30 [cited
2021 Jun 7];16(1):3–8. Available from:
http://www.kjco.org/journal/view.php?number=342

6.

Nikolouzakis TK, Vassilopoulou L, Fragkiadaki P, Sapsakos TM, Papadakis
GZ, Spandidos DA, et al. Improving diagnosis, prognosis and prediction by
using biomarkers in CRC patients (Review). Oncol Rep [Internet]. 2018 [cited
2018 Nov 28];39(6):2455–72. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/29565457

7.

Mateuca R, Lombaert N, Aka PV V., Decordier I, Kirsch-Volders M.
Chromosomal changes: induction, detection methods and applicability
in human biomonitoring [Internet]. Biochimie Biochimie; Nov, 2006 p. 1515–
31. Available from: https://pubmed.ncbi.nlm.nih.gov/16919864/

8.

Giovannucci E. Modifiable risk factors for colon cancer [Internet]. Vol. 31,
Gastroenterology Clinics of North America. Gastroenterol Clin North Am;
2002 [cited 2021 Jun 6]. p. 925–43. Available from:
https://pubmed.ncbi.nlm.nih.gov/12489270/

9.

Wang X, O’Connell K, Jeon J, Song M, Hunter D, Hoffmeister M, et al.
Combined effect of modifiable and non-modifiable risk factors for colorectal
cancer risk in a pooled analysis of 11 population-based studies. BMJ Open
Gastroenterol [Internet]. 2019 Dec 2 [cited 2021 Jun 6];6(1). Available from:
/pmc/articles/PMC6904202/

10.

Chan AT, Giovannucci EL. Primary Prevention of Colorectal Cancer.
Gastroenterology [Internet]. 2010 [cited 2021 Jun 6];138(6):2029. Available
from: /pmc/articles/PMC2947820/

11.

Maas P, Barrdahl M, Joshi AD, Auer PL, Gaudet MM, Milne RL, et al. Breast
Cancer Risk From Modifiable and Nonmodifiable Risk Factors Among White
Women in the United States. JAMA Oncol [Internet]. 2016 Oct 1 [cited 2021
Jun 6];2(10):1295–302. Available from: /pmc/articles/PMC5719876/
104

12.

Simon K. Colorectal cancer development and advances in screening [Internet].
Vol. 11, Clinical Interventions in Aging. Dove Medical Press Ltd.; 2016 [cited
2021 Jun 7]. p. 967–76. Available from: /pmc/articles/PMC4958365/

13.

Colorectal cancer facts. J Ky Med Assoc. 2005 Mar;103(3):118.

14.

Siegel RL, Ward EM, Jemal A. Trends in colorectal cancer incidence rates in
the United States by tumor location and stage, 1992-2008. Cancer Epidemiol
Biomarkers Prev [Internet]. 2012 Mar [cited 2021 Jun 7];21(3):411–6.
Available from: https://pubmed.ncbi.nlm.nih.gov/22219318/

15.

Conteduca V, Sansonno D, Russi S, Dammacco F. Precancerous colorectal
lesions (Review) [Internet]. Vol. 43, International Journal of Oncology. Int J
Oncol; 2013 [cited 2021 Jun 7]. p. 973–84. Available from:
https://pubmed.ncbi.nlm.nih.gov/23900573/

16.

Yamane L, Scapulatempo-Neto C, Reis RM, Guimarães DP. Serrated pathway
in colorectal carcinogenesis [Internet]. Vol. 20, World Journal of
Gastroenterology. Baishideng Publishing Group Co; 2014 [cited 2021 Jun 7].
p. 2634–40. Available from: https://pubmed.ncbi.nlm.nih.gov/24627599/

17.

Snover DC. Update on the serrated pathway to colorectal carcinoma. Hum
Pathol [Internet]. 2011 Jan [cited 2021 Jun 7];42(1):1–10. Available from:
https://pubmed.ncbi.nlm.nih.gov/20869746/

18.

Armaghany T, Wilson JD, Chu Q, Mills G. Genetic alterations in colorectal
cancer [Internet]. Vol. 5, Gastrointestinal Cancer Research. International
Society of Gastrointestinal Oncology; 2012 [cited 2021 Jun 7]. p. 19–27.
Available from: www.myGCRonline.org

19.

Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis
[Internet]. Vol. 61, Cell. 1990 [cited 2021 Feb 3]. p. 759–67. Available from:
http://www.cell.com/article/009286749090186I/fulltext

20.

Kinzler KW, Vogelstein B. Lessons from hereditary colorectal cancer
[Internet]. Vol. 87, Cell. Cell Press; 1996 [cited 2021 Jun 7]. p. 159–70.
Available from: https://pubmed.ncbi.nlm.nih.gov/8861899/

21.

O’Brien MJ, Yang S, Mack C, Xu H, Huang CS, Mulcahy E, et al. Comparison
of microsatellite instability, CpG island methylation phenotype, BRAF and
KRAS status in serrated polyps and traditional adenomas indicates separate
pathways to distinct colorectal carcinoma end points. Am J Surg Pathol
[Internet]. 2006 Dec [cited 2021 Jun 7];30(12):1491–501. Available from:
https://pubmed.ncbi.nlm.nih.gov/17122504/

22.

Losso GM, Moraes R da S, Gentili AC, Messias-Reason IT. Microsatellite
instability--MSI markers (BAT26, BAT25, D2S123, D5S346, D17S250) in
rectal cancer. Arq Bras Cir Dig [Internet]. 2012 [cited 2021 Jun 7];25(4):240–
4. Available from: https://pubmed.ncbi.nlm.nih.gov/23411922/

23.

De La Chapelle A, Hampel H. Clinical relevance of microsatellite instability in
colorectal cancer [Internet]. Vol. 28, Journal of Clinical Oncology. J Clin
Oncol; 2010 [cited 2021 Jun 7]. p. 3380–7. Available from:
https://pubmed.ncbi.nlm.nih.gov/20516444/

24.

Merok MA, Ahlquist T, Røyrvik EC, Tufteland KF, Hektoen M, Sjo OH, et al.
Microsatellite instability has a positive prognostic impact on stage II colorectal
cancer after complete resection: Results from a large, consecutive norwegian
105

series. Ann Oncol [Internet]. 2013 [cited 2021 Jun 7];24(5):1274–82. Available
from: https://pubmed.ncbi.nlm.nih.gov/23235802/
25.

Umar A, Boland CR, Terdiman JP, Syngal S, de la Chapelle A, Rüschoff J, et
al. Revised Bethesda Guidelines for hereditary nonpolyposis colorectal cancer
(Lynch syndrome) and microsatellite instability. J Natl Cancer Inst [Internet].
2004 Feb 18 [cited 2021 Jun 7];96(4):261–8. Available from:
https://pubmed.ncbi.nlm.nih.gov/14970275/

26.

Laghi L, Bianchi P, Malesci A. Differences and evolution of the methods for
the assessment of microsatellite instability [Internet]. Vol. 27, Oncogene.
Oncogene; 2008 [cited 2021 Jun 7]. p. 6313–21. Available from:
https://pubmed.ncbi.nlm.nih.gov/18679418/

27.

Roth AD, Tejpar S, Delorenzi M, Yan P, Fiocca R, Klingbiel D, et al.
Prognostic role of KRAS and BRAF in stage II and III resected colon cancer:
Results of the translational study on the PETACC-3, EORTC 40993, SAKK
60-00 trial. J Clin Oncol [Internet]. 2010 Jan 20 [cited 2021 Jun 7];28(3):466–
74. Available from: https://pubmed.ncbi.nlm.nih.gov/20008640/

28.

Koopman M, Kortman GAM, Mekenkamp L, Ligtenberg MJL, Hoogerbrugge
N, Antonini NF, et al. Deficient mismatch repair system in patients with
sporadic advanced colorectal cancer. Br J Cancer [Internet]. 2009 Jan 27 [cited
2021 Jun 7];100(2):266–73. Available from:
https://pubmed.ncbi.nlm.nih.gov/19165197/

29.

Jair KW, Bachman KE, Suzuki H, Ting AH, Rhee I, Yen RWC, et al. De novo
CpG island methylation in human cancer cells. Cancer Res [Internet]. 2006 Jan
15 [cited 2021 Jun 7];66(2):682–92. Available from:
https://pubmed.ncbi.nlm.nih.gov/16423997/

30.

Beggs AD, Jones A, El-Bahwary M, Abulafi M, Hodgson S V., Tomlinson
IPM. Whole-genome methylation analysis of benign and malignant colorectal
tumours. J Pathol [Internet]. 2013 Apr [cited 2021 Jun 7];229(5):697–704.
Available from: https://pubmed.ncbi.nlm.nih.gov/23096130/

31.

Toiyama Y, Okugawa Y, Goel A. DNA methylation and microRNA
biomarkers for noninvasive detection of gastric and colorectal cancer [Internet].
Vol. 455, Biochemical and Biophysical Research Communications. Academic
Press Inc.; 2014 [cited 2021 Jun 7]. p. 43–57. Available from:
https://pubmed.ncbi.nlm.nih.gov/25128828/

32.

Hashimoto Y, Zumwalt TJ, Goel A. DNA methylation patterns as noninvasive
biomarkers and targets of epigenetic therapies in colorectal cancer [Internet].
Vol. 8, Epigenomics. Future Medicine Ltd.; 2016 [cited 2021 Jun 7]. p. 685–
703. Available from: https://pubmed.ncbi.nlm.nih.gov/27102979/

33.

Lind GE, Danielsen SA, Ahlquist T, Merok MA, Andresen K, Skotheim RI, et
al. Identification of an epigenetic biomarker panel with high sensitivity and
specificity for colorectal cancer and adenomas. Mol Cancer [Internet]. 2011 Jul
21 [cited 2021 Jun 7];10. Available from:
https://pubmed.ncbi.nlm.nih.gov/21777459/

34.

Cheung AF, Carter AM, Kostova KK, Woodruff JF, Crowley D, Bronson RT,
et al. Complete deletion of Apc results in severe polyposis in mice. Oncogene
[Internet]. 2010 Mar [cited 2021 Jun 7];29(12):1857–64. Available from:
https://pubmed.ncbi.nlm.nih.gov/20010873/
106

35.

Dow LE, O’Rourke KP, Simon J, Tschaharganeh DF, Van Es JH, Clevers H, et
al. Apc Restoration Promotes Cellular Differentiation and Reestablishes Crypt
Homeostasis in Colorectal Cancer. Cell [Internet]. 2015 Jun 20 [cited 2021 Jun
7];161(7):1539–52. Available from:
https://pubmed.ncbi.nlm.nih.gov/26091037/

36.

Liang J, Lin C, Hu F, Wang F, Zhu L, Yao X, et al. APC polymorphisms and
the risk of colorectal neoplasia: A huge review and meta-analysis [Internet].
Vol. 177, American Journal of Epidemiology. Am J Epidemiol; 2013 [cited
2021 Jun 7]. p. 1169–79. Available from:
https://pubmed.ncbi.nlm.nih.gov/23576677/

37.

Zolota V, Batistatou A, Tsamandas AC, Iliopoulos G, Scopa CD, Bonikos DS.
Immunohistochemical expression of TGF-β1, p21WAF1, p53, Ki67, and
angiogenesis in gastric carcinomas: A clinicopathologic study. Int J
Gastrointest Cancer. 2002;32(2–3):83–9.

38.

Pino MS, Chung DC. The Chromosomal Instability Pathway in Colon Cancer.
Gastroenterology [Internet]. 2010 [cited 2021 Feb 13];138(6):2059–72.
Available from: /pmc/articles/PMC4243705/

39.

Kang GH. Four molecular subtypes of colorectal cancer and their precursor
lesions. Arch Pathol Lab Med [Internet]. 2011 Jun [cited 2021 Jun
7];135(6):698–703. Available from:
https://pubmed.ncbi.nlm.nih.gov/21631262/

40.

Loh K, Chia JA, Greco S, Cozzi SJ, Buttenshaw RL, Bond CE, et al. Bone
morphogenic protein 3 inactivation is an early and frequent event in colorectal
cancer development. Genes Chromosom Cancer [Internet]. 2008 Jun [cited
2021 Jun 7];47(6):449–60. Available from:
https://pubmed.ncbi.nlm.nih.gov/18311777/

41.

Melotte V, Lentjes MHFM, Van Den Bosch SM, Hellebrekers DMEI, De Hoon
JPJ, Wouters KAD, et al. N-Myc Downstream-Regulated Gene 4 (NDRG4): A
Candidate Tumor Suppressor Gene and Potential Biomarker for Colorectal
Cancer. J Natl Cancer Inst [Internet]. 2009 Jul [cited 2021 Jun 7];101(13):916–
27. Available from: https://pubmed.ncbi.nlm.nih.gov/19535783/

42.

Jass JR. Molecular heterogeneity of colorectal cancer: Implications for cancer
control [Internet]. Vol. 16, Surgical Oncology. Surg Oncol; 2007 [cited 2021
Jun 10]. p. 7–9. Available from: https://pubmed.ncbi.nlm.nih.gov/17499498/

43.

Floriani I, Torri V, Rulli E, Garavaglia D, Compagnoni A, Salvolini L, et al.
Performance of imaging modalities in diagnosis of liver metastases from
colorectal cancer: A systematic review and meta-analysis [Internet]. Vol. 31,
Journal of Magnetic Resonance Imaging. J Magn Reson Imaging; 2010 [cited
2021 Jun 10]. p. 19–31. Available from:
https://pubmed.ncbi.nlm.nih.gov/20027569/

44.

Morrin MM, Farrell RJ, Raptopoulos V, McGee JB, Bleday R, Kruskal JB.
Role of virtual computed tomographic colonography in patients with colorectal
cancers and obstructing colorectal lesions. Dis Colon Rectum [Internet]. 2000
[cited 2021 Jun 10];43(3):303–11. Available from:
https://pubmed.ncbi.nlm.nih.gov/10733110/

45.

Niekel MC, Bipat S, Stoker J. Diagnostic imaging of colorectal liver metastases
with CT, MR imaging, FDG PET, and/or FDG PET/CT: A meta-analysis of
107

prospective studies including patients who have not previously undergone
treatment. Radiology [Internet]. 2010 Dec [cited 2021 Jun 10];257(3):674–84.
Available from: https://pubmed.ncbi.nlm.nih.gov/20829538/
46.

Beaton C, Twine CP, Williams GL, Radcliffe AG. Systematic review and
meta-analysis of histopathological factors influencing the risk of lymph node
metastasis in early colorectal cancer [Internet]. Vol. 15, Colorectal Disease.
Colorectal Dis; 2013 [cited 2021 Jun 10]. p. 788–97. Available from:
https://pubmed.ncbi.nlm.nih.gov/23331927/

47.

Watanabe T, Itabashi M, Shimada Y, Tanaka S, Ito Y, Ajioka Y, et al. Japanese
Society for Cancer of the Colon and Rectum (JSCCR) guidelines 2010 for the
treatment of colorectal cancer. Int J Clin Oncol [Internet]. 2012 Feb [cited 2021
Jun 10];17(1):1–29. Available from:
https://pubmed.ncbi.nlm.nih.gov/22002491/

48.

Gualdi GF, Casciani E, Guadalaxara A, D’Orta C, Polettini E, Pappalardo G.
Local staging of rectal cancer with transrectal ultrasound and endorectal
magnetic resonance imaging: Comparison with histologic findings. Dis Colon
Rectum [Internet]. 2000 [cited 2021 Jun 10];43(3):338–45. Available from:
https://pubmed.ncbi.nlm.nih.gov/10733115/

49.

Kwok H, Bissett IP, Hill GL. Preoperative staging of rectal cancer. Int J
Colorectal Dis [Internet]. 2000 [cited 2021 Jun 10];15(1):9–20. Available from:
https://pubmed.ncbi.nlm.nih.gov/10766086/

50.

Garcia-Aguilar J, Mellgren A, Sirivongs P, Buie D, Madoff RD, Rothenberger
DA. Local excision of rectal cancer without adjuvant therapy: A word of
caution. Ann Surg [Internet]. 2000 Mar [cited 2021 Jun 10];231(3):345–51.
Available from: https://pubmed.ncbi.nlm.nih.gov/10714627/

51.

Beets-Tan RGH, Beets GL. Local staging of rectal cancer: A review of imaging
[Internet]. Vol. 33, Journal of Magnetic Resonance Imaging. J Magn Reson
Imaging; 2011 [cited 2021 Jun 10]. p. 1012–9. Available from:
https://pubmed.ncbi.nlm.nih.gov/21509856/

52.

Sauer R, Becker H, Hohenberger W, Rödel C, Wittekind C, Fietkau R, et al.
Preoperative versus Postoperative Chemoradiotherapy for Rectal Cancer. N
Engl J Med [Internet]. 2004 Oct 21 [cited 2021 Jun 10];351(17):1731–40.
Available from: https://pubmed.ncbi.nlm.nih.gov/15496622/

53.

Taylor FGM, Swift RI, Blomqvist L, Brown G. A systematic approach to the
interpretation of preoperative staging MRI for rectal cancer [Internet]. Vol.
191, American Journal of Roentgenology. AJR Am J Roentgenol; 2008 [cited
2021 Jun 10]. p. 1827–35. Available from:
https://pubmed.ncbi.nlm.nih.gov/19020255/

54.

Bipat S, Glas AS, Slors FJM, Zwinderman AH, Bossuyt PMM, Stoker J. Rectal
cancer: Local staging and assessment of lymph node involvement with
endoluminal US, CT, and MR imaging - A meta-analysis. Radiology [Internet].
2004 Sep [cited 2021 Jun 10];232(3):773–83. Available from:
https://pubmed.ncbi.nlm.nih.gov/15273331/

55.

Maizlin Z V., Brown JA, So G, Brown C, Phang TP, Walker ML, et al. Can CT
replace MRI in preoperative assessment of the circumferential resection margin
in rectal cancer? Dis Colon Rectum [Internet]. 2010 Mar [cited 2021 Jun
10];53(3):308–14. Available from: https://pubmed.ncbi.nlm.nih.gov/20173478/
108

56.

Compton CC. Updated Protocol for the Examination of Specimens From
Patients With Carcinomas of the Colon and Rectum, Excluding Carcinoid
Tumors, Lymphomas, Sarcomas, and Tumors of the Vermiform Appendix.
Arch Pathol Lab Med [Internet]. 2000 Jun 1 [cited 2021 Jun 10];124(7):1016–
25. Available from:
https://meridian.allenpress.com/aplm/article/124/7/1016/452709/UpdatedProtocol-for-the-Examination-of-Specimens

57.

Brown G. Extramural depth of tumor invasion at thin-section MR in patients
with rectal cancer: Results of the MERCURY study. Radiology [Internet]. 2007
Apr [cited 2021 Jun 10];243(1):132–9. Available from:
https://pubmed.ncbi.nlm.nih.gov/17329685/

58.

Taylor FGM, Quirke P, Heald RJ, Moran BJ, Blomqvist L, Swift IR, et al.
Preoperative magnetic resonance imaging assessment of circumferential
resection margin predicts disease-free survival and local recurrence: 5-Year
follow-up results of the MERCURY Study. J Clin Oncol [Internet]. 2014 Jan 1
[cited 2021 Jun 10];32(1):34–43. Available from:
https://pubmed.ncbi.nlm.nih.gov/24276776/

59.

Larsen SG, Wiig JN, Dueland S, Giercksky KE. Prognostic factors after
preoperative irradiation and surgery for locally advanced rectal cancer. Eur J
Surg Oncol [Internet]. 2008 Apr [cited 2021 Jun 10];34(4):410–7. Available
from: https://pubmed.ncbi.nlm.nih.gov/17614249/

60.

Kim DJ, Kim JH, Lim JS, Yu JS, Chung JJ, Kim MJ, et al. Restaging of rectal
cancer with MR imaging after concurrent chemotherapy and radiation therapy.
Radiographics [Internet]. 2010 Mar [cited 2021 Jun 10];30(2):503–16.
Available from: https://pubmed.ncbi.nlm.nih.gov/20228331/

61.

Janssen MHM, Öllers MC, Riedl RG, van den Bogaard J, Buijsen J, van
Stiphout RGPM, et al. Accurate Prediction of Pathological Rectal Tumor
Response after Two Weeks of Preoperative Radiochemotherapy Using 18FFluorodeoxyglucose-Positron Emission Tomography-Computed Tomography
Imaging. Int J Radiat Oncol Biol Phys [Internet]. 2010 Jun 1 [cited 2021 Jun
10];77(2):392–9. Available from: https://pubmed.ncbi.nlm.nih.gov/19646825/

62.

Dzik-Jurasz A, Domenig C, George M, Wolber J, Padhani A, Brown G, et al.
Diffusion MRI for prediction of response of rectal cancer to chemoradiation.
Lancet [Internet]. 2002 Jul 27 [cited 2021 Jun 10];360(9329):307–8. Available
from: https://pubmed.ncbi.nlm.nih.gov/12147376/

63.

Shihab OC, Moran BJ, Heald RJ, Quirke P, Brown G. MRI staging of low
rectal cancer. Eur Radiol [Internet]. 2009 [cited 2021 Jun 10];19(3):643–50.
Available from: https://pubmed.ncbi.nlm.nih.gov/18810451/

64.

Koh DM, George C, Temple L, Collins DJ, Toomey P, Raja A, et al.
Diagnostic accuracy of nodal enhancement pattern of rectal cancer at MRI
enhanced with ultrasmall superparamagnetic iron oxide: Findings in
pathologically matched mesorectal lymph nodes. Am J Roentgenol [Internet].
2010 Jun [cited 2021 Jun 10];194(6). Available from:
https://pubmed.ncbi.nlm.nih.gov/20489069/

65.

Patel UB, Taylor F, Blomqvist L, George C, Evans H, Tekkis P, et al. Magnetic
resonance imaging-detected tumor response for locally advanced rectal cancer
predicts survival outcomes: MERCURY experience. J Clin Oncol [Internet].
2011 Oct 1 [cited 2021 Jun 10];29(28):3753–60. Available from:
109

https://pubmed.ncbi.nlm.nih.gov/21876084/
66.

Lambregts DMJ, Vandecaveye V, Barbaro B, Bakers FCH, Lambrecht M,
Maas M, et al. Diffusion-weighted MRI for selection of complete responders
after chemoradiation for locally advanced rectal cancer: A multicenter study.
Ann Surg Oncol [Internet]. 2011 Aug [cited 2020 Jul 22];18(8):2224–31.
Available from: https://pubmed.ncbi.nlm.nih.gov/21347783/

67.

Capirci C, Rubello D, Chierichetti F, Crepaldi G, Carpi A, Nicolini A, et al.
Restaging after neoadjuvant chemoradiotherapy for rectal adenocarcinoma:
Role of F18-FDG PET. Biomed Pharmacother [Internet]. 2004 [cited 2021 Jun
10];58(8 SPEC. ISS.):451–7. Available from:
https://pubmed.ncbi.nlm.nih.gov/15464875/

68.

Llamas-Elvira JM, Rodríguez-Fernández A, Gutiérrez-Sáinz J, Gomez-Rio M,
Bellon-Guardia M, Ramos-Font C, et al. Fluorine-18 fluorodeoxyglucose PET
in the preoperative staging of colorectal cancer. Eur J Nucl Med Mol Imaging
[Internet]. 2007 Jun [cited 2021 Jun 10];34(6):859–67. Available from:
https://pubmed.ncbi.nlm.nih.gov/17195075/

69.

Compton CC, Frederick ;, Greene L. The Staging of Colorectal Cancer: 2004
and Beyond [Internet]. Vol. 54, CA Cancer J Clin. 2004 [cited 2021 Jun 10].
Available from: http://caonline.amcancersoc.org

70.

PDQ Adult Treatment Editorial Board. Colon Cancer Treatment (PDQ®):
Health Professional Version [Internet]. PDQ Cancer Information Summaries.
National Cancer Institute (US); 2002 [cited 2021 Jun 10]. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/26389297

71.

AJCC Cancer Staging Manual | Mahul B. Amin | Springer [Internet]. [cited
2021 Jun 10]. Available from:
https://www.springer.com/gp/book/9783319406176

72.

Swanson RS, Compton CC, Stewart AK, Bland KI. The prognosis of T3N0
colon cancer is dependent on the number of lymph nodes examined. Ann Surg
Oncol Off J Soc Surg Oncol [Internet]. 2003 [cited 2021 Jun 10];10(1):65–71.
Available from: https://pubmed.ncbi.nlm.nih.gov/12513963/

73.

Tepper JE, O’Connell MJ, Niedzwiecki D, Hollis D, Compton C, Benson AB,
et al. Impact of number of nodes retrieved on outcome in patients with rectal
cancer. J Clin Oncol [Internet]. 2001 Jan 1 [cited 2021 Jun 10];19(1):157–63.
Available from: https://pubmed.ncbi.nlm.nih.gov/11134208/

74.

Xynos E, Tekkis P, Gouvas N, Vini L, Chrysou E, Tzardi M, et al. Clinical
practice guidelines for the surgical treatment of rectal cancer: A consensus
statement of the hellenic society of medical oncologists (hesmo). Ann
Gastroenterol [Internet]. 2016 [cited 2020 Jul 22];29(2):103–26. Available
from: https://pubmed.ncbi.nlm.nih.gov/27064746/

75.

Burton S, Brown G, Daniels IR, Norman AR, Mason B, Cunningham D. MRI
directed multidisciplinary team preoperative treatment strategy: The way to
eliminate positive circumferential margins? Br J Cancer [Internet]. 2006 Feb 13
[cited 2020 Jul 22];94(3):351–7. Available from:
https://pubmed.ncbi.nlm.nih.gov/16465171/

76.

Engstrom PF, Arnoletti JP, Benson AB, Chen YJ, Choti MA, Cooper HS, et al.
Rectal cancer [Internet]. Vol. 7, JNCCN Journal of the National
110

Comprehensive Cancer Network. Harborside Press; 2009 [cited 2021 Jun 10].
p. 838–81. Available from: https://pubmed.ncbi.nlm.nih.gov/19755047/
77.

Archampong D, Borowski D, Wille-Jørgensen P, Iversen LH. Workload and
surgeon´s specialty for outcome after colorectal cancer surgery. Cochrane
Database Syst Rev [Internet]. 2012 Mar 14 [cited 2021 Jun 10];(3). Available
from: https://pubmed.ncbi.nlm.nih.gov/22419309/

78.

van Gijn W, Krijnen P, Lemmens VEPP, den Dulk M, Putter H, van de Velde
CJH. Quality assurance in rectal cancer treatment in the Netherlands: A catch
up compared to colon cancer treatment. Eur J Surg Oncol [Internet]. 2010 Apr
[cited 2021 Jun 10];36(4):340–4. Available from:
https://pubmed.ncbi.nlm.nih.gov/19944552/

79.

Quirke P, Morris E. Reporting colorectal cancer [Internet]. Vol. 50,
Histopathology. Histopathology; 2007 [cited 2021 Jun 10]. p. 103–12.
Available from: https://pubmed.ncbi.nlm.nih.gov/17204025/

80.

Maughan NJ, Morris E, Forman D, Quirke P. The validity of the Royal College
of Pathologists’ colorectal cancer minimum dataset within a population. Br J
Cancer [Internet]. 2007 Nov 19 [cited 2021 Jun 10];97(10):1393–8. Available
from: https://pubmed.ncbi.nlm.nih.gov/17940508/

81.

Grzebieniak , Szynglarewicz B. Prognostic factors in colorectal cancer
[Internet]. Vol. 61, Przeglad lekarski. Arch Pathol Lab Med; 2004 [cited 2021
Jun 10]. p. 43–53. Available from: https://pubmed.ncbi.nlm.nih.gov/10888773/

82.

Dworak O, Keilholz L, Hoffmann A. Pathological features of rectal cancer
after preoperative radiochemotherapy. Int J Colorectal Dis [Internet]. 1997 Feb
[cited 2021 Jun 10];12(1):19–23. Available from:
https://pubmed.ncbi.nlm.nih.gov/9112145/

83.

Shia J, Guillem JG, Moore HG, Tickoo SK, Qin J, Ruo L, et al. Patterns of
Morphologic Alteration in Residual Rectal Carcinoma Following Preoperative
Chemoradiation and their Association with Long-term Outcome. Am J Surg
Pathol [Internet]. 2004 Feb [cited 2021 Jun 10];28(2):215–23. Available from:
https://pubmed.ncbi.nlm.nih.gov/15043311/

84.

Kuipers EJ, Grady WM, Lieberman D, Seufferlein T, Sung JJ, Boelens PG, et
al. Colorectal cancer. Nat Rev Dis Prim [Internet]. 2015 Nov 5 [cited 2020 Jul
22];1. Available from: https://pubmed.ncbi.nlm.nih.gov/27189416/

85.

Keum NN, Giovannucci E. Global burden of colorectal cancer: emerging
trends, risk factors and prevention strategies [Internet]. Vol. 16, Nature
Reviews Gastroenterology and Hepatology. Nature Research; 2019 [cited 2021
Jun 10]. p. 713–32. Available from:
https://pubmed.ncbi.nlm.nih.gov/31455888/

86.

Sánchez-Gundín J, Fernández-Carballido AM, Martínez-Valdivieso L,
Barreda-Hernández D, Torres-Suárez AI. New trends in the therapeutic
approach to metastatic colorectal cancer. Int J Med Sci [Internet]. 2018 Apr 3
[cited 2021 Jun 10];15(7):659–65. Available from:
https://pubmed.ncbi.nlm.nih.gov/29910669/

87.

Brown KGM, Solomon MJ, Mahon K, O’Shannassy S. Management of
colorectal cancer [Internet]. Vol. 366, The BMJ. BMJ Publishing Group; 2019
[cited 2021 Jun 10]. Available from:
111

https://pubmed.ncbi.nlm.nih.gov/31439545/
88.

Labianca R, Nordlinger B, Beretta GD, Mosconi S, Mandalà M, Cervantes A,
et al. Early colon cancer: ESMO clinical practice guidelines for diagnosis,
treatment and follow-up. Ann Oncol [Internet]. 2013 [cited 2021 Jun
10];24(SUPPL.6). Available from: https://pubmed.ncbi.nlm.nih.gov/24078664/

89.

Van Cutsem E, Cervantes A, Nordlinger B, Arnold D, The ESMO Guidelines
Working Group. Metastatic colorectal cancer: ESMO clinical practice
guidelines for diagnosis, treatment and follow-up. Ann Oncol [Internet]. 2014
Sep 1 [cited 2021 Jun 10];25:iii1–9. Available from:
https://pubmed.ncbi.nlm.nih.gov/25190710/

90.

Levin B, Lieberman DA, McFarland B, Andrews KS, Brooks D, Bond J, et al.
Screening and Surveillance for the Early Detection of Colorectal Cancer and
Adenomatous Polyps, 2008: A Joint Guideline From the American Cancer
Society, the US Multi-Society Task Force on Colorectal Cancer, and the
American College of Radiology. Gastroenterology [Internet]. 2008 [cited 2021
Jun 10];134(5):1570–95. Available from:
https://pubmed.ncbi.nlm.nih.gov/18384785/

91.

West NP, Hohenberger W, Weber K, Perrakis A, Finan PJ, Quirke P. Complete
mesocolic excision with central vascular ligation produces an oncologically
superior specimen compared with standard surgery for carcinoma of the colon.
J Clin Oncol [Internet]. 2010 Jan 10 [cited 2021 Jun 10];28(2):272–8.
Available from: https://pubmed.ncbi.nlm.nih.gov/19949013/

92.

Lanza G, Matteuzzi M, Gafa´1 R, Gafa´1 G, Orvieto E, Maestri I, et al.
CHROMOSOME 18q ALLELIC LOSS AND PROGNOSIS IN STAGE II
AND III COLON CANCER. Vol. 79, Int. J. Cancer (Pred. Oncol.). Wiley-Liss,
Inc; 1998.

93.

Jen J, Kim H, Piantadosi S, Liu Z-F, Levitt RC, Sistonen P, et al. Allelic Loss
of Chromosome 18q and Prognosis in Colorectal Cancer. N Engl J Med
[Internet]. 1994 Jul 28 [cited 2021 Jun 14];331(4):213–21. Available from:
https://pubmed.ncbi.nlm.nih.gov/8015568/

94.

Combination Chemotherapy in Treating Patients With Colon Cancer - Full
Text View - ClinicalTrials.gov [Internet]. [cited 2021 Jun 14]. Available from:
https://clinicaltrials.gov/ct2/show/NCT00046995

95.

Leucovorin and Fluorouracil Compared With Observation in Treating Patients
With Colorectal Cancer That Has Been Surgically Removed - Full Text View ClinicalTrials.gov [Internet]. [cited 2021 Jun 14]. Available from:
https://clinicaltrials.gov/ct2/show/NCT00005586

96.

Mamounas E, Wieand S, Wolmark N, Bear HD, Atkins JN, Song K, et al.
Comparative efficacy of adjuvant chemotherapy in patients with Dukes’ B
versus Dukes’ C colon cancer: Results from four National Surgical Adjuvant
Breast and Bowel Project Adjuvant Studies (C-01, C-02, C-03, and C-04). J
Clin Oncol [Internet]. 1999 [cited 2021 Jun 14];17(5):1349–55. Available
from: https://pubmed.ncbi.nlm.nih.gov/10334518/

97.

Figueredo A, Charette ML, Maroun J, Brouwers MC, Zuraw L. Adjuvant
therapy for stage II colon cancer: A systematic review from the cancer care
Ontario program in evidence-based care’s gastrointestinal cancer disease site
group [Internet]. Vol. 22, Journal of Clinical Oncology. J Clin Oncol; 2004
112

[cited 2021 Jun 14]. p. 3395–407. Available from:
https://pubmed.ncbi.nlm.nih.gov/15199087/
98.

Labianca R, Nordlinger B, Beretta GD, Brouquet A, Cervantes A. Primary
colon cancer: ESMO clinical practice guidelines for diagnosis, adjuvant
treatment and follow-up. Ann Oncol [Internet]. 2010 May 1 [cited 2021 Jun
14];21(SUPPL. 5):v70–7. Available from:
http://www.annalsofoncology.org/article/S0923753419396164/fulltext

99.

Xie YH, Chen YX, Fang JY. Comprehensive review of targeted therapy for
colorectal cancer [Internet]. Vol. 5, Signal Transduction and Targeted Therapy.
Springer Nature; 2020 [cited 2021 Jun 14]. p. 1–30. Available from:
https://doi.org/10.1038/s41392-020-0116-z

100. Cirocchi R, Trastulli S, Farinella E, Desiderio J, Vettoretto N, Parisi A, et al.
High tie versus low tie of the inferior mesenteric artery in colorectal cancer: A
RCT is needed [Internet]. Vol. 21, Surgical Oncology. Surg Oncol; 2012 [cited
2021 Jun 10]. Available from: https://pubmed.ncbi.nlm.nih.gov/22770982/
101. Heald RJ, Moran BJ, Brown G, Daniels IR. Optimal total mesorectal excision
for rectal cancer is by dissection in front of Denonvilliers’ fascia. Br J Surg
[Internet]. 2004 Jan [cited 2021 Jun 10];91(1):121–3. Available from:
https://pubmed.ncbi.nlm.nih.gov/14716805/
102. Νikolouzakis ΤΚ, Mariolis-Sapsakos T, Triantopoulou C, De Bree E, Xynos E,
Chrysos E, et al. Detailed and applied anatomy for improved rectal cancer
treatment [Internet]. Annals of Gastroenterology Hellenic Society of
Gastroenterology; Aug 25, 2019 p. 431–40. Available from:
https://pubmed.ncbi.nlm.nih.gov/31474788/
103. Stelzner S, Heinze T, Nikolouzakis TK, Torge Mees S, Witzigmann H, Wedel
T. Perirectal Fascial Anatomy: New Insights into an Old Problem. Dis Colon
Rectum [Internet]. 2020 [cited 2021 Jan 14];64(1):91–102. Available from:
https://pubmed.ncbi.nlm.nih.gov/33306535/
104. Nagtegaal ID, Marijnen CAM, Kranenbarg EK, Van De Velde CJH, Van
Krieken JHJM. Circumferential margin involvement is still an important
predictor of local recurrence in rectal carcinoma: Not one millimeter but two
millimeters is the limit. Am J Surg Pathol [Internet]. 2002 [cited 2021 Jun
10];26(3):350–7. Available from: https://pubmed.ncbi.nlm.nih.gov/11859207/
105. Quirke P, Steele R, Monson J, Grieve R, Khanna S, Couture J, et al. Effect of
the plane of surgery achieved on local recurrence in patients with operable
rectal cancer: a prospective study using data from the MRC CR07 and NCICCTG CO16 randomised clinical trial. Lancet [Internet]. 2009 [cited 2020 Jul
22];373(9666):821–8. Available from:
https://pubmed.ncbi.nlm.nih.gov/19269520/
106. Tan WS, Tang CL, Shi L, Eu KW. Meta-analysis of defunctioning stomas in
low anterior resection for rectal cancer. Br J Surg [Internet]. 2009 May [cited
2021 Jun 10];96(5):462–72. Available from:
https://pubmed.ncbi.nlm.nih.gov/19358171/
107. Fitzgerald TL, Brinkley J, Zervos EE. Pushing the envelope beyond a
centimeter in rectal cancer: Oncologic implications of close, but negative
margins. J Am Coll Surg [Internet]. 2011 Nov [cited 2021 Jun 10];213(5):589–
95. Available from: https://pubmed.ncbi.nlm.nih.gov/21856181/
113

108. Yamada K, Ogata S, Saiki Y, Fukunaga M, Tsuji Y, Takano M. Long-term
results of intersphincteric resection for low rectal cancer. Dis Colon Rectum
[Internet]. 2009 Jun [cited 2021 Jun 10];52(6):1065–71. Available from:
https://pubmed.ncbi.nlm.nih.gov/19581848/
109. Martin ST, Heneghan HM, Winter DC. Systematic review and meta-Analysis
of outcomes following pathological complete response to neoadjuvant
chemoradiotherapy for rectal cancer [Internet]. Vol. 99, British Journal of
Surgery. John Wiley and Sons Ltd; 2012 [cited 2021 Jun 10]. p. 918–28.
Available from: https://pubmed.ncbi.nlm.nih.gov/22362002/
110. Capirci C, Valentini V, Cionini L, De Paoli A, Rodel C, Glynne-Jones R, et al.
Prognostic Value of Pathologic Complete Response After Neoadjuvant
Therapy in Locally Advanced Rectal Cancer: Long-Term Analysis of 566
ypCR Patients. Int J Radiat Oncol Biol Phys [Internet]. 2008 Sep 1 [cited 2021
Jun 14];72(1):99–107. Available from:
https://pubmed.ncbi.nlm.nih.gov/18407433/
111. Habr-Gama A, Perez RO, São Julião GP, Proscurshim I, Gama-Rodrigues J.
Nonoperative Approaches to Rectal Cancer: A Critical Evaluation [Internet].
Vol. 21, Seminars in Radiation Oncology. Semin Radiat Oncol; 2011 [cited
2021 Jun 14]. p. 234–9. Available from:
https://pubmed.ncbi.nlm.nih.gov/21645869/
112. Sauer R, Fietkau R, Wittekind C, Rödel C, Martus P, Hohenberger W, et al.
Adjuvant vs. neoadjuvant radiochemotherapy for locally advanced rectal
cancer: The German trial CAO/ARO/AIO-94. Color Dis [Internet]. 2003 Sep
[cited 2021 Jun 14];5(5):406–15. Available from:
https://pubmed.ncbi.nlm.nih.gov/12925071/
113. Sauer R, Liersch T, Merkel S, Fietkau R, Hohenberger W, Hess C, et al.
Preoperative versus postoperative chemoradiotherapy for locally advanced
rectal cancer: Results of the German CAO/ARO/AIO-94 randomized phase III
trial after a median follow-up of 11 years. J Clin Oncol [Internet]. 2012 Jun 1
[cited 2021 Jun 14];30(16):1926–33. Available from:
https://pubmed.ncbi.nlm.nih.gov/22529255/
114. Valentini V, Glimelius B, Minsky BD, Van Cutsem E, Bartelink H, Beets-Tan
RGH, et al. The multidisciplinary rectal cancer treatment: Main convergences,
controversial aspects and investigational areas which support the need for an
European Consensus. In: Radiotherapy and Oncology [Internet]. Radiother
Oncol; 2005 [cited 2021 Jun 14]. p. 241–50. Available from:
https://pubmed.ncbi.nlm.nih.gov/16165238/
115. Sebag-Montefiore D, Stephens RJ, Steele R, Monson J, Grieve R, Khanna S, et
al. Preoperative radiotherapy versus selective postoperative chemoradiotherapy
in patients with rectal cancer (MRC CR07 and NCIC-CTG C016): a
multicentre, randomised trial. Lancet [Internet]. 2009 [cited 2020 Jul
22];373(9666):811–20. Available from:
https://pubmed.ncbi.nlm.nih.gov/19269519/
116. Ceelen W, Boterberg T, Pattyn P, Van Eijkeren M, Gillardin JM, Demetter P,
et al. Neoadjuvant chemoradiation versus hyperfractionated accelerated
radiotherapy in locally advanced rectal cancer. Ann Surg Oncol [Internet].
2007 Feb [cited 2021 Jun 14];14(2):424–31. Available from:
https://pubmed.ncbi.nlm.nih.gov/17096057/
114

117. Taylor FGM, Quirke P, Heald RJ, Moran B, Blomqvist L, Swift I, et al. One
millimetre is the safe cut-off for magnetic resonance imaging prediction of
surgical margin status in rectal cancer. Br J Surg [Internet]. 2011 Jun [cited
2021 Jun 14];98(6):872–9. Available from:
https://pubmed.ncbi.nlm.nih.gov/21480194/
118. Bujko K, Kepka L, Michalski W, Nowacki MP. Does rectal cancer shrinkage
induced by preoperative radio(chemo)therapy increase the likelihood of
anterior resection? A systematic review of randomised trials. Radiother Oncol
[Internet]. 2006 Jul [cited 2021 Jun 14];80(1):4–12. Available from:
https://pubmed.ncbi.nlm.nih.gov/16730086/
119. Brændengen M, Tveit KM, Berglund Å, Birkemeyer E, Frykholm G, Påhlman
L, et al. Randomized phase III study comparing preoperative radiotherapy with
chemoradiotherapy in nonresectable rectal cancer. J Clin Oncol [Internet]. 2008
[cited 2021 Jun 14];26(22):3687–94. Available from:
https://pubmed.ncbi.nlm.nih.gov/18669453/
120. Chau I, Brown G, Cunningham D, Tait D, Wotherspoon A, Norman AR, et al.
Neoadjuvant capecitabine and oxaliplatin followed by synchronous
chemoradiation and total mesorectal excision in magnetic resonance imagingdefined poor-risk rectal cancer. J Clin Oncol [Internet]. 2006 Feb 1 [cited 2021
Jun 14];24(4):668–74. Available from:
https://pubmed.ncbi.nlm.nih.gov/16446339/
121. Fernández-Martos C, Pericay C, Aparicio J, Salud A, Safont MJ, Massuti B, et
al. Phase II, randomized study of concomitant chemoradiotherapy followed by
surgery and adjuvant capecitabine plus oxaliplatin (CAPOX) compared with
induction CAPOX followed by concomitant chemoradiotherapy and surgery in
magnetic resonance imaging-defined, locally advanced rectal cancer: Grupo
Cáncer de Recto 3 study. J Clin Oncol [Internet]. 2010 Feb 10 [cited 2021 Jun
14];28(5):859–65. Available from: https://pubmed.ncbi.nlm.nih.gov/20065174/
122. Stipa F, Chessin DB, Shia J, Paty PB, Weiser M, Temple LKF, et al. A
pathologic complete response of rectal cancer to preoperative combinedmodality therapy results in improved oncological outcome compared with
those who achieve no downstaging on the basis of preoperative endorectal
ultrasonography. Ann Surg Oncol [Internet]. 2006 Aug [cited 2021 Jun
10];13(8):1047–53. Available from:
https://pubmed.ncbi.nlm.nih.gov/16865595/
123. Rossi BM, Nakagawa WT, Novaes PE, Waldec Filho DJ, Lopes A. Radiation
and chemotherapy instead of surgery for low infiltrative rectal
adenocarcinoma: A prospective trial. Ann Surg Oncol [Internet]. 1998 Mar
[cited 2021 Jun 10];5(2):113–8. Available from:
https://pubmed.ncbi.nlm.nih.gov/9527263/
124. Wang Y, Cummings B, Catton P, Dawson L, Kim J, Ringash J, et al. Primary
radical external beam radiotherapy of rectal adenocarcinoma: Long term
outcome of 271 patients. Radiother Oncol [Internet]. 2005 [cited 2021 Jun
10];77(2):126–32. Available from: https://pubmed.ncbi.nlm.nih.gov/16216364/
125. Folkesson J, Birgisson H, Pahlman L, Cedermark B, Glimelius B, Gunnarsson
U. Swedish rectal cancer trial: Long lasting benefits from radiotherapy on
survival and local recurrence rate. J Clin Oncol [Internet]. 2005 [cited 2021 Jun
14];23(24):5644–50. Available from:
115

https://pubmed.ncbi.nlm.nih.gov/16110023/
126. Bosset J-F, Collette L, Calais G, Mineur L, Maingon P, Radosevic-Jelic L, et
al. Chemotherapy with Preoperative Radiotherapy in Rectal Cancer. N Engl J
Med [Internet]. 2006 Sep 14 [cited 2021 Jun 14];355(11):1114–23. Available
from: https://pubmed.ncbi.nlm.nih.gov/16971718/
127. Sun DS, Zhang JD, Li L, Dai Y, Yu JM, Shao ZY. Accelerated
hyperfractionation field-involved re-irradiation combined with concurrent
capecitabine chemotherapy for locally recurrent and irresectable rectal cancer.
Br J Radiol [Internet]. 2012 Mar [cited 2021 Jun 14];85(1011):259–64.
Available from: https://pubmed.ncbi.nlm.nih.gov/21385917/
128. Zorcolo L, Rosman AS, Restivo A, Pisano M, Nigri GR, Fancellu A, et al.
Complete pathologic response after combined modality treatment for rectal
cancer and long-term survival: A meta-analysis. Ann Surg Oncol [Internet].
2012 Sep [cited 2021 Jun 14];19(9):2822–32. Available from:
https://pubmed.ncbi.nlm.nih.gov/22434243/
129. Maeda K, Koide Y, Katsuno H. When is local excision appropriate for “early”
rectal cancer? [Internet]. Vol. 44, Surgery Today. Springer Tokyo; 2014 [cited
2021 Jun 10]. p. 2000–14. Available from:
https://pubmed.ncbi.nlm.nih.gov/24254058/
130. Georgiou P, Tan E, Gouvas N, Antoniou A, Brown G, Nicholls RJ, et al.
Extended lymphadenectomy versus conventional surgery for rectal cancer: a
meta-analysis. Lancet Oncol [Internet]. 2009 Nov [cited 2021 Jun
10];10(11):1053–62. Available from:
https://pubmed.ncbi.nlm.nih.gov/19767239/
131. Atkinson AJ, Colburn WA, DeGruttola VG, DeMets DL, Downing GJ, Hoth
DF, et al. Biomarkers and surrogate endpoints: Preferred definitions and
conceptual framework [Internet]. Vol. 69, Clinical Pharmacology and
Therapeutics. Clin Pharmacol Ther; 2001 [cited 2021 Jun 8]. p. 89–95.
Available from: https://pubmed.ncbi.nlm.nih.gov/11240971/
132. Strimbu K, Tavel JA. What are biomarkers? [Internet]. Vol. 5, Current Opinion
in HIV and AIDS. NIH Public Access; 2010 [cited 2021 Jun 8]. p. 463–6.
Available from: /pmc/articles/PMC3078627/
133. Biomarkers In Risk Assessment: Validity And Validation (EHC 222, 2001)
[Internet]. [cited 2021 Jun 8]. Available from:
http://www.inchem.org/documents/ehc/ehc/ehc222.htm
134. Biomarkers and risk assessment: concepts and principles (EHC 155, 1993)
[Internet]. [cited 2021 Jun 8]. Available from:
http://www.inchem.org/documents/ehc/ehc/ehc155.htm
135. Das V, Kalita J, Pal M. Predictive and prognostic biomarkers in colorectal
cancer: A systematic review of recent advances and challenges. Vol. 87,
Biomedicine and Pharmacotherapy. Elsevier Masson SAS; 2017. p. 8–19.
136. Group F-NBW. Understanding Prognostic versus Predictive Biomarkers. 2016
Dec 22 [cited 2021 Jun 8]; Available from:
https://www.ncbi.nlm.nih.gov/books/NBK402284/
137. Oldenhuis CNAM, Oosting SF, Gietema JA, de Vries EGE. Prognostic versus
predictive value of biomarkers in oncology. Eur J Cancer [Internet]. 2008 May
116

1 [cited 2021 Feb 4];44(7):946–53. Available from:
https://pubmed.ncbi.nlm.nih.gov/18396036/
138. Cunningham D, Humblet Y, Siena S, Khayat D, Bleiberg H, Santoro A, et al.
Cetuximab Monotherapy and Cetuximab plus Irinotecan in IrinotecanRefractory Metastatic Colorectal Cancer. N Engl J Med [Internet]. 2004 Jul 22
[cited 2021 Jun 8];351(4):337–45. Available from: www.nejm.org
139. Douillard J-Y, Oliner KS, Siena S, Tabernero J, Burkes R, Barugel M, et al.
Panitumumab–FOLFOX4 Treatment and RAS Mutations in Colorectal Cancer
. N Engl J Med [Internet]. 2013 Sep 12 [cited 2021 Jun 8];369(11):1023–34.
Available from: https://www.nejm.org/doi/10.1056/NEJMoa1305275
140. De Roock W, Claes B, Bernasconi D, De Schutter J, Biesmans B, Fountzilas G,
et al. Effects of KRAS, BRAF, NRAS, and PIK3CA mutations on the efficacy
of cetuximab plus chemotherapy in chemotherapy-refractory metastatic
colorectal cancer: A retrospective consortium analysis. Lancet Oncol. 2010
Aug 1;11(8):753–62.
141. Gryfe R, Kim H, Hsieh ETK, Aronson MD, Holowaty EJ, Bull SB, et al.
Tumor Microsatellite Instability and Clinical Outcome in Young Patients with
Colorectal Cancer. N Engl J Med [Internet]. 2000 Jan 13 [cited 2021 Jun
8];342(2):69–77. Available from:
https://www.nejm.org/doi/full/10.1056/NEJM200001133420201
142. Ribic CM, Sargent DJ, Moore MJ, Thibodeau SN, French AJ, Goldberg RM, et
al. Tumor Microsatellite-Instability Status as a Predictor of Benefit from
Fluorouracil-Based Adjuvant Chemotherapy for Colon Cancer. N Engl J Med
[Internet]. 2003 Jul 17 [cited 2021 Jun 8];349(3):247–57. Available from:
www.nejm.org
143. Toon CW, Chou A, Desilva K, Chan J, Patterson J, Clarkson A, et al.
BRAFV600E immunohistochemistry in conjunction with mismatch repair
status predicts survival in patients with colorectal cancer. Mod Pathol
[Internet]. 2014 Oct 25 [cited 2021 Jun 8];27(5):644–50. Available from:
www.modernpathology.org
144. Zlobec I, Bihl MP, Schwarb H, Terracciano L, Lugli A. Clinicopathological
and protein characterization of BRAF- and K-RAS-mutated colorectal cancer
and implications for prognosis. Int J Cancer [Internet]. 2010 Jul 15 [cited 2021
Jun 8];127(2):367–80. Available from:
https://pubmed.ncbi.nlm.nih.gov/19908233/
145. Park YJ, Park KJ, Park JG, Lee KU, Choe KJ, Kim JP. Prognostic factors in
2230 Korean colorectal cancer patients: Analysis of consecutively operated
cases. World J Surg [Internet]. 1999 [cited 2021 Jun 8];23(7):721–6. Available
from: https://link.springer.com/article/10.1007/PL00012376
146. Locker GY, Hamilton S, Harris J, Jessup JM, Kemeny N, Macdonald JS, et al.
ASCO 2006 Update of Recommendations for the Use of Tumor Markers in
Gastrointestinal Cancer. J Clin Oncol [Internet]. 2006 Nov 20;24(33):5313–27.
Available from: https://doi.org/10.1200/JCO.2006.08.2644
147. Tan E, Gouvas N, Nicholls RJ, Ziprin P, Xynos E, Tekkis PP. Diagnostic
precision of carcinoembryonic antigen in the detection of recurrence of
colorectal cancer [Internet]. Vol. 18, Surgical Oncology. Surg Oncol; 2009
[cited 2021 Jun 26]. p. 15–24. Available from:
117

https://pubmed.ncbi.nlm.nih.gov/18619834/
148. Park YJ, Park KJ, Park JG, Lee KU, Choe KJ, Kim JP. Prognostic factors in
2230 Korean colorectal cancer patients: Analysis of consecutively operated
cases. World J Surg [Internet]. 1999 [cited 2021 Jun 26];23(7):721–6.
Available from: https://pubmed.ncbi.nlm.nih.gov/10390594/
149. Park YJ, Youk EG, Choi HS, Han SU, Park KJ, Lee KU, et al. Experience of
1446 rectal cancer patients in Korea and analysis of prognostic factors. Int J
Colorectal Dis [Internet]. 1999 Apr [cited 2021 Jun 26];14(2):101–6. Available
from: https://pubmed.ncbi.nlm.nih.gov/10367255/
150. Rui YY, Zhang D, Zhou ZG, Wang C, Yang L, Yu YY, et al. Can K-ras Gene
Mutation Be Utilized as Prognostic Biomarker for Colorectal Cancer Patients
Receiving Chemotherapy? A Meta-Analysis and Systematic Review. PLoS
One [Internet]. 2013 Oct 21 [cited 2021 Jun 26];8(10). Available from:
https://pubmed.ncbi.nlm.nih.gov/24205021/
151. Peeters M, Douillard JY, Van Cutsem E, Siena S, Zhang K, Williams R, et al.
Mutant KRAS codon 12 and 13 alleles in patients with metastatic colorectal
cancer: Assessment as prognostic and predictive biomarkers of response to
panitumumab. J Clin Oncol [Internet]. 2013 Feb 20 [cited 2021 Jun
26];31(6):759–65. Available from: https://pubmed.ncbi.nlm.nih.gov/23182985/
152. De Roock W, Jonker DJ, Di Nicolantonio F, Sartore-Bianchi A, Tu D, Siena S,
et al. Association of KRAS p.G13D mutation with outcome in patients with
chemotherapy-refractory metastatic colorectal cancer treated with cetuximab.
JAMA - J Am Med Assoc [Internet]. 2010 Oct 27 [cited 2021 Jun
26];304(16):1812–20. Available from:
https://pubmed.ncbi.nlm.nih.gov/20978259/
153. Russo A, Bazan V, Iacopetta B, Kerr D, Soussi T, Gebbia N. The TP53
colorectal cancer international collaborative study on the prognostic and
predictive significance of p53 mutation: Influence of tumor site, type of
mutation, and adjuvant treatment. J Clin Oncol [Internet]. 2005 [cited 2021 Jun
26];23(30):7518–28. Available from:
https://pubmed.ncbi.nlm.nih.gov/16172461/
154. De Roock W, Claes B, Bernasconi D, De Schutter J, Biesmans B, Fountzilas G,
et al. Effects of KRAS, BRAF, NRAS, and PIK3CA mutations on the efficacy
of cetuximab plus chemotherapy in chemotherapy-refractory metastatic
colorectal cancer: A retrospective consortium analysis. Lancet Oncol [Internet].
2010 Aug [cited 2021 Jun 26];11(8):753–62. Available from:
https://pubmed.ncbi.nlm.nih.gov/20619739/
155. Toon CW, Walsh MD, Chou A, Capper D, Clarkson A, Sioson L, et al.
BRAFV600E immunohistochemistry facilitates universal screening of
colorectal cancers for lynch syndrome. Am J Surg Pathol [Internet]. 2013 Oct
[cited 2021 Jun 26];37(10):1592–602. Available from:
https://pubmed.ncbi.nlm.nih.gov/23797718/
156. Laghi L, Bianchi P, Malesci A. Differences and evolution of the methods for
the assessment of microsatellite instability [Internet]. Vol. 27, Oncogene.
Oncogene; 2008 [cited 2021 Jun 26]. p. 6313–21. Available from:
https://pubmed.ncbi.nlm.nih.gov/18679418/
157. Locker GY, Hamilton S, Harris J, Jessup JM, Kemeny N, Macdonald JS, et al.
118

ASCO 2006 update of recommendations for the use of tumor markers in
gastrointestinal cancer [Internet]. Vol. 24, Journal of Clinical Oncology. J Clin
Oncol; 2006 [cited 2021 Jun 26]. p. 5313–27. Available from:
https://pubmed.ncbi.nlm.nih.gov/17060676/
158. Fenech M, Crott J, Turner J, Brown S. Necrosis, apoptosis, cytostasis and DNA
damage in human lymphocytes measured simultaneously within the
cytokinesis-block micronucleus assay: Description of the method and results
for hydrogen peroxide. Mutagenesis [Internet]. 1999 Nov 1 [cited 2021 Jun
15];14(6):605–12. Available from:
https://academic.oup.com/mutage/article/14/6/605/1431202
159. Lorge E, Hayashi M, Albertini S, Kirkland D. Comparison of different methods
for an accurate assessment of cytotoxicity in the in vitro micronucleus test. I.
Theoretical aspects. Mutat Res - Genet Toxicol Environ Mutagen. 2008 Aug
1;655(1–2):1–3.
160. Fenech M, Chang WP, Kirsch-Volders M, Holland N, Bonassi S, Zeiger E.
HUMN project: Detailed description of the scoring criteria for the cytokinesisblock micronucleus assay using isolated human lymphocyte cultures. Mutat
Res - Genet Toxicol Environ Mutagen. 2003 Jan 10;534(1–2):65–75.
161. Stresemann C, Brueckner B, Musch T, Stopper H, Lyko F. Functional diversity
of DNA methyltransferase inhibitors in human cancer cell lines. Cancer Res
[Internet]. 2006 Mar 1 [cited 2021 Jun 15];66(5):2794–800. Available from:
www.aacrjournals.org
162. Utani KI, Kohno Y, Okamoto A, Shimizu N. Emergence of micronuclei and
their effects on the fate of cells under replication stress. PLoS One [Internet].
2010 [cited 2021 Jun 15];5(4):10089. Available from: www.plosone.org
163. Utani KI, Kawamoto JK, Shimizu N. Micronuclei bearing acentric
extrachromosomal chromatin are transcriptionally competent and may perturb
the cancer cell phenotype. Mol Cancer Res [Internet]. 2007 Jul 1 [cited 2021
Jun 15];5(7):695–704. Available from:
https://mcr.aacrjournals.org/content/5/7/695
164. Fenech M, Kirsch-Volders M, Natarajan AT, Surralles J, Crott JW, Parry J, et
al. Molecular mechanisms of micronucleus, nucleoplasmic bridge and nuclear
bud formation in mammalian and human cells [Internet]. Mutagenesis
Mutagenesis; Jan 1, 2011 p. 125–32. Available from:
https://pubmed.ncbi.nlm.nih.gov/21164193/
165. Bolognesi C, Abbondandolo A, Barale R, Casalone R, Dalprà L, De Ferrari M,
et al. Age-related increase of baseline frequencies of sister chromatid
exchanges, chromosome aberrations, and micronuclei in human lymphocytes.
Cancer Epidemiol Prev Biomarkers. 1997;6(4).
166. Bonassi S, Neri M, Lando C, Ceppi M, Lin YP, Chang WP, et al. Effect of
smoking habit on the frequency of micronuclei in human lymphocytes: Results
from the Human MicroNucleus project. Mutat Res - Rev Mutat Res. 2003 Mar
1;543(2):155–66.
167. Luzhna L, Kathiria P, Kovalchuk O. Micronuclei in genotoxicity assessment:
From genetics to epigenetics and beyond [Internet]. Vol. 4, Frontiers in
Genetics. 2013 [cited 2021 Feb 4]. p. 131. Available from:
/pmc/articles/PMC3708156/?report=abstract
119

168. Bonassi S, Znaor A, Ceppi M, Lando C, Chang WP, Holland N, et al. An
increased micronucleus frequency in peripheral blood lymphocytes predicts the
risk of cancer in humans. Carcinogenesis [Internet]. [cited 2018 Sep
18];28(3):625–31. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/16973674
169. Bonassi S, El-Zein R, Bolognesi C, Fenech M. Micronuclei frequency in
peripheral blood lymphocytes and cancer risk: Evidence from human studies
[Internet]. Vol. 26, Mutagenesis. Mutagenesis; 2011 [cited 2021 Jun 16]. p. 93–
100. Available from: https://pubmed.ncbi.nlm.nih.gov/21164188/
170. Fenech M. Chromosomal biomarkers of genomic instability relevant to cancer
[Internet]. Vol. 7, Drug Discovery Today. Drug Discov Today; 2002 [cited
2021 Jun 16]. p. 1128–37. Available from:
https://pubmed.ncbi.nlm.nih.gov/12546856/
171. Maffei F, Moraga JMZ, Angelini S, Zenesini C, Musti M, Festi D, et al.
Micronucleus frequency in human peripheral blood lymphocytes as a
biomarker for the early detection of colorectal cancer risk. Mutagenesis
[Internet]. 2014 May 1 [cited 2021 Feb 4];29(3):221–5. Available from:
https://pubmed.ncbi.nlm.nih.gov/24668056/
172. Karaman A, Binici DN, Kabalar ME, Çalikuşu . Micronucleus analysis in
patients with colorectal adenocarcinoma and colorectal polyps. World J
Gastroenterol [Internet]. 2008 Nov 28 [cited 2021 Feb 4];14(44):6835–9.
Available from: /pmc/articles/PMC2773879/
173. Razgonova MP, Zakharenko AM, Golokhvast KS, Thanasoula M, Sarandi E,
Nikolouzakis K, et al. Telomerase and telomeres in aging theory and
chronographic aging theory (Review). Mol Med Rep [Internet]. 2020 Sep 1
[cited 2021 Feb 4];22(3):1679–94. Available from:
/pmc/articles/PMC7411297/?report=abstract
174. Bertorelle R, Rampazzo E, Pucciarelli S, Nitti D, De Rossi A. Telomeres,
telomerase and colorectal cancer. World J Gastroenterol [Internet]. 2014 Feb
28 [cited 2021 Jun 18];20(8):1940–50. Available from:
/pmc/articles/PMC3934464/
175. Ayiomamitis GD, Notas G, Zaravinos A, Zizi-Sermpetzoglou A, Georgiadou
M, Sfakianaki O, et al. Differences in telomerase activity between colon and
rectal cancer. Can J Surg [Internet]. 2014 [cited 2021 Jun 18];57(3):199–208.
Available from: /pmc/articles/PMC4035403/
176. Xu L, Li S, Stohr BA. The role of telomere biology in cancer [Internet]. Vol. 8,
Annual Review of Pathology: Mechanisms of Disease. Annual Reviews Inc.;
2013 [cited 2021 Jun 16]. p. 49–78. Available from:
https://pubmed.ncbi.nlm.nih.gov/22934675/
177. Muntoni A, Reddel RR. The first molecular details of ALT in human tumor
cells. Hum Mol Genet [Internet]. 2005 Oct 15 [cited 2021 Jun 16];14(SUPPL.
2). Available from: https://pubmed.ncbi.nlm.nih.gov/16244317/
178. Chen R, Zhu J, Dong Y, He C, Hu X. Suppressor of Ty homolog-5, a novel
tumor-specific human telomerase reverse transcriptase promoter-binding
protein and activator in colon cancer cells. Oncotarget [Internet]. 2015 [cited
2021 Feb 10];6(32):32841–55. Available from:
https://pubmed.ncbi.nlm.nih.gov/26418880/
120

179. Zhang L, Guo L, Peng Y, Chen B. Expression of T-STAR gene is associated
with regulation of telomerase activity in human colon cancer cell line HCT116. World J Gastroenterol [Internet]. 2006 Jul 7 [cited 2021 Feb
10];12(25):4056–60. Available from: /pmc/articles/PMC4087721/
180. Zou J, Yu XF, Bao ZJ, Dong J. Proteome of human colon cancer stem cells: A
comparative analysis. World J Gastroenterol [Internet]. 2011 Mar 14 [cited
2021 Feb 4];17(10):1276–85. Available from:
/pmc/articles/PMC3068262/?report=abstract
181. Yoshida R, Kiyozuka Y, Ichiyoshi H, Senzaki H, Takada H, Hioki K, et al.
Change in telomerase activity during human colorectal carcinogenesis.
Anticancer Res [Internet]. 1999 May 1 [cited 2021 Feb 4];19(3 B):2167–72.
Available from: https://pubmed.ncbi.nlm.nih.gov/10472326/
182. Rampazzo E, Del Bianco P, Bertorelle R, Boso C, Perin A, Spiro G, et al. The
predictive and prognostic potential of plasma telomerase reverse transcriptase
(TERT) RNA in rectal cancer patients. Br J Cancer [Internet]. 2018 Mar 20
[cited 2021 Feb 10];118(6):878–86. Available from:
/pmc/articles/PMC5877438/
183. Piatyszek MA, Kim NW, Weinrich SL, Hiyama K, Hiyama E, Wright WE, et
al. Detection of telomerase activity in human cells and tumors by a telomeric
repeat amplification protocol (TRAP). Methods Cell Sci [Internet]. 1995 Mar
[cited 2021 Jun 16];17(1):1–15. Available from:
https://link.springer.com/article/10.1007/BF00981880
184. Gertler R, Rosenberg R, Stricker D, Friederichs J, Hoos A, Werner M, et al.
Telomere length and human telomerase reverse transcriptase expression as
markers for progression and prognosis of colorectal carcinoma. J Clin Oncol
[Internet]. 2004 May 15 [cited 2020 Sep 30];22(10):1807–14. Available from:
https://pubmed.ncbi.nlm.nih.gov/15143073/
185. Kawanishi-Tabata R, Lopez F, Fratantonio S, Kim N, Goldblum J, Tubbs R, et
al. Telomerase activity in stage II colorectal carcinoma: Telomerase-negative
tumors are correlated with poor prognosis. Cancer [Internet]. 2002 Nov 1 [cited
2021 Jun 16];95(9):1834–9. Available from:
https://pubmed.ncbi.nlm.nih.gov/12404275/
186. Sanz-Casla MT, Vidaurreta M, Sanchez-Rueda D, Maestro ML, Arroyo M,
Cerdán FJ. Telomerase activity as a prognostic factor in colorectal cancer.
Onkologie [Internet]. 2005 Oct [cited 2021 Feb 4];28(11):553–7. Available
from: https://pubmed.ncbi.nlm.nih.gov/16249640/
187. Bertorelle R, Briarava M, Rampazzo E, Biasini L, Agostini M, Maretto I, et al.
Telomerase is an independent prognostic marker of overall survival in patients
with colorectal cancer. Br J Cancer [Internet]. 2013 Feb [cited 2021 Feb
10];108(2):278–84. Available from: /pmc/articles/PMC3566802/
188. (4) (PDF) 643 REVIEW BIOMOLECULAR PROFILE OF COLORECTAL
CANCER-THE ROLE OF TELOMERASE AS A POTENT BIOMARKER
[Internet]. [cited 2021 Jun 18]. Available from:
https://www.researchgate.net/publication/320686314_643_REVIEW_BIOMO
LECULAR_PROFILE_OF_COLORECTAL_CANCERTHE_ROLE_OF_TELOMERASE_AS_A_POTENT_BIOMARKER
189. Skvortsov DA, Zvereva ME, Shpanchenko O V, Dontsova OA. Assays for
121

Detection of Telomerase Activity. Acta Naturae [Internet]. 2011 Mar 15 [cited
2021 Jun 18];3(1):48–68. Available from: /pmc/articles/PMC3347595/
190. Dervenis C, Xynos E, Sotiropoulos G, Gouvas N, Boukovinas I, Agalianos C,
et al. Clinical practice guidelines for the management of metastatic colorectal
cancer: A consensus statement of the Hellenic Society of Medical Oncologists
(HeSMO). Ann Gastroenterol [Internet]. 2016 [cited 2021 Feb 5];29(4):390–
416. Available from: https://pubmed.ncbi.nlm.nih.gov/27708505/
191. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R, et al.
New response evaluation criteria in solid tumours: Revised RECIST guideline
(version 1.1). Eur J Cancer [Internet]. 2009 Jan [cited 2021 Feb 5];45(2):228–
47. Available from: https://pubmed.ncbi.nlm.nih.gov/19097774/
192. Stivaktakis P, Vlastos D, Giannakopoulos E, Matthopoulos DP. Differential
micronuclei induction in human lymphocyte cultures by imidacloprid in the
presence of potassium nitrate. ScientificWorldJournal [Internet]. 2010 Jan 8
[cited 2021 Jun 26];10:80–9. Available from:
https://pubmed.ncbi.nlm.nih.gov/20062955/
193. Steelman LS, Chappell WH, Abrams SL, Kempf CR, Long J, Laidler P, et al.
Roles of the Raf/MEK/ERK and PI3K/PTEN/Akt/mtor pathways in controlling
growth and sensitivity to therapy-implications for cancer and aging [Internet].
Vol. 3, Aging. Impact Journals LLC; 2011 [cited 2021 Jun 26]. p. 192–222.
Available from: https://pubmed.ncbi.nlm.nih.gov/21422497/
194. Kopjar N, Želježić D, Vrdoljak AL, Radić B, Ramić S, Milić M, et al.
Irinotecan toxicity to human blood cells in vitro: Relationship between various
biomarkers. Basic Clin Pharmacol Toxicol [Internet]. 2007 Jun 1 [cited 2021
Jun 26];100(6):403–13. Available from:
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1742-7843.2007.00068.x
195. Akiyama M, Horiguchi-Yamada J, Saito S, Hoshi Y, Yamada O, Mizoguchi H,
et al. Cytostatic concentrations of anticancer agents do not affect telomerase
activity of leukaemic cells in vitro. Eur J Cancer [Internet]. 1999 Feb [cited
2021 Jun 26];35(2):309–15. Available from:
https://pubmed.ncbi.nlm.nih.gov/10448276/
196. (No Title) [Internet]. [cited 2021 Jun 26]. Available from:
https://www.ema.europa.eu/en/documents/scientific-discussion/erbitux-eparscientific-discussion_en.pdf

122

ONCOLOGY LETTERS 17: 2703-2712, 2019

Effect of systemic treatment on the micronuclei frequency in the
peripheral blood of patients with metastatic colorectal cancer
TAXIARCHIS KONSTANTINOS NIKOLOUZAKIS1, POLYCHRONIS D. STIVAKTAKIS2, PARASKEVI APALAKI3,
KATERINA KALLIANTASI3, THEODOROS MARIOLIS SAPSAKOS4, DEMETRIOS A. SPANDIDOS5,
ARISTIDIS TSATSAKIS3, JOHN SOUGLAKOS6 and JOHN TSIAOUSSIS1
1

Laboratory of Anatomy-Histology-Embryology, Medical School, University of Crete, 71110 Heraklion;
2
Laboratory of Toxicology, Medical School, University of Crete, 71409 Heraklion;
3
Department of Forensic Sciences and Toxicology, Medical School, University of Crete, 71003 Heraklion;
4
Laboratory of Anatomy and Histology, Nursing School, National and Kapodistrian University of Athens, 11527 Athens;
5
Laboratory of Clinical Virology, Medical School, University of Crete, 71003 Heraklion;
6
Department of Medical Oncology, University General Hospital of Heraklion, 71110 Heraklion, Greece
Received November 2, 2018; Accepted December 12, 2018
DOI: 10.3892/ol.2019.9895
Abstract. Colorectal cancer (CRC) is the third most diagnosed type of cancer affecting males, and the second most
diagnosed type of cancer affecting females, and one of the
leading causes of cancer‑related mortality globally. The estimation of the micronuclei (MN) frequency in peripheral blood
lymphocytes (PBLs) from patients with CRC is proposed as
a prognostic/predictive easy‑to‑use biomarker. In this study,
we aimed to investigate the effects of systemic treatment on
the MN frequency in PBLs from patients with CRC in order
to determine the effectiveness of the MN frequency as a
biomarker. For this purpose, from 2016 to 2018, we quantified
the MN frequency as a prognostic/predictive biomarker in

serial samples from 25 patients with metastatic CRC (mCRC)
using cytokinesis block micronucleus assay (CBMN assay).
The MN frequency in the PBLs of the patients was evaluated before, during the middle and at the end of the therapy
(approximately 0, 3 and 6 months). The results revealed a
common pattern regarding the fluctuation in the MN frequency.
Statistical analysis confirmed that when the disease response
was estimated with radiological criteria, a good response was
depicted at the MN frequency and vice versa. Consequently,
the findings of this study suggest that the MN frequency may
serve as a promising prognostic/predictive biomarker for the
monitoring of the treatment response of patients with CRC.
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Colorectal cancer (CRC) is third most commonly diagnosed
type of cancer affecting males, following lung and prostate
cancer, and the second one affecting females, following breast
cancer (1). In fact, CRC is a polygenic disease, which arises
both from epigenetic, as well as genetic alterations in a variety
of oncogenes, tumor suppressor genes, mismatch repair genes
and cell cycle regulating genes in colon mucosal cells (2). Due
to late diagnosis, approximately a quarter (20‑25%) of CRC
cases at the time of diagnosis present distant metastases, and
another quarter of patients with early resectable CRC will
eventually develop metastatic disease, most often in the liver.
It has been described that different pathways lead to
carcinogenesis in the colonic epithelium; however, the majors
ones are the following: Chromosomal instability (CIN),
microsatellite instability (MSI) and the CpG island methylation phenotype (CIMP) (3). All these pathways attribute to
the transformation of an adenoma to carcinoma, a multistep
carcinogenic process known as the adenoma‑carcinoma
sequence (4), which is considered to be a common process
in all CRCs (5). As CRC is an heterogeneous disease, it
exhibits various clinical manifestations, biological behavior
and an in‑tumor variety of mutations (6), making it a true
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challenge for the clinician. Despite the fact that left‑sided
colon cancer (LCC) accounts for the majority of CRC cases,
the number of cases with right‑sided colon cancer (RCCs) is
constantly rising (7). The female sex, age, a previous history
of cancer and insulin resistance are some of the risk factors
that have been associated with RCC, while a low‑fiber diet,
smoking and alcoholism have been associated with LCC (8,9).
Moreover, LCC is commonly associated with metastasis to
the liver and lungs, while RCC tends to be more differentiated and is associated with metastasis to the regional lymph
nodes and the peritoneal cavity (10). In fact, it is estimated
that approximately 22% of patients with CRC present with
stage IV metastatic CRC (mCRC) at the time of diagnosis,
indicating that, if treated, the expected 5‑year‑survival rate is
only 13% (11). In this setting, chemotherapy is mainly used
as a palliative measure in order to improve the quality of life
and achieve the optimum survival. However, not all patients
with stage IV disease exhibit the same response to treatment,
even if the underlying genetic status is the same (12). This is
the cornerstone of the research for prognostic and predictive
biomarkers; the in‑group difference.
Micronuclei (MN), or Howell‑Jolly bodies, are small
intracellular particles enwrapped in a nuclear envelope. They
are formed as a result of acentric chromatid/chromosome
fragments (mainly due to extensive DNA damage) or whole
chromatids/chromosomes (mainly due to mitotic spindle
failure, kinetochore damage, centromeric DNA hypomethylation and defects in the cell cycle control system) that during
the anaphase of dividing cells do not follow the rest of the
chromosomes and are not included in the nucleus during
telophase. Instead, enwrapped by the nuclear membrane, they
form daughter nuclei‑like structures that are just a fraction
of the size of the mother nucleus (13,14). Numerous studies
have evaluated the use of MN frequency (MNf) in different
cell types and lines in order to determine whether it can be
used as an effective biomarker for various types of cancer
(including lung, bladder and colorectal cancer) (15‑17). Almost
all of these studies agree that MNf is a sensitive indicator
of cancer since, compared to healthy controls, there is a
significant increase in MN formation regardless of the type of
cancer. However, for patient's convenience, peripheral blood
lymphocytes (PBLs) are preferably used. What is more, those
who evaluated MNf in CRC did prove an increased MNf (thus
indicating its possible use as a diagnostic biomarker), but did
not evaluate their patients in the long‑term and did not include
cases with metastatic disease. Hence, the importance of MNf
as a prognostic and/or predictive biomarker in mCRC has not
yet been investigated in detail, at least to the best of our knowledge. The only published attempt to illuminate the prognostic
properties of MNf, to the best of our knowledge, comes from a
team which evaluated MNf in urothelial cells of patients with
bladder cancer (18,19).
Thus, under this scope, the present study aimed to assess
the efficiency of MNf as a biomarker for the prognosis and
disease/treatment prediction of patients with mCRC.
Patients and methods
Patients and study protocol. The protocol of this study was
approved by the Ethics Committee for Patients and Biological

Material of the University Hospital of Heraklion (Heraklion,
Greece). During the period between December, 2016 and
February, 2018, 27 patients referred to the Department of
Medical Oncology of the University Hospital of Heraklion
were enrolled in this study. All patients signed a written
consent. The inclusion criteria were as follows: i) Patients with
mCRC treated with 1st line systemic treatment according to
the Hellenic Society of Medical Oncologists (HeSMO) guidelines (20); and ii) an age between 50‑75 years. The exclusion
criteria were as follows: i) Failure to complete the therapeutic
regimen for any reason (toxicity, refusal of the patient, or death);
and ii) the refuse of the patient to attend the study. Based on
the chemotherapeutic protocol that was selected [folinic acid
with5‑fluorouracil and oxaliplatin (FOLFOX) or folinic acid
with5‑fluorouracil and irinotecan (FOLFIRI) with or without a
biological factor], patients were further divided into subgroups.
Another division of the patients was made based on their body
mass index (BMI) before treatment (BMI <25, BMI ≥25 but
≤30, and BMI >30). The RECIST criteria version 1.1 were used
for the evaluation of the treatment response (21). According to
these criteria, patients were evaluated at the end of the therapy
and were divided into 3 subgroups as follows: Good response,
stable disease and no response. Peripheral blood samples were
collected at fixed time-points, namely before the beginning of
the therapy, 3 months after the initiation of treatment and at
the end of treatment (at 0, 3 and 6 months of treatment, respectively) for the evaluation for MNf using the cytokinesis block
micronucleus assay (CBMN assay). By June, 2018, 25 out of
the 27 patients had completed the study. One patient presented
with increased toxicity and terminated the therapy and the
other one died due to a heart failure as a result of a lower respiratory tract infection. Finally, 10 healthy individuals (5 male
and 5 female) were recruited from the Health Center of Agia
Varvara, Heraklion, Crete, after receiving a thorough explanation about the study, how their samples would be handled and
signing a written consent. The inclusion criteria were an age
between 55 and 70 years and a personal history free of cancer,
autoimmune diseases and COPD. Exclusion criteria were the
presence of the above‑mentioned diseases, direct exposure at
any time to pesticides and/or herbicides and the lack of will of
the participant.
MN test. The MN test is an official regulatory ‘tool’ in the
European Legislation (B.12, Regulation 440/2008/EC) validated by OECD (22). Whole blood (0.5 ml) was added to 6.5 ml
Ham's F‑10 medium (Gibco/Thermo Fisher Scientific, Waltham,
MA USA), 1.5 ml fetal bovine serum (Standard Fetal Bovine
Serum, certified, US origin, Gibco/Thermo Fisher Scientific),
and 0.3 ml phytohemagglutinin Μ (PHA‑M; 10 ml, Thermo
Fisher Scientific). Cultures were incubated at 37˚C for a period
of 72 h. Six micrograms per milliliter of cytochalasin‑B (white
to off‑white powder, ≥98% 5 mg; Acros Organics, Inc./Thermo
Fisher Scientific) was added 44 h following culture initiation. Peripheral blood lymphocytes (PBLs) were collected by
centrifugation at 400 x g (1,500 rpm) at 20˚C for 25 min at
72 h post‑incubation. A mild hypotonic solution of Ham's F‑10
medium and milli‑Q water (1:1, v/v) was added to the cell solution and left for 3 min at room temperature. The cells were
fixed with a methanol:acetic acid solution (5:1, v/v) placed on
microscope slides and stained with Giemsa (Gibco/Thermo
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Table I. Patient characteristics (age, sex, ECOG performance
status, location of the primary tumor, number of metastatic
sites, BRAFV600E status, KRAS exon 2 status, NRAS status,
MMR status).

Table II. Patient data regarding the therapeutic protocol, biological agent and BMI.

Characteristic

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Median/mean age (range), years
Sex
Male
Female

Performance status (ECOG)
0
1
Location
Right-sided
Left-sided

Median/mean number of
metastatic sites (range)
Liver
Lung
Lymph nodes
Peritoneum
BRASV600E status
WT
Mutant
Unknown

KRAS exon 2 mutation
WT
Mutant
Unknown
NRAS mutation
WT
Mutant
Unknown
MMR status
Proficient
Deficient
Unknown

Ν=25

%

67/66.04 (50-75)
12
13

48
52

22
3

88
12

6
19

24
76

3.5/4.8 (0-20)
3/3.4 (0-10)
0/2.33 (0-13)
0/1.33 (0-7)
13
2
10

52
10
40

13
10
2

52
40
8

11
2
12

44
8
48

9
2
14

36
8
56

Fisher Scientific) 15% at 25˚C for 30 min, as previously
described (23,24). The slides were then placed under a Nikon
Eclipse E200 microscope (Nikon Holdings Europe B.V.,
Amsterdam, The Netherlands) where the binucleated cells (BN
cells) and MN were viewed. One thousand BN cells with an
intact cytoplasm were scored per slide for each sample, in order
to calculate the MNf. Standard criteria were used for scoring
the MN (25). The cytokinesis block proliferation index (CBPI)
is given by the following equation:
		
M1 + 2M2 + 3(M3 + M4)
CBPI = --------------------------------------------		 N
where M1, M2, M3 and M4 correspond to the number of cells
with 1, 2, 3, and 4 nuclei and ‘N’ is the total number of cells.

Patient no.

Chemotherapy

Biologic factor

BMI

FOLFIRI
FOLFOX
FOLFIRI
FOLFIRI
FOLFIRI
FOLFOX
FOLFIRI
FOLFIRI
FOLFIRI
FOLFIRI
FOLFOX
FOLFOX
FOLFIRI
FOLFOX
FOLFOX
FOLFIRI
FOLFIRI
FOLFIRI
FOLFOX
FOLFOX
FOLFOX
FOLFOX
FOLFOX
FOLFOX
FOLFOX

No
Cetuximab
Bevacizumab
Bevacizumab
No
Cetuximab
No
Aflibercept
Aflibercept
Aflibercept
Aflibercept
Cetuximab
Cetuximab
Bevacizumab
No
Aflibercept
Cetuximab
Bevacizumab
No
Bevacizumab
Bevacizumab
No
No
Panitumumab
Panitumumab

34.7
25.76
20.68
29.17
32.46
32.46
20.44
25.24
36.48
37.63
41.59
25.71
31.16
26.21
32.0
30.77
24.14
21.87
24.03
25.83
32.71
26.44
25.53
18.36
18.75

BMI, body mass index; FOLFIRI, folinic acid with 5-fluorouracil and
irinotecan; FOLFOX, folinic acid with 5-fluorouracil and oxaliplatin.

These parameters were calculated by counting 2,000 cells, in
order to determine the possible cytotoxic effects, as previously
described (26).
Statistical analysis. Statistical analysis of the MN data was
performed with the G‑test for independence on 2x2 tables. The
Chi‑squared test was used for the analysis of the CBPI data.
The level of significance was set at 0.05. One‑way ANOVA
was applied to estimate differences between 3 groups. Mean
plots with error bars and bar charts were used for the graphical
presentation of the data. The IBM SPSS Statistics Package 21.0
was used for data analysis and for the graphic representation
of the data. The level of acceptance of null hypotheses was set
at the 0.05 level.
Results
The patient characteristics are shown in Table I, while the
type of chemotherapy, the biological factor and the BMI of
each patient are presented in Table II. Out of the 25 patients,
12 were treated with FOLFIRI and 13 with FOLFOX, while
18 of them were additionally treated with a biological agent
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Figure 1. (A) MNf of all patients for the three time‑points exhibiting a mixed ‘v’ and ‘Λ’ trend. (B) MNf of the good response group presenting a shallow ‘v’ trend.
(C) MNf of the stable disease group presenting a very shallow ‘v’ trend. (D) MNf of the no response group presenting a deep ‘v’ trend. MNf, micronuclei frequency.

(cetuximab, aflibercept, bevacizumab or panitumumab). The
mean BMI was 28.07 (ranging from 18.36 to 41.59).
In the control group (10 individuals), the mean values
of binucleated cells with micronuclei (BNMN), and MN
and CBPI values were 6.91±1.14, 7.91±1.14 and 1.34±0.04
respectively. Fig. 1 illustrates the MNf trends of each patient
when interpreted as one group (Fig. 1A), as a good response
group (Fig. 1B), as a stable disease group (Fig. 1C) and as a no
response group (Fig. 1D) across their treatment (at the beginning, middle and end). Fig. 1A exhibits a mixed ‘v’ and ‘Λ’
trend, Fig. 1Ba shallow ‘v’ trend, Fig. 1C a very shallow ‘v’
trend, and Fig. 1Da deep ‘v’ trend.
Data regarding the mean values of BNMN, MN and CBPI
and the related P‑values when patients were treated as a solid
group are presented in Table III. Table IIIA shows the data
from the comparison of all the patient mean MNf, BNMN and
CBPI values to those of the controls. For all time‑points (before,
middle and after treatment) the patient mean BNMN and
MNf values [BNMN: Before, 23.84±5.58 (P<0.001); middle,
15.56±3.54 (P=0.004); and after, 15.21±5.53 (P=0.006); MNf:
Before, 26.28±6.30 (P<0.001); middle, 17.40±4.08 (P=0.003);
and after, 17.29±6.19 (P=0.004)] were significantly higher
compared to those of the controls. However, no significant
differences were observed for CBPI (before, 1.30±0.05;
middle, 1.32±0.06; and after, 1.31±0.02).
Table IIIB shows the results from the comparison between
patients with BMI <25 (7 patients) and BMI ≥25 but ≤30
(8 patients) before therapy. The mean BNMN and MNf values
were as follows: (BNMN: BMI <25, 24.00±5.69; BMI ≥25 but
≤30, 23.88±6.79; MNf: BMI <25, 25.57±5.88; BMI ≥25 but
≤30, 26.13±7.26) and did not exhibit any significant differences
(BMI 25‑30 vs. BMI <25; P=0.98 and P=0.91, respectively).

Furthermore, the results from the comparison between patients
with BMI <25 and BMI >30 (10 patients) before therapy
(BNMN: BMI <25, 24.00±5.69; and BMI >30, 23.70±5.06;
MNf: BMI <25, 25.57±5.88; and BMI >30, 26.50±7.97) also
did not exhibit any significant difference (P=0.95 and P=0.85,
respectively). The mean CBPI was almost the same for all
the BMI groups (BMI <25, 1.29±0.05; BMI ≤25 but ≤30,
1.31±0.05; and BMI >30, 1.32±0.06).
Table IIIC shows the results when all the patient mean
BNMN, MNf and CBPI values at the middle (BNMN,
15.56±3.54; MNf, 17.40±4.08; CBPI, 1.32±0.06) and at the
end (after) (BNMN, 15.21±5.53; MNf, 17.29±6.19; CBPI,
1.31±0.02) were compared to those before treatment (BNMN,
23.84±5.58; MNf, 26.28±6.30; CBPI, 1.30±0.05). The comparison of the mean BNMN, MNf and CBPI values at the middle
against those at the beginning of treatment revealed that the
mean BNMN values were not significantly lower (P= 0.05),
while the mean MNf values were (P=0.04). The comparison
of the mean BNMN, MNf and CBPI values at the end against
those at the beginning of treatment revealed that both the mean
BNMN and MNf values were significantly lower (P=0.04 and
P=0.04, respectively). The CBPI values were again almost the
same for both time-points.
Data regarding the mean values of BNMN and MN and
the related P‑values when patients were divided into subgroups
are presented in Table IV. Table IVA shows the results from the
comparison of the samples before treatment from the patients
with a good response (13 patients) against those who were stable
(4 patients) and those with no response (8 patients). The mean
BNMN values before treatment for the good, stable and no
response groups were 22.31±5.28, 23.00±6.38 and 26.75±5.20,
respectively. The comparison between the groups did not reveal any
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Table III. Statistical analysis of MN assay in cultures of peripheral blood lymphocytes showing BN scored, mean frequency of
BNMN, mean frequency of MN and CBPI, for the mean BNMN, MNf and CBPI values.
A, all vs. controls
Group

BN cells
scored

Control
Before
Middle
After

10,000
25,000
25,000
25,000

BNMN			
(means ± SE)
G
P-value

MNf			
(means ± SE)
G
P-value

CBPI
(means ± SE)

6.91±1.14			 7.91±1.14			
23.84±5.58
25.47
<0.001
26.28±6.30
26.71
<0.001
15.56±3.54
8.03
0.004
17.40±4.08
8.54
0.003
15.21±5.53
7.47
0.006
17.29±6.19
8.37
0.004

1.34±0.04
1.30±0.05
1.32±0.06
1.31±0.02

B, BMI 25-30 vs. <25 and >30 vs. <25
Group
ΒΜΙ <25
ΒΜΙ 25-30
ΒΜΙ >30

BN cells
scored

BNMN			
(means ± SE)
G
P-value

MNf			
(means ± SE)
G
P-value

CBPI
(means ± SE)

7,000
8,000
10,000

24.00±5.69			
23.88±6.79
0.006
0.98
23.70±5.06
0.004
0.95

25.57±5.88			
26.13±7.26
0.012
0.91
26.50±7.97
0.03
0.85

1.29±0.05
1.31±0.05
1.32±0.06

MNf			
(means ± SE)
G
P-value

CBPI
(means ± SE)

C, middle vs. before and after vs. before therapy
Group

BN cells
scored

Before
Middle
After

25,000
25,000
25,000

BNMN			
(means ± SE)
G
P-value

23.84±5.58			 26.28±6.30			 1.30±0.05
15.56±3.54
3.85
0.05
17.40±4.08
3.99
0.04
1.32±0.06
15.21±5.53
4.24
0.04
17.29±6.19
4.11
0.04
1.31±0.02

Values in bold font indicate statistically significant differences (P<0.05) compared with the controls or as indicated. G indicates 2POi ln(Oi/Ei),
where ‘Oi’ is the observed frequency in a cell, ‘Ei’ is the expected frequency under the null hypothesis, ‘ln’ denotes the natural logarithm and
the sum is taken over all non-empty cells. SE, standard error; BN, binucleated cells (for each patient 1,000 BN cells were scored; 25,000 cells
in total for each endpoint); BNMN, binucleated cells with micronuclei; CBPI, cytokinesis block proliferation index; BMI, body mass index.

significant differences (good vs. stable, P=0.88; and good vs. no
response, P=0.36). The mean MNf values before treatment for the
good, stable and no response group were 24.23±5.60, 27.25±8.85
and 29.13±5.59, respectively. The comparison between the groups
did not reveal any significant differences (good vs. stable, P=0.54;
and good vs. no response, P=0.33).
Table IVB shows the results from the comparison of the
samples at the middle of treatment from the patients with a
good response against those which were stable and those with
no response. The mean BNMN values for the good, stable and
no response groups at the middle of therapy were 15.23±4.53,
15.75±0.96 and 16.00±2.62, respectively. The comparison
between the groups did not reveal any significant differences
(good vs. stable, P=0.89; and good vs. no response, P=0.84).
The mean MNf before treatment for the good, stable and no
response group were 16.92±5.11, 17.75±0.96 and 18.00±3.34,
respectively. The comparison between the groups did not
reveal any significant differences (good vs. stable, P=0.84; and
good vs. no response, P=0.79).
Table IVC shows the results from the comparison of the
samples at the end of the treatment from the patients with a
good response against those with a stable response and those

with no response. The mean end BNMN values for the good,
stable and no response group were 12.67±4.21, 17.00±3.74 and
18.57±7.04, respectively. The comparison between the groups
did not reveal any significant differences (good vs. stable,
P=0.24; and good vs. no response, P=0.12). The mean MNf
values before treatment for the good, stable and no response
group were 14.50±4.76, 19.25±4.34 and 21.00±7.85, respectively. The comparison between the groups did not reveal
any significant differences (good vs. stable, P=0.70; and
good vs. no response, P=0.11).
Table IVD shows the results from the comparison of the
mean BNMN and MNf values from the good response group
before therapy against those at the middle and after therapy.
The mean BNMN values before, middle and after therapy
were 22.31±5.28, 15.23±4.53 and 12.67±4.21, respectively. The
mean MNf values for the same time‑points were 24.23±5.60,
16.92±5.11 and 14.50±4.76, respectively. The comparison
between time‑points revealed a significant decrease only
when after treatment was compared with before treatment, with an insignificant decrease at the middle (BNMN:
Before vs. middle, P=0.09; and before vs. after, P=0.01; MNf:
Before vs. middle, P=0.09; and before vs. after, P=0.02).

2708

NIKOLOUZAKIS et al: MICRONUCLEI FREQUENCY AS A POTENTIAL BIOMARKER FOR mCRC

Table IV. Statistical analysis of the mean BNMN and MNf at different time-points.
A, before therapy: Stable vs. good and no response (No res vs. good).
Group

BN cells scored

Good
Stable
No res

13,000
4,000
8,000

BNMN (means ± SE)

G

P-value

MNf (means ± SE)

G

P-value

0.37
0.95

0.54
0.33

G

P-value

0.04
0.07

0.84
0.79

G

P-value

0.15
2.60

0.70
0.11

G

P-value

24.23±5.60
16.92±5.11
14.50±4.76

2.84
5.52

0.09
0.02

MNf (means ± SE)

G

P-value

27.25±8.85
17.75±0.96
19.25±4.34

4.45
3.01

0.03
0.08

MNf (means ± SE)

G

P-value

29.13±5.59
18.00±3.34
21.00±7.85

5.91
2.87

0.02
0.09

22.31±5.28			 24.23±5.60
23.00±6.38
0.02
0.88
27.25±8.85
26.75±5.20
0.85
0.36
29.13±5.59

B, at the middle of treatment: Stable vs. good and No res vs. good.
Group

BN cells scored

Good
Stable
No res

13,000
4,000
8,000

BNMN (means ± SE)

G

P-value

MNf (means ± SE)

15.23±4.53			 16.92±5.11
15.75±0.96
0.02
0.89
17.75±0.96
16.00±2.62
0.04
0.84
18.00±3.34

C, after therapy: Stable vs. good and No res vs. good.
Group

BN cells scored

Good
Stable
No res

13,000
4,000
8,000

BNMN (means ± SE)

G

P-value

MNf (means ± SE)

12.67±4.21			 14.50±4.76
17.00±3.74
1.35
0.24
19.25±4.34
18.57±7.04
2.43
0.12
21.00±7.85

D, good response: Middle vs. before and after vs. before.
Group

BN cells scored

Before
Middle
After

13,000
13,000
13,000

BNMN (means ± SE)

G

P-value

MNf (means ± SE)

22.31±5.28			
15.23±4.53
2.93
0.09
12.67±4.21
6.06
0.01

E, stable response: middle vs. before and after vs. before.
Group

BN cells scored

BNMN (means ± SE)

Before
Middle
After

4,000
4,000
4,000

23.00±6.38
15.75±0.96
17.00±3.74

G

P-value

		
2.97
0.08
1.94
0.16

F, no response: middle vs. before and after vs. before.
Group

BN cells scored

Before
Middle
After

8,000
8,000
8,000

BNMN (means ± SE)

G

P-value

26.75±5.20			
16.00±2.62
6.11
0.01
18.57±7.04
3.24
0.07

Values in bold font indicate statistically significant differences (P<0.05) compared with the controls or as indicated. G indicates 2POi ln(Oi/Ei),
where ‘Oi’ is the observed frequency in a cell, ‘Ei’ is the expected frequency under the null hypothesis, ‘ln’ denotes the natural logarithm and
the sum is taken over all non-empty cells. SE, standard error; BN, binucleated cells (for each patient 1,000 BN cells were scored; 25,000 cells
in total for each endpoint); BNMN, binucleated cells with micronuclei.

Table IVE shows the results from the comparison of the
mean BNMN and MNf values from the stable group before

therapy against those at the middle and after therapy. The
mean BNMN values before, middle and after therapy were
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23.00±6.38, 15.75±0.96 and 17.00±3.74, respectively. The
mean MNf values for the same time‑points were 27.25±8.85,
17.75±0.96 and 19.25±4.34, respectively. The comparison
between time‑points revealed a significant decrease only for
MNf when middle was compared with before treatment, while
BNMN for the same time‑point exhibited an insignificant
decrease. At the end of the therapy, both the BNMN and MNf
values increased so that there were no significant difference
between before and after therapy (BNMN: Before vs. middle,
P=0.08; and before vs. after, P=0.16; MNf: Before vs. middle,
P=0.03; and before vs. after, P=0.08).
Table IVF shows the results from the comparison of mean
BNMN and MNf values from the no response group before
therapy against those at the middle and after therapy. The
mean BNMN values before, middle and after therapy were
26.75±5.20, 16.00±2.62 and 18.57±7.04, respectively. The
mean MNf values for the same time‑points were 29.13±5.59,
18.00±3.34 and 21.00±7.85, respectively. The comparison
between time‑points revealed a significant decrease only when
middle was compared with before therapy both for BNMN and
MNf. On the contrary, at the end of the therapy, both BNMN
and MNf increased so that there was no significant difference
between before and after treatment (BNMN: before vs. middle,
P=0.01; and before vs. after, 0.07; MNf: before vs. middle,
P=0.02; and before vs. after, P=0.09).
Discussion
The results of the current study indicated that patients diagnosed with metastatic CRC, regardless of sex and BMI, had
high rates of BNMN and MNf. Τhis was found both before
and throughout the systemic therapy, even though they tended
to decrease after therapy, but never to the degree of the individuals without cancer. In parallel, they had the same CBPI
with healthy individuals that remained stable throughout treatment, while no change in the CBPI was evidenced at any point
time or for any group.
It is well established that MN assay is a sensitive indicator of
genomic damages of exogenous and endogenous origin (23,27).
MNf in PBLs represents an indirect, intracellular indicator of
chromosomal and genomic instability (high levels of MN are
indicative of extended damages of the DNA repair system and
in chromosomal division) (17,28‑30). It has been proven that,
even though MNf does not differ between the two sexes (31),
it does between young and older and between normal‑weight
and obese individuals as a result of the accumulation of genetic
damage (31,32). These facts support the hypothesis that the
CBMN assay can be used as an indicator of the genotoxic and
cytotoxic state (33). Indeed, it has previously been concluded
that high levels of MN are linked to cancer (16). Moreover, a
number of theories support the hypothesis that MNf can be used
as a tool for cancer prognosis (18,19,34); however, they all agree
that further investigations are required to verify this claim.
This study focused on the evaluation of MNf as a potential
prognostic/predictive biomarker for CRC monitoring in a
rather common group of patients with CRC, those with distant
metastases (stage IV disease). For this purpose, 25 patients
with stage IV CRC from a single oncologic center were
included. Based on the current therapeutic guidelines for
stage IV CRC, these patients underwent treatment with either
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FOLFOX or FOLFIRI with an addition of a biological factor
based on their underlying genetic status (RAS and BRAF
mutations). Folinic acid and 5‑fluorouracil are the common
compounds of the FOLFOX and FOLFIRI regimens, while
oxaliplatin and irinotecan are the compounds that differentiate
them, respectively. Bibliographic data have indicated that FA
is an anti‑clastogenic agent which significantly reduces the
percentage of BNMN (35). It has been found that oxaliplatin
induces cytogenetic damage (BNMN) through its clastogenic
action, possibly through interfering with topoisomerase II (36).
As regards irinotecan, Kopjar et al, using the CBMN assay,
observed a dose‑dependent increase in MNf in an in vitro
study with human lymphocytes (37). Another study on irinotecan also found a significant increase of BNMN, but in a
non‑dose‑dependent manner (38). However, to the best of our
knowledge, there is no study available to date estimating the
MNf and BNMN using the actual combination of FOLFOX or
FOLFIRI with or without biological agents. Moreover, to the
best of our knowledge, this study is the first one conducted with
such a patient group and, thus, any interpretation of the data
presented will be based mainly on data coming from different
patient groups and thus should be treated accordingly.
CBPI is a tool widely used not only to better understand
the BNMN results, but also to estimate any cytotoxic effect
from chemical agents on cell cultures that use cytochalasin B
expressed by an altered proliferation cells (38). As regards the
best understanding of BNMN results, when CBPI is indifferent
between time‑points, then MNf results are comparable and
any fluctuation of MNf can be attributed solely to the disease
and/or the systemic treatment. As for the cytotoxicity, when
the CBPI value is close to one, there is no cytotoxic event.
However, in order to extract safer conclusions regarding cytotoxicity, patient CBPIs are compared to those of the control
and not to the unit. In this study, if we address all patients as
one solid group, before the beginning of the therapy, we can
see that there was no difference in their CBPI values compared
with the healthy individuals, suggesting no cytotoxicity from
the disease. Moreover, we can see that CBPI remained almost
the same throughout the duration of therapy. Thus, the combination of the disease and chemotherapy again did not lead to
cytotoxicity. Therefore, it is safe to say that the MNf results
are indicative of the patients' condition. Since sex does not
affect MNf and the age group of our patients was the same
(between 50 and 75 years old), the main parameters that had
to be examined as to whether they affect MNf were BMI and
malignancy per se. For the former case, patients were divided
based on their BMI into 3 groups (BMI <25, BMI ≤25 but
≤30 and BMI >30). Statistical analysis of the MNf before
the beginning of the treatment revealed no statistical differences (Table IIIB). For this reason, BMI was excluded from the
final interpretation. The comparison of the MNf and BNMN
scores between the patients before the systemic treatment
and the healthy individuals (matched for sex, age and BMI)
revealed significantly higher rates for both indexes (P<0.001).
In fact, this significantly higher rate of MNf and BNMN
was maintained throughout treatment (Table IIIA). Thus, it
is reasonable to assume that the increased rates of MNf and
BNMN are due to cancer. A following comparison of the
mean BNMN and MNf of all patients revealed that BNMN
decreased insignificantly at the middle and significantly at
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the end (P<0.05), while MNf was significantly lower for both
time-points (P=0.04 and P=0.04 respectively) (Table IIIC).
Based on the RECIST 1.1 criteria, we further divided
the patients into the ‘good response’, ‘stable disease’ and ‘no
response’ groups. The subsequent analysis revealed some very
interesting data. First of all, when each subgroup was compared
to the other for the same time‑point, no significant differences
were revealed both for the mean BNMN and MNf values.
However, the subsequent comparison between time‑points of
the same group revealed that the ‘good response’ group had
a declining trend for BNMN and MNf with an insignificant
decrease at the middle (P= 0.09 for both), and a significant one
at the end of the therapy (P=0.01 and P=0.02, respectively)
exhibiting a ‘shallow v trend’ (Fig. 1A). The same analysis was
performed for the ‘stable disease’ group revealing a significant)
decrease followed by an increase, making the MNf difference
between before and after treatment insignificant (Fig. 1C).
The ‘no response’ group exhibited a significant decrease at
the middle both for BNMN and MNf (P=0.01 and P=0.02,
respectively). Interestingly though, the trend was reversed at
the end of the therapy, where both the BNMN and MNf values
increased to such an extent, that no significant difference was
evident anymore, exhibiting a ‘deep v trend’ (Fig. 1D).
Overall, there is a clear genotoxic state in the PBLs of
patients represented by the very high mean MNf before
therapy. This genotoxic state depicts the great cancer load at
that time. After the first trimester of the therapy, the decrease
in the mean MNf reflects the response of the organism to
the treatment accomplished by the depletion of the sensitive
cancer clone. However, the following increase of mean MNf
(but never to the degree before treatment) raises a challenge for
its clinical interpretation. The first scenario is that of a ‘gradual
emergence of a resistant clone’. First, sensitive cancer cells
are depleted and so MNf and BNMN decrease. Subsequently,
resistant ones emerge as they do not have to compete for
energy or oxygen supply. In fact, this scenario could explain
the fluctuations in MNf observed in the 3 response groups
during the therapy. At the middle of therapy, both the good
and no response groups began killing sensitive cells and
decreased their MNf numbers, while the stable group did not.
While the good responders then continued to deplete sensitive cancer cells, the non‑responders began to increase cancer
cells and their MNf increases accordingly, while the stable
group maintained almost the same cell number and MNf. The
second scenario is the ‘long‑term chemo‑effect’. As mentioned
before, both oxaliplatin and irinotecan increase MNf. Thus,
while the cancer load decreases and the drug accumulation is
not yet at its peak, the MNf also decreases. However, as the
rate of cancer cells decrease diminishes and the accumulation
of the drug reaches its zenith, the MN‑increasing properties
of oxaliplatin and irinotecan become evident. This scenario
can also explain why at the end of the treatment the response
group did not differ significantly, in terms of mean BNMN
and MNf, than the other 2 groups, even though their cancer
burden was reduced by >30%. In other words, systemic treatment increased MNf and prevented a cell number difference
to be seen. Interestingly though, even if the majority of the
patients exhibited the ‘v’‑shaped trend of MNf, there were
4 patients who exhibited a reverse ‘v’‑shaped trend, with an
increase of mean MNf at 3 months, and a subsequent decrease

at 6 months, as shown in Fig. 1. It is noteworthy that these
4 patients who did not follow the ‘v’‑shaped trend as the rest of
the participants, but rather an inverted ‘v’, were proven to share
the same therapy with a combination therapy of FOLFIRI and
some type of biological agent. Whichever the case may be, as
exhibited by the results from the good and the poor response
groups, MNf was not associated with tumor response.
The key is to identify the exact time when the relapse or
stability of the disease occurs and is first depicted in MNf by a
certain increase of it. In doing so, we would be able to achieve
a better tailoring of the therapy and at the same time we will
be a step closer towards personalized treatment with a possible
shortening of the chemotherapy duration. This in turn would
positively affect not only patients, in terms of less side‑effects
as a consequence of tailored systemic therapy, but also the
health care system due to the decreased financial burden of
shortened systemic therapy. However, more patients and even
more sampling points would be required in order to successfully identify the true nadir of MNf.
The findings of this study reveal an association, firstly
between MNf and CRC per se, with significantly elevated MN
rates at all time‑points and, secondly between MNf and response
to treatment, where a good response was evidenced by the
significantly low rates at the end of treatment and a bad response
by the maintenance of high rates at the end. Despite the fact that
the results of the current study are in the same line of evidence
with previously published data (15‑19), they should be interpreted with caution and would be used as hypothesis‑generated.
We aim to continue this research in a prospective larger group
of patients with metastatic CRC in order to validate the findings
of the current study and establish the prognostic and predictive
significance of MNf in this setting.
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Purpose: Due to the current practice on colorectal cancer (CRC) management,
chemoresistance is most often recognized at the end of the treatment. Therefore,
effective and easy-to-use prognostic biomarkers are needed.
Experimental Design: We evaluated the prognostic signiﬁcance of two novel CRC
biomarkers: a) micronuclei frequency (MNf) in 55 metastatic CRC (mCRC) and 21 locally
advanced rectal cancer (laRC) patients using cytokinesis block micronucleus assay
(CBMN assay) and b) telomerase activity (TA) in 23 mCRC and ﬁve laRC patients using
TRAP-ELISA. Both biomarkers were evaluated in peripheral blood lymphocytes (PBLs)
before, at the middle, and at the end of the therapy (approximately 0, 3, and 6 months) for
mCRC patients before, at the end of the therapy, and after surgery for laRC patients.
Results: Overall, MNf demonstrated signiﬁcant prognostic value since a decrease of MNf
less than 29% between middle and initial MNf measurements can discriminate between
progressive and stable/responsive disease with sensitivity of 36% and speciﬁcity of 87.0%
while being able to identify responsive disease with sensitivity of 72.7% and speciﬁcity of
59.3%. On the other hand, TA presented a signiﬁcant trend of increase (p = 0.07) in
patients with progressive disease at the middle measurement.
Conclusions: The ﬁndings of this study suggest that the MN frequency may serve as a
promising prognostic biomarker for the monitoring of the treatment response of patients
with CRC, while TA should be evaluated in a larger group of patients to further validate its
signiﬁcance.
Keywords: metastatic colorectal cancer, locally advanced rectal cancer, micronuclei frequency, telomerase activity,
biomarkers, prognosis
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is the course of MNf in the long-term and especially how MNf is
correlated with prognosis.
Telomerase, the regulating enzyme of telomeres’ length, is an
enzymatic complex consisting of two subunits, the catalytic
subunit, the human telomerase reverse transcriptase (hTERT),
and a template, the telomerase RNA component (TERC).
Notwithstanding that, the telomeres’ length is induced in each
cell cycle in a lower rate, endorsing cellular senescence (14). In
non-cancerous somatic cells, TA is undetectable or present at low
levels. Cellular senescence is a key barrier against cancer, which
implies that cancer cells have been transformed to immortal cells.
This fact requires increased levels of TA, in order not to decrease
telomere’s length. This mechanism is explained by the hTERT
promoter, whose upregulated expression is promoted by
differential hTERT gene expression in neoplastic and normal
cells. For example, Chen et al. demonstrated that a net increase
of hTERT units is possible through upregulation of SPT5, a
tumor-speciﬁc hTERT promoter-binding protein encoded by the
upregulated SUPT5H gene (15), while Ling Zhang et al. using the
HCT-116 cell line (a KRAS mutated line), exhibited increased TA
via upregulation of the T-STAR gene (which encodes a number of
proteins responsible for multiple functions in pre-mRNA splicing,
signaling, and cell cycle control) (16). Given the implication of
telomeres’ length in CRC, TA has attracted scientiﬁc interest as
well. Jian Zou et al. identiﬁed that telomerase is found to be
activated in 90% of malignant tumors (17). Interestingly, TA has
been detected in early stages of CRC which would mean that it is a
determining factor during carcinogenesis (18), while increased
hTERT expression and elevated plasma concentration of
circulating TERT mRNA have also been identiﬁed as an
unfavorable independent prognostic marker of overall survival
in patients with stage II CRC (19).

INTRODUCTION
Colorectal cancer is considered as one of the leading causes of
cancer-related morbidity and mortality worldwide for both sexes.
It was estimated that in 2020 147,950 individuals would be
diagnosed with CRC in the United States (70.7% would suffer
from colon and 29.3% from rectal cancer) while 53,200 patients
would die from the disease (1). Projection in 2021 has not
improved since it is estimated that 149,500 individuals will be
affected and 52,980 will die by it (2). CRC patients with distant
metastases present the worst prognosis since a signiﬁcant number
of them develop resistance to their therapy. Unfortunately,
diagnosis of chemoresistance is most often delayed, allowing for
cancer progression to take place before these patients receive
second or third line treatments. At the same time, healthcare
systems are dealing with an immense ﬁnancial burden as a result
of these treatments. Therefore, it is crucial to identify accurate, cost
efﬁcient, and easy-to-use tools that will provide valuable
prognostic and predictive information. A great body of evidence
indicates molecular biomarkers as promising candidates for this
purpose (3). In our previous work on MNf in mCRC (4), we
demonstrated that in accordance to already published data (5),
mCRC results in higher MNf than that of healthy individuals.
Moreover, chemotherapy was found to have a direct effect on MNf
as documented in the middle of the therapy. In addition, patients
with complete or partial response had further decrease in MNf at
the end of the treatment in contrast to those with stable or
progressive disease. In fact, this ﬁnding suggests that a decrease
of cancer load can be identiﬁed by the concomitant decrease of
MNf, while an increase of the cancer load (due to the emergence of
a chemoresistant cluster of cancer-cells) will result in an increase
of MNf, but not to the same level as before treatment. Therefore,
our team focused on validating the clinical and possible prognostic
value of two novel biomarkers (MNf and TA) for laCRC and
mCRC. These biomarkers were chosen on the basis of their close
relation to chromosomal instability (CIN) and aberrant genetic
function, both major hallmarks in colorectal carcinogenesis (6).
Micronuclei (MNs), also known as Howell–Jolly bodies, are
particles formed during anaphase, since part of the genetic
material fails to follow the rest of the chromosomes and
therefore is not included in the daughter nucleus during
telophase. This results in a smaller “nucleus” close to the main
one. It is exhibited that MN formation can be attributed
primarily to mitotic spindle failure, kinetochore damage,
centromeric DNA hypomethylation, and defective control in
the cell cycle system (7). Nonetheless, their presence in a healthy
individual is not unusual although they tend to be more common
among people adhering to unhealthy lifestyles (8). Generally,
males tend to have lower MNf than females, and younger
individuals have lower MNf than the older individuals (9).
MNf estimation is well-established as an indicator of genetic
damage of any cause, especially as an exposure biomonitoring
against carcinogens (10, 11). Numerous studies have shown that
MNf is a sensitive biomarker of various types of cancers such as
lung, bladder, and CRC, suggesting that cancer patients exhibit
higher MNf than healthy individuals (4, 5). Although a number
of studies have explored MNf in CRC (12, 13), it is not clear what
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MATERIALS AND METHODS
Patients and Study Protocol
From December 2016 to February 2021, 94 consecutive patients
treated at the Department of Medical Oncology, University
Hospital of Heraklion were evaluated for participation in this
study. Inclusion criteria were: I) Patients with radiologic
evidence of mCRC documented by computed tomography
(CT) and/or magnetic resonance imaging (MRI) presenting
measurable disease treated with ﬁrst line systemic treatment
according to the Hellenic Society of Medical Oncologists
(HeSMO) guidelines (20), II) Patients with radiologic evidence
of laRC, documented by abdominal and chest CT and abdominal
and pelvic MRI presenting measurable disease and receiving
induction chemotherapy according to the Hellenic Society of
Medical Oncologists (HeSMO) guidelines (21). Exclusion criteria
were as follows: I) Failure to complete the therapeutic regimen
for any reason (toxicity, refusal of the patient, or death),
II) Refusal of the patient to attend the study III) Synchronous
second primary cancer at the time of enrollment and/or therapy.
Out of 94 patients evaluated, 85 were found eligible and were
included; however, only 76 managed to complete the study
(55 mCRC and 21 laRC) due to the fact that ﬁve patients
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presented increased toxicity and had to stop while another four
died prior to completion of the study (Figure 1). We decided to
use the embryologic origin of each part of the colon in order to
divide primary location of the lesion on the right and left sides
(caecum, ascending colon, and proximal 2/3 of the transverse
colon from the midgut and therefore right colon, distal third of
the transverse, the descending, sigmoid colon, and the rectum
from the hindgut and therefore left colon). The protocol for this
study has been approved by the Ethics Committee for Patients
and Biological Material of the University Hospital of Heraklion
(Heraklion, Greece). All participants signed an informed consent
agreement. All samples generated by this study were
anonymized, and personal data was managed according to the
EU General Data Protection Regulation (GDPR).

The RECIST criteria version 1.1 were used as the gold standard
for the evaluation of the treatment response (22). Using these
criteria, patients were evaluated at the end of the therapy and
were divided into four subgroups: complete response
(disappearance of all target lesions), partial response (at least a
30% decrease in the sum of diameters of target lesions, taking as
reference the baseline sum diameters), stable disease (neither
sufﬁcient shrinkage to qualify for partial response nor sufﬁcient
increase to qualify for partial disease, taking as reference the
smallest sum diameters) and progression (at least a 20% increase
in the sum of diameters of target lesions, taking as reference the
smallest sum on study or the appearance of one or more
new lesions).

Therapy Selection for mCRC

Blood Sampling

Based on the chemotherapeutic protocol that was selected,
mCRC patients received one of the following therapies: I)
folinic acid with 5-ﬂuorouracil and oxaliplatin (FOLFOX),
II) folinic acid with 5-ﬂuorouracil and irinotecan (FOLFIRI),
or III) folinic acid with 5-ﬂuorouracil, oxaliplatin, and irinotecan
(FOLFOXIRI). Based on the genetic proﬁle of each patient, a
biological factor could be used.

Peripheral blood samples were collected at predetermined timepoints. For mCRC patients, these were before the beginning of
the treatment, in the middle of it, and at the end of treatment
(approximately 0, 3, and 6 months of treatment, respectively).
For laRC patients, samples were taken before the beginning of
chemotherapy and at the end. We also took blood samples two
weeks postoperatively from 12 laRC patients. All blood samples
were stored in 5°C until processing within 48 h from sampling.

Response Evaluation

Therapy Selection for laRC

Control Group

Patients with laRC were informed about their therapeutic
strategy: Induction chemotherapy and then operation for RC.
Chemotherapeutic protocols were FOLFOX and capecitabine
and oxaliplatin (CAPOX).

The control group was constituted by 25 healthy individuals with
no medical condition after having normal colonoscopy. All
individuals provided an informed written consent. Inclusion

FIGURE 1 | CONSORT ﬂow diagram of our study.
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criteria were: age between 45 and 75 years old, medical history
free of cancer, autoimmune diseases, diabetes mellitus type I or
II, and chronic obstructive pulmonary disease (COPD), nonsmokers or no smoking habits for the last ten years, and no
consumption of immune-modifying medication. Exclusion
criteria were the presence of the above-mentioned diseases,
direct exposure at any time (domestic or occupational) to
pesticides, herbicides, organic solvents, or any persistent
organic pollutant; for women, additional exclusion criteria
were the use of oral contraceptives and the will not to
participate in the study.

close to the numeric value of one, then there is no cytotoxic
event. Moreover, should it remain almost the same between
time-points, then MNf results are comparable, and any
ﬂuctuation of MNf can be attributed solely to the parameter of
interest (in our case CRC and/or the systemic treatment). These
parameters were calculated, in order to determine the possible
cytotoxic effects, as previously described (25–27).

Telomerase Activity Estimation:
Polymerase Chain Reaction–Enzyme
Linked Immune Sorbent Assay
TA was measured in 28 patients, whose characteristics are
presented in Table 1 at three time points: before (at the
beginning of the therapy), middle (at the middle of therapy for
mCRC, and at the end of therapy for laRC) and after (at the end
of therapy for mCRC and after surgery for laRC). Telomerase
activity was evaluated by photometric enzyme immunoassay for
the detection of telomerase activity, utilizing the Telomeric
Repeat Ampliﬁcation Protocol (TRAP). Peripheral blood
mononuclear cells (PBMCs) were harvested from the blood
samples by Ficoll–Hypaque gradient centrifugation as
described by Tsirpanlis et al. (28), and TRAP-ELISA was
conducted using TeloTAGGG Telomerase PCR ELISA (Roche
Diagnostics Corp., Indianapolis, IN, USA) following the
manufacturer’s manual (29) and Kara et al. (30). In order to
achieve higher data reliability, all samples were tested in
triplicates. TA was expressed as a totality and as per outcome
(progression, stable, partial and complete response).

MN Test
Laboratory preparation for MNf quantiﬁcation follows the
description we have presented earlier (4). Standard criteria
were used for scoring the BNMN: 1) the cells should be
binucleated, 2) the two nuclei in a binucleated cell should have
intact nuclear membranes and be situated within the same
cytoplasmic boundary, 3) the two nuclei in a binucleated cell
should be approximately equal in size, staining pattern, and
staining intensity, 4) the two nuclei within a BN cell may be
attached by a ﬁne nucleoplasmic bridge which is no wider than
one-fourth of the largest nuclear diameter, 5) the two main
nuclei in a BN cell may touch but ideally should not overlap each
other. A cell with two overlapping nuclei can be scored only if the
nuclear boundaries of each nucleus are distinguishable, 6) the
cytoplasmic boundary or membrane of a binucleated cell should
be intact and clearly distinguishable from the cytoplasmic
boundary of adjacent cells. One thousand binucleated (BN)
cells with an intact cytoplasm were scored per slide for each
sample in order to calculate the number of binucleated cells with
micronuclei (BNMN) and thereafter MNf. Criteria for scoring
MN were: 1) the diameter of MN in human lymphocytes usually
varies between 1/16 and 1/3 of the mean diameter of the main
nuclei which corresponds to 1/256 and 1/9 of the area of one of
the main nuclei in a BN cell, respectively, 2) MNs are round or
oval in shape, 3) MNs are non-refractile, and they can therefore
be readily distinguished from artefacts such as staining particles,
4) MNs are not linked or connected to the main nuclei, 5) MNs
may touch but not overlap the main nuclei, and the micronuclear
boundary should be distinguishable from the nuclear boundary,
6) MNs usually have the same staining intensity as the main
nuclei but occasionally staining may be more intense (23, 24).
The cytokinesis block proliferation index (CBPI) is given by the
following equation:

Statistical Analysis
Frequency data were analyzed using non-parametric statistics.
Pearson’s Chi-square test (c2) was applied to estimate differences
in proportions of patients’ and disease characteristics (Table 1).
In order to examine TA differences and percentage differences of
MNf (%DMNf) between two groups (e.g. mCRC vs IaRC), the
Mann–Witney test was applied. Whereas, in order to examine
TA differences and %DMNf for more than two groups (e.g.
disease response) Kruskal–Wallis comparisons were applied.
Comparison of counts of MNf was assessed using G-test when
bivariate comparisons of before, middle, and after therapy
sampling points were made. The Chi-squared test was used for
the analysis of the CBPI values., Due to the small number of
cases, a crude discrimination limit between responses was
established using %DMNf as an indicator. The %DMNf
deﬁnition between middle and before was set by the formula

M1 + 2M2 + 3(M3 + M4 )
N
where M1, M2, M3, and M4 correspond to the number of cells
with one, two, three, and four nuclei, respectively, and ‘N’ is the
total number of cells. For CBPI calculation, 2,000 cells were
counted. CBPI is a tool that is used in order to better understand
BNMN results from cell cultures where cytochalasin B is used.
Moreover, it is able to provide substantial information regarding
possible cytotoxic effects (necrosis, apoptosis, or cytostasis) on
the cell culture induced by any chemical agents. If CBPI remains

% DMNf =

CBPI =
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MNfmiddle − MNfbefore
100 %
MNfbefore

ROC curve analysis, corresponding diagrams of sensitivity vs
1-speciﬁcity were applied between %DMNf in a binary response
(progressive vs stable/partial/complete response and progressive/
stable vs partial/complete response) according to %DMNf.
IBM SPSS Statistics 26.0 and OpenEpi 3.01 open source
epidemiological program (https://www.openepi.com/Menu/
OE_Menu.htm) were used for statistical analysis of data and
sensitivity analysis. A level of 0.05 was set as level of acceptance.
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RESULTS

seven with panitumumab (34.5, 9, 16.3, and 12.7% accordingly).
On the other hand, in our laRC group, 12 were treated with
FOLFOX (57%) and nine with CAPOX (43%). Based on RECIST
criteria for disease response evaluation, our data suggest that the
mCRC group had the following results: 13 patients exhibited
progressive disease, 18 had stable disease, 23 had partial response,
while one had complete response (23.6, 32.7, 41.8, and 1.8%
respectively). Regarding the laRC group, two patients had
progressive disease, ﬁve were stable, 11 presented partial
response, and three had complete response (9.5, 23.8, 52.4,

As presented in Table 1, we prospectively studied 76 CRC
patients, 55 diagnosed with mCRC and 21 with laRC. In our
mCRC group, 29 patients were treated with FOLFOX, 22 with
FOLFIRI, and four with FOLFOXIRI (52.7, 40, and 7.3%
respectively), while 40 patients received an additional treatment
with a biological agent (cetuximab, aﬂibercept, bevacizumab or
panitumumab) based on their genetic proﬁle; 19 were treated
with bevacizumab, ﬁve with aﬂibercept, nine with cetuximab, and

TABLE 1 | Patient characteristics for MNf and TA groups are presented [sex, age, ECOG performance status, chemotherapy, biologic agent, disease response based
on the RECIST criteria, KRAS status, NRAS status, BRAF status, mismatch repair (MMR) status, location of the primary lesion, number of metastatic sites].
MNf

Total Number of patient
Sex, n (%)
Age, n (%)

ECOG performance
status, n (%)
Chemotherapy, n(%)

Biological agent, n (%)

Disease response, n (%)

KRAS, n (%)

NRAS, n (%)

BRAF, n (%)

Mismatch repair
status, n (%)
Location of
primary lesion, n (%)
Metastatic sites
[median/mean
(range)]

Males
Females
≤40
41-55
56-70
70+
0
1
FOLFOX
FOLFIRI
FOLFOXIRI
CAPOX
Bevacizumab
Aﬂibercept
Cetuximab
Panitumumab
No agent
Progression
Stable disease
Partial response
Complete response
WT
exon 2 mut
exon 3 mut
exon 4 mut
Unknown
WT
Mutation
Unknown
WT
V600E mut
Unknown
Proﬁcient
Deﬁcient
Unknown
Left
Right
Liver
Lung
Lymph nodes
Peritoneum

p

mCRC

laRC

55
28 (50.9)
27 (49.1)
0 (0.0)
13 (23.6)
24 (43.6)
18 (32.7)
22 (95.6)
1 (4.3)
29 (52.7)
22 (40.0)
4 (7.3)
0 (0.0)
19 (34.5)
5 (9.0)
9 (16.5)
7 (12.7)
15 (27.2)
13 (23.6)
18 (32.7)
23 (41.8)
1 (1.8)
25 (45.5)
18 (32.7)
0 (0.0)
1 (1.8)
11 (20.0)
42 (76.4)
2 (3.6)
11 (20.0)
41 (74.5)
4 (7.3)
11 (20.0)
12 (58.2)
2 (3.6)
21 (38.2)
42 (76.4)
13 (23.6)
3.6/4.4
(0–20)
3.2/3.5
(0–11)
0/3.2
(0–14)
0/3.6
(0–8)

21
16 (76.2)
5 (23.8)
1 (4.8)
5 (23.8)
8 (38.1)
7 (33.3)
47 (85.5)
8 (14.5)
12 (57.0)
0 (0.0)
0 (0.0)
9 (43.0)

0.068
0.435

0.199
0.98*

NA

2 (9.8)
5 (23.8)
11 (52.4)
3 (14.3)
9 (39.1)
6 (26.1)
0 (0.0)
1 (4.3)
7 (30.4)
15 (65.2)
2 (8.7)
6 (26.1)
15 (65.2)
1 (4.3)
7 (30.4)
21 (91.3)
1 (4.3)
1 (4.2)
19 (83.0)
4 (17.0)

0.08

0.61**

TA

P

mCRC

laRC

23
9 (39.0)
14 (61.0)
1 (4.8)
5 (23.8)
8 (38.1)
7 (33.3)
19 (86.4)
3 (13.6)
10 (43.5)
13 (36.3)
0 (0.0)
0 (0.0)
7 (30.0)
5 (22.0)
6 (26.0)
0 (0.0)
5 (22.0)
6 (20.0)
7 (30.0)
9 (40.0)
1 (4.0)
Unknown
***

5
3 (60.0)
2 (40.0)
1 (20.0)
3 (60.0)
1 (20.0)
0 (0.0)
5 (100.0)
0 (0.0)
4 (80.0)
0 (0.0)
0 (0.0)
1 (20.0)

0.31**

Unknown

0.48**

Unknown

0.01

Unknown

0.54

21 (100)
0 (0.0)

NA

0.393
0.173

0.08
0.14*

NA

0 (0.0)
3 (60.0)
1 (20.0)
1 (20.0)

0.25

5 (100)
0 (0.0)

NA
NA***

0/3.2 (0–6)

*p-values from comparison of FOLFOX with the rest of chemotherapies, *p-values from comparison between wild-type and mutations,***Unknown: There were no data , ****NA, not applicable.
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the middle, 18; and at the end, 15). Regarding the laRC group,
since our primary objective was to evaluate our biomarkers’
prognostic value of therapy response, we tested for MNf after
laRC surgery in approximately half of our patients (12 out of 21).
Therefore, a difference in counted BN cells is observed for the
sampling point “surgery” relative to the other two sampling points
(Table 4). However, our data indicates a similar decreasing trend
as observed in the mCRC group. In detail, a signiﬁcant decrease of
MNf (G = 4.01, p = 0.04) is found at the end of the treatment
(sampling point “after”) in relation to the beginning (Table 4).
However, even though patients maintain lower MNf than what
they had before treatment, a slight increase is observed after
surgery (G = 3.00, p = 0.08) (Table 4). When divided in
subgroups, our data indicates a steady decrease of MNf that
positively correlates to the disease response. Patients with
progressive disease present a lower decrease of MNf after
treatment (p = 0.24) than those patients with stable disease
(G = 2.82, p = 0.09), partial response (G = 4.50, p = 0.03) or
complete response (G = 4.77 p = 0.02) (Table 4).

and 14.3% respectively). Finally, 32 of the mCRC patients had
left-sided primary lesion (76.4%) while 13 had right sided primary
lesion (23.63%). We further conducted comparative analysis
between mCRC and laRC groups for those characteristics
where no data were missing. All comparisons showed that there
is an adjustment in demographics and patient’s data with the
exception of mismatch repair status in MNf dataset (p=0.01).

MN Frequency Evaluation
MNf was measured for all patients in our study, and their
characteristics are presented in Table 1. Our data from the MN
assay on control group, mCRC, and laRC patients are presented
in Tables 2–4 respectively. Based on the absence of a signiﬁcant
difference of the CBPI values between: A) CRC groups and
control and B) each sampling point for each response group,
we are able to assume that our data is the result of the cancer itself
and the different treatments. Our data indicates that MNf is
signiﬁcantly higher in patients with mCRC or laRC than in
healthy individuals (G = 41.1, p < 0.0001 and G = 33.76, p <
0.0001 respectively). Moreover, there was no signiﬁcant difference
between mCRC and laRC groups, especially regarding before and
middle sampling points (Figure 2). MNf analysis for the whole
mCRC group revealed that a borderline signiﬁcance is extracted
when the middle of the treatment (middle) is compared to the
beginning of the treatment (ZFORE) (p = 0.05), while MNf did
not exhibit a further signiﬁcant decrease at the end point (after)
(Table 3). After stratiﬁcation of patients according to their disease
response, a relative pattern of a steady drop of MNf was observed.
In detail, even though patients with progressive and stable disease
exhibit an insigniﬁcant decrease of their MNf in the middle (G =
1.60, p = 0.200 and G = 3.48, p = 0.060 respectively) and at the end
of their treatment (G = 2.13, p = 0.14 and G = 3.55, p = 0.06
respectively), those with disease progression had lower decrease of
MNf than those with stable disease (Table 3). On the contrary,
patients with partial response presented a statistically signiﬁcant
decrease of their MNf both at the middle and at the end of the
treatment (G = 5.16, p = 0.02 and G = 3.94, p = 0.04 respectively)
(Table 3). However, since there was only one patient with
complete response, no statistical analysis of his data was done
even though his MNf grossly followed the decreasing trend of
those with partial response (before the treatment MNf was 28; at

Evaluation of MNf as a Prognostic Biomarker
The prognostic signiﬁcance of MNf in mCRC and laRC patients
was roughly established using ROC curve analysis. Variation of
MNf expressed as %DMNf between initial and middle
measurements was estimated by setting binary outcome
variables for two scenarios: Progressive disease vs stable/partial/
complete response (scenario 1) and progressive/stable disease vs
partial/complete response (scenario 2). For scenario 1, the best
set of sensitivity and speciﬁcity was found at 29% difference
between middle and initial MNf measurements (sensitivity 36%
and speciﬁcity 87.0%), while the highest speciﬁcity (87.2%) was
achieved at 31% reduction of MNf. For scenario 2, the best set of
sensitivity and speciﬁcity was found again at 29% difference
between middle and initial MNf measurements (sensitivity 72.7%
and speciﬁcity 59.3%), and the highest speciﬁcity (59.6%) was
found for 31% reduction of MNf (Table 5).

Telomerase Activity
As presented in Table 6, based on the non-parametric analysis
(Kruskal–Wallis), there is no signiﬁcant difference between

TABLE 2 | Statistical analysis of the mean BNMN and MNf of healthy controls and (A) mCRC/laRC patients at the beginning (before).
Groups

BN cells scored

Mean ± SE

G

P

BNMN

Control

25,000

7.28 ± 1.06

55,000
21,000
25,000

29.3 ± 9.07
26.4 ± 4.82
8.18 ± 1.11

38.00
30.15

<0.001
<0.001

MN cells

mCRC Before
laRC Before
Control
mCRC Before
laRC Before
Control

55,000
21,000
1.29 ± 0.03

32.3 ± 9.97
29.6 ± 5.21

41,1
33,76

<0.001
<0.001

mCRC Before

1.32 ± 0.004

laRC Before

1.36 ± 0.007

CBPI ± SE
(Mean ± SE)

Values in bold font indicate statistically signiﬁcant differences (P < 0.05) compared with the controls. G indicates 2POi ln(Oi/Ei), where ‘Oi’ is the observed frequency in a cell, ‘Ei’ is the
expected frequency under the null hypothesis, ‘ln’ denotes the natural logarithm and the sum is taken over all non-empty cells. SE, standard error; BN, binucleated cells (for each patient
1,000 BN cells were scored); BNMN, binucleated cells with micronuclei.
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TABLE 3 | Statistical analysis of the mean BNMN and MNf of mCRC patients at the beginning (before), the middle (inter) and at the end (after) of the treatment for all
mCRC patients and according to their disease response (progressive disease, stable disease, partial response, and complete response).
mCRC
All patients

Sampling Point

P

Before

55,000

29.3 ± 9.07
19.4 ± 6.86
19.6 ± 8.46
32.3 ± 9.97

3.90
3.73

0.04
0.05

MN cells

55,000
55,000
55,000

Inter
After
Before

55,000
55,000
1.32 ± 0.004

22.2 ± 8.28
22.6 ± 9.72

3.65
3.35

0.05
0.06

Inter

1.32 ± 0.004

After

1.30 ± 0.002

BNMN

Before

13,000

28.8 ± 10.03

13,000
13,000
13,000

21.3 ± 6.3
20.9 ± 9.66
31.3 ± 10.76

2.20
2.46

0.14
0.11

MN cells

Inter
After
Before
Inter
After
Before

13,000
13,000
1.29 ± 0.001

24.6 ± 10.93
23.6 ± 10.92

1.60
2.13

0.20
0.14

Inter

1.32 ± 0.004

After

1.31 ± 0.003

BNMN

Before

18,000

30,2 ± 8,38

18,000
18,000
18,000

20,3 ± 6,4
20.1 ± 8.77
33.1 ± 9.35

3.77
3.93

0.05
0.04

MN cells

Inter
After
Before
Inter
After
Before

18,000
18,000
1.32 ± 0.003

23.1 ± 7.39
23 ± 10.02

3.48
3.55

0.06
0.06

Inter

1.31 ± 0.002

After

1.30 ± 0.001

CBPI ± SE
(mean ± SE)

Partial Response

G

Inter
After
Before

CBPI ± SE
(mean ± SE)

Stable disease

Mean ± SE

BNMN

CBPI ± SE
(mean ± SE)

Progressive disease

BN cells scored

BNMN

Before

23,000

29.0 ± 9.54

23,000
23,000
23,000

17.8 ± 5.98
18.7 ± 7.88
32,5 ± 10.51

5.15
4.29

0.02
0.03

MN cells

Inter
After
Before
Inter
After
Before

23,000
23,000
1.33 ± 0.006

20.6 ± 7.4
22.0 ± 9.30

5.16
3.94

0.02
0.04

Inter

1.31 ± 0.005

After

1.30 ± 0.001

CBPI ± SE
(mean ± SE)

Values in bold font indicate statistically signiﬁcant differences (P < 0.05) compared with the controls or as indicated. G indicates 2POi ln(Oi/Ei), where ‘Oi’ is the observed frequency in a cell,
‘Ei’ is the expected frequency under the null hypothesis, ‘ln’ denotes the natural logarithm and the sum is taken over all non-empty cells. SE, standard error; BN, binucleated cells (for each
patient 1,000 BN cells were scored); BNMN, binucleated cells with micronuclei.

therapy. Thereafter, TA was increased and remained elevated
during the middle and third sampling points respectively.

patients’ mean TA before the beginning of their therapy (p =
0.256) [progressive disease: 2.1 ± 1.6 (95% CI: 0.4–3.8), stable
disease: 1.4 ± 1,7 (95% CI: 0.2–2.6), partial response: 0.8 ± 1.0
(95% CI: 0.1–1.5), complete response: 0.6 ± 0.6 (95% CI: −5.2 to
6,4)], at the middle sampling point (p = 0.072) [progressive
disease: 2.8 ± 0.8 (95%CI: 1.9–3.7), stable disease: 1.5 ± 1.3 (95%
CI: 0.5–2.4), partial response: 1.1 ± 1.4 (95% CI: 0.1–2.1),
complete response: 0.2 ± 0.1 (95% CI: −1.0 to 1.4)] or at the
third sampling point (p = 0.096) [progressive disease: 2.5 ± 1.3
(95% CI: 1.1–3.9), stable disease: 1.1 ± 1.2 (95% CI:0.2–2.0),
partial response: 1.1 ± 1.3 (95% CI: 0.2–2.0), complete response:
0.9 ± 1.2 (95% CI: −0.2 to 12.0)]. However, as presented in
Table 6 the mean of patients who eventually developed
progressive disease, exhibited an overall higher level of TA in
relation to all other response groups before the beginning of the
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DISCUSSION
Driven by the need for effective prognostic and predictive
biomarkers in CRC, our study focused on unveiling possible
prognostic values of two novel biomarkers (MNf and TA) in
PBLs isolated from patients with mCRC and laRC blood
samples. Although our ﬁndings are hypothesis driven, given the
relatively small number of patients we tested, our data provides
further proof that MNf is not only signiﬁcantly increased in CRC
[as we have already shown (4)] but it could also serve as a
promising biomonitor for mCRC and laRC prognosis. More
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TABLE 4 | Statistical analysis of the mean BNMN and MNf of laRC patients at the beginning (before), the end of the treatment (after) and after surgery (surgery) for all
laRC patients and according to their disease response (progressive disease, stable disease, partial response and complete response).
laRC
All patients

Sampling Point

21,000

26.4 ± 4.82
16.9 ± 4.00
17.4 ± 3.57
29.6 ± 5.2

4,01
3.57

0.04
0.06

MN cells

21,000
12,000
21,000

After
Surgery
Before

21,000
12,000
1.36 ± 0.007

19.7 ± 4.7
20.8 ± 5.48

3.85
3.00

0.04
0.08

After

1.32 ± 0.003

Surgery

1.27 ± 0.003

BNMN

Before

2,000

27.5 ± 6.36

2,000
1,000
2,000

21.5 ± 4.95
16.0 ± 5.1
31.3 ± 10.76

1.45
5.80

0.22
0.01

MN cells

After
Surgery
Before
After
Surgery
Before

2,000
1,000
1.30 ± 0.001

23.5 ± 6.36
17.0 ± 5.2

1.35
6.42

0.24
0.01

After

1.40 ± 0.005

Surgery

1.26 ± 0.002

BNMN

Before

5,000

28.7 ± 4.72

5,000
3,000
5,000

19.7 ± 3.25
24.0 ± 4.24
32.7 ± 4.62

3.25
0.83

0.07
0.36

MN cells

After
Surgery
Before
After
Surgery
Before

5,000
3,000
1.30 ± 0.001

23.7 ± 4.72
27.0 ± 2.83

2.82
1.09

0.09
0.29

After

1.40 ± 0.005

Surgery

1.26 ± 0.002

BNMN

Before

11,000

24.8 ± 4.14

11,000
6,000
11,000

14.9 ± 2.93
14.4 ± 2.64
27.8 ± 4.30

4.71
5.25

0.02
0.02

MN cells

After
Surgery
Before
After
Surgery
Before

11,000
6,000
1.35 ± 0.008

17.5 ± 3.18
17.9 ± 3.18

4.50
4.14

0.03
0.04

After

1.30 ± 0.001

Surgery

1.30 ± 0.010

Before

3,000

After
Surgery
Before
After
Surgery
Before

3,000
2,000
3,000
3,000
2,000
1.45 ± 0.001

5.05
2.41

0.02
0.11

4.77
4.77

0.02
0.02

After

1.32 ± 0.001

Surgery

1.22 ± 0.001

CBPI ± SE
(mean ± SE)

Complete response

P

Before

CBPI ± SE
(mean ± SE)

Partial Response

G

After
Surgery
Before

CBPI ± SE
(mean ± SE)

Stable disease

Mean ± SE

BNMN

CBPI ± SE
(mean ± SE)

Progressive disease

BN cells scored

BNMN

MN cells

CBPI ± SE
(mean ± SE)

30.0 ± 6.25
18.7
22.0
33.7
22.0
22.0

± 5.50
± 4.24
± 7.37
± 6.08
± 4.24

Values in bold font indicate statistically signiﬁcant differences (P < 0.05) compared with the controls or as indicated. G indicates 2POi ln(Oi/Ei), where ‘Oi’ is the observed frequency in a cell,
‘Ei’ is the expected frequency under the null hypothesis, ‘ln’ denotes the natural logarithm and the sum is taken over all non-empty cells. SE, standard error; BN, binucleated cells (for each
patient 1,000 BN cells were scored); BNMN, binucleated cells with micronuclei.

and responsive disease then sensitivity reaches 72.7% and
speciﬁcity 59.3%. Figure 3 illustrates how MNf may follow a
steep decreasing trend in patients with partial/complete response
or a shallow decrease in patients with disease progression. These
ﬁndings are important because early identiﬁcation of those patients
who are more likely to develop progressive disease can allow
clinicians to take early decisions on therapy selection. A possible

speciﬁcally, the present study suggests that a decrease of MNf less
than 29% between middle and initial MNf measurements can
discriminate between progressive disease from stable/responsive
disease with sensitivity of 36% and speciﬁcity of 87.0%, while if the
threshold is set at 31% reduction of MNf then speciﬁcity reaches its
highest value (87.2%). On the other hand, if the threshold of
decrease is set at 29% for discrimination between stable/progressive
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explanation of our ﬁndings lies in the fact that MN assay is a
sensitive indicator of genomic damages of exogenous and
endogenous origin (31, 32), while MNf in PBLs, despite the
unknown underlying mechanism, is shown to positively correlate
with chromosomal and genomic instability (5), which is one of the
pillars in colorectal carcinogenesis. Therefore, the emergence of a
resistant cluster of cancer cells against the sensitive “background”
can be indirectly identiﬁed through MNf. However, as we have
already shown (4), and according to our data from this study (not
presented here), MNf can be increased after three months of
treatment despite favorable disease response in case they are
treated with combined treatment of FOLFIRI plus any biologic
agent and then present a signiﬁcant decrease at the end of the
treatment. Therefore, the use of MNf as a prognostic biomarker in
such patients may not be appropriate, and special caution is
suggested for its use. Nonetheless, it could be used as a
biomonitoring tool of cancer load. As for TA, even though the

FIGURE 2 | Percentual difference between middle and before measurements
of MNf for metastatic colorectal cancer (mCRC) and locally advanced rectal
cancer (laRC). * = extreme value as marked in SPSS.

TABLE 5 | Sensitivity and speciﬁcity values for three different cutoff points of percentage difference of MNf.
Limit

Outcome
Prog. (NT = 15)

≤33%
>33%
≤31%
>31%
≤29%
>29%

S.D./P.R./C.R. (NT = 61)

Prog./S.D. (NT = 38)

P.R./C.R. (NT = 38)

N

%

N

%

N

%

N

%

9
6
9
6
8
7

25.0%
15.0%
31.0%
12.8%
36.4%
13.0%

27
34
20
41
14
47

75.0%
85.0%
69.0%
87.2%
63.6%
87.0%

20
18
19
19
16
22

55.6%
45.0%
65.5%
40.4%
72.7%
40.7%

16
22
10
28
6
32

44.4%
55.0%
34.5%
59.6%
27.3%
59.3%

It can be seen that when the outcome is progressive disease vs stable/ partial/complete response, the best set of sensitivity–speciﬁcity is found at 29% difference between middle and initial
MNf measurements (sensitivity 36.4% and speciﬁcity 87.0%). The highest speciﬁcity (87.2%) was found for 31% reduction of MNf. When the outcome was set between stable/progressive
disease vs partial/complete response, the best set of sensitivity and speciﬁcity variables was found for 29% difference (sensitivity 72.7% and speciﬁcity 59.3%). NT, total number of patients;
Prog., progression; S.D., stable disease; P.R., partial response; C.R., complete response.

TABLE 6 | Telomerase activity measured at three time points, before (before the initiation of the therapy), middle (at the middle of therapy for mCRC and at the end of
therapy for laRC), and after (at the end of the therapy for mCRC and after surgery for laRC) is presented for all CRC cases.
Telomerase Activity

Before

Middle

After

Progression
Stable disease
Partial response

n

Mean

SD

95%
LL

UL

Minimum

Maximum

p

0.256

6
10
10

2.1
1.4
0.8

1.6
1.7
1.0

0.4
0.2
0.1

3.8
2.6
1.5

0.1
0.0
0.0

3.7
3.8
2.4

Complete Response

2

0.6

0.6

−5.2

6.4

0.2

1.1

Total

28

1.3

1.4

0.7

1.8

0.0

3.8

Progression
Stable disease
Partial response

6
10
10

2.8
1.5
1.1

0.8
1.3
1.4

1.9
0.5
0.1

3.7
2.4
2.1

1.7
0.0
0.0

3.7
3.5
3.2

Complete Response

2

0.2

0.1

−1.0

1.4

0.1

0.3

Total

28

1.5

1.4

1.0

2.1

0.0

3.7

Progression
Stable disease
Partial response

6
10
10

2.5
1.1
1.1

1.3
1.2
1.3

1.1
0.2
0.2

3.9
2.0
2.0

0.1
0.0
0.0

3.6
3.3
3.3

Complete Response

2

0.9

1.2

−10.2

12.0

0.0

1.8

Total

28

1.4

1.3

0.9

1.9

0.0

3.6

0.072

0.096

p-values were estimated with Kruskal–Wallis test. n, number of patients.
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A

B

C

D

FIGURE 3 | Graphic representation of MNf in controls and the trends between sampling points for every patient. (A) Presentation of MNf trend for controls and all
mCRC patients; (B) presentation of MNf trend for controls and laRC patients; (C) presentation of MNf trend for all patients (mCRC and laRC) with partial or complete
response; (D) presentation of MNf trend for all patients (mCRC and laRC) with progressive disease.

three principal ﬁrst-line therapeutic regimens administered for
stage IV CRC according to HeSMO guidelines (20). They share
two components, folinic acid (FA) and 5-ﬂuorouracil (5-FU),
while oxaliplatin and irinotecan are the compounds that
differentiate the ﬁrst two respectively or if combined make the
later. CAPOX on the other hand, which along with FOLFOX is
primarily used to treat laCRC (21), contains capecitabine and
oxaliplatin. Based on bibliographic evidence validating the effect
of these agents upon MNf and TA, it is evident that there is no
universal effect. Overall, it is reported that 5-FU, capecitabine,
oxaliplatin, and irinotecan increase BNMN (40–42), while FA
signiﬁcantly reduces it (43). Interestingly, as mentioned earlier,
our data provides further proof that irinotecan and therefore
FOLFIRI may increase MNf. However, for the most part, little
data exists regarding any alterations of TA concomitant to
administration of these substances. According to Akiyama
et al., TA was decreased in human hematopoietic cancer cell
lines, Daudi and U937, treated with irinotecan (44). However,
there is no data suggesting any possible alterations of TA in CRC
cell lines. Chung et al., using the HCT116 and DLD1 CRC cell
lines, demonstrated a decreased TA concurrent to 5-FU
administration possibly via STAT3 inhibition (a potent
activator of hTERT promoter) (45). However, to the best of
our knowledge, to date there is no study available evaluating the
effect of the chemotherapeutic regimens of FOLFOX, FOLFIRI,
FOLFOXIRI, or CAPOX on any of our biomarkers in this study.
Given the great number of our patients treated with some kind of
biologic agent (bevacizumab, cetuximab, panitumumab, or

number of patients to which TA was evaluated is rather small, our
results indicate its potential in CRC prognosis suggesting the need
for future studies with greater patient sets. Despite the fact that
statistical analysis between each response group did not reach
statistical signiﬁcance, our data indicate that TA is relatively higher
in patients with progressive disease than those with partial or
complete response at all sampling points. Moreover, in patients
with progressive disease, an increase of TA is observed in the
middle of their therapy, suggesting that patients who are more
likely to develop progressive disease are more likely to have
upregulated TA at the middle of their therapy. This can be
explained by numerous studies that have identiﬁed telomerase as
a key target of multiple carcinogenic pathways such as the PI3K/
AKT/mTOR, the RAS/RAF/MEK/ERK 1/2, the JAK/STAT, and
the JAK/PI3K/AKT/HSP90/mTORC1 (33–38). An interesting
ﬁnding highlighting the complexity of hTERT regulation is that
EGFR-mediated MAPK signaling attenuates Groucho-mediated
gene repression, establishing a node for crosstalk between the
EGFR, Notch, WNT, and TGF-b signaling pathways (39). A
graphical presentation of the aforementioned mechanisms is
shown in Figure 4. Unfortunately, since our primary objective
was to investigate possible prognostic signiﬁcance of these
biomarkers, we did not examine any de-regulation of the
aforementioned pathways.
Finally, in order to thoroughly understand and interpret our
results, it is important to know how these biomarkers are affected
by the different therapeutic agents used in our study. To begin
with, FOLFOX, FOLFIRI, and FOLFOXIRI regimens are the
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FIGURE 4 | Graphical presentation of the various cellular cascades implicated in hTERT expression, telomerase activity, and telomere length. During transcription of
hTERT gene, positive regulation is exerted via the PI3K/AKT/mTOR, the RAS/RAF/MEK/ERK 1/2, and the JAK/STAT pathways primarily on hTERT’s promoter.
Another step of positive regulation is found during the translation and post translation phase of hTERT mRNA since the RAS/RAF/MEK/ERK pathway is described to
regulate hTERT mRNA translation, while the PI3K/AKT/mTOR pathway seems to be involved post-translationally via direct phosphorylation of hTERT by AKT and
HIF-1a. RAS, rat sarcoma; RAF, rapidly accelerated ﬁbrosarcoma; MEK also known as MAP2K, MAPKK, mitogen-activated protein kinase kinase; ERK, also known
as MAPK, extracellular signal-regulated kinase; PI3K, phosphatidylinositol 3-kinase; PKB, also known as Akt, protein kinase B; Mtor, mechanistic target of rapamycin
kinase; HIF-1a, hypoxia-inducible factor-1a. Created with BioRender.com.

chemoresistance is crucial. Our study made it possible not only
to recognize possible prognostic signiﬁcance at an early stage of
therapeutic management for two novel biomarkers (MNf and
TA), but also to suggest a relative threshold for MNf as a
discrimination point between progressive and stable/responsive
disease. However, the results of the current study should be
interpreted with caution due to the limitations of the protocol
(relatively small number of cases, different systemic treatment,
different mutations subtypes, not randomized manner etc.) and
could mainly serve as hypothesis generating study for
further evaluation.

aﬂibercept), we expanded our research to include them as well.
The only published data focusing on MNf comes from an in vivo
cytogenetic assay performed in male Wistar rats, where
cetuximab did not elicit any genotoxic effects (46). However,
the results should be considered of limited value due to the lack
of immunoreactivity of Cetuximab with rat tissues. To conclude,
despite critical advances in most aspects of CRC management, it
is indisputably one of the most important burdens of global
health due to the related increased morbidity and mortality.
Metastatic CRC, the ﬁnal stage of CRC, remains a true challenge,
not only for researchers and clinicians, but also for the
socioeconomic system. This is because its inherent biologic
complexity and diversity make it difﬁcult to implement a
universal approach in designing effective therapeutic and study
protocols. On the contrary, even though laRC is a rather
favorable type of CRC due to the absence of distant metastases,
there still is a metastatic potential. Therefore, early recognition of
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