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Molecular pathways in colorectal cancer
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Abstract

Colorectal cancer is a common cause of cancer-related deaths. Significant advances have been made in recent years 
regarding the understanding of its pathogenesis. Colorectal carcinomas develop through the serial accumulation 
of genetic and epigenetic events along two pathways: the chromosomal instability pathway, where adenomas are 
the precursor lesions and APC and KRAS mutations represent early events, and the CpG island methylator pathway, 
where serrated lesions are the precursor lesions, BRAF or KRAS mutations represent early events and epigenetic MLH1 
silencing is a frequent occurrence activating the microsatellite instability pathway (MSI). Carcinomas in patients with 
familial adenomatous polyposis develop along the chromosomal instability pathway, whereas in Lynch syndrome 
mutations in mismatch repair genes (that is MLH1, MSH2, MSH6, PMS2) result in microsatellite instability. These devel-
opments have important therapeutic implications and testing for the presence of KRAS/BRAF mutations and MSI is 
recommended in patients with colorectal carcinomas to guide therapeutic decisions in the era of precision medicine.
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InTroducTIon
Colorectal cancer (CRC) is the second (women) and 

third (men) most common malignant neoplasm [1], with 
its incidence increasing in the last years, especially in 
low and middle income countries [2], probably due to 
lifestyle changes. It also represents the third (women) 
and fourth (men) most common cause of cancer-related 
death in humans [1]. Increased cancer screening and 
development of newer therapeutic modalities has 
resulted in a decrease in mortality rates (in patients 
older than 50 years) [3]. There has been an increasing 
understanding of colorectal carcinogenesis pathways 
in the last two decades; cancer predisposition inherited 
syndromes, notably familial adenomatous polyposis and 
Lynch syndrome, that consist 5% of all CRC cases, have 
played a major role in this progress [4]. 

Colorectal cancer develops through a stepwise ac-

cumulation of genetic and epigenetic abnormalities than 
enable cells to bypass proliferation control, evade apop-
tosis, avoid immune destruction, promote angiogenesis, 
and survive and proliferate at metastatic sites [5]. Along 
this serial accumulation of genetic and epigenetic events, 
recognizable lesions are formed (i.e. adenomas, serrated 
lesions) that progress to more advanced lesions through 
additional mutations or epigenetic events, a process 
that requires 10 to 15 years [6]. The molecular pathways 
that have been linked to the pathogenesis of colorectal 
carcinoma are the chromosomal instability (CIN) path-
way, the microsatellite instability (MSI) pathway, and the 
CpG island methylator phenotype (CIMP) pathway [7]. 
A fourth pathway, the polymerase proofreading aberra-
tions pathway is responsible for a minority (<3%) of CRC 
tumors [3]. In this review we summarize the three major 
pathways of colorectal carcinoma pathogenesis, with an 
emphasis on the genes implicated, the associated cancer 
predisposition syndromes and the therapeutic implica-
tions of selected biomarkers. Preneoplastic lesions are 
also mentioned in brief.
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and localization [17]. AURKA is associated with centro-
some maturation and bipolar spindle formation. When 
overexpressed, it leads to amplified centrosomes and 
defective spindle formation. Subsequently, mitosis 
is inhibited and the incomplete cytokinesis results in 
multinucleation [9,18,19]. AURKA has been associated 
with some instances of CIN in colorectal tumours [20]. 
AURKB is a passenger protein and participates in cytoki-
nesis, chromatid segregation and the modification of 
histones. Its overexpression relates to advanced stages 
of colorectal cancer [21]. 

Telomere dysfunction has also been recognized 
as a causative factor for CIN. Chromosome ends are 
protected by telomeres, which are short DNA sequences 
with their associated proteins. Their main function is 
to protect the chromosome ends from double-strand 
breaks, occurring during segregation, and to prevent 
them from fusing [9,22].  However, after each replica-
tion round, a part of telomeric DNA is lost, which leads 
to telomere shortening (end-replication problem). This 
occurs as a result of the inability of DNA polymerase 
to fully form the 3’ end of linear chromosomes. When 
telomeres reach a critically short length, the cell enters 
senescence, while the ones that fail to complete this path 
undergo massive cell death, after entering a crisis-state. 
Activation of telomerase, the enzyme that is responsi-
ble for elongating telomeres, or the ALT (Alternative 
Lengthening of Telomeres) mechanism, occurs in cells 
that manage to survive the aforementioned crisis [9].

DNA-damage response (DDR) mechanisms have 
evolved in order to detect structural DNA alterations, 
occurring mainly because of environmental agents, 
reactive oxygen species and spontaneous hydrolysis of 
nucleotide residues [23,24]. These protein complexes 
play an important role in identifying an error in a DNA 
sequence, so that the cell cycle is paused, allowing the 
damage to be repaired, or, in cases where the damage 
is beyond repair, halting cell’s growth or initiating its 
apoptosis.

As expected, cells with abnormal DDR are more sen-
sitive to DNA damaging sources, and exhibit genomic 
instability. Specifically, some of the genes whose pro-
tein products participate in these signalling and re-
pair processes have been reported to relate to certain 
syndromes that predispose humans to cancers. Some 
examples are ATM (ataxia telangiectasia mutated) and 
ATR (ataxia telangiectasia and Rad3-related) protein 
kinases, involved in Louis-Bar syndrome and Seckel 
syndrome respectively, BRCA1, BRCA2 proteins, whose 

chromosomal instability (cIn
The CIN pathway consists of gains and losses of whole 

chromosomes or fractions of them and it usually occurs 
as a result of mutations in proto-oncogenes or tumour 
suppressor genes [8,9]. Tumours developed through this 
pathway are characterized by aneuploidy (abnormal 
number of chromosomes in a cell, that is 46+/-n) and 
loss of heterozygosity (LOH, the somatic loss of wild-type 
alleles, concerning the entire gene and the surround-
ing chromosomal region). Genes frequently altered in 
tumours developing through CIN can be divided in 
three categories, that represent different stages of cell 
cycle progression: chromosomal segregation, telomere 
stability and DNA damage response [9–11]. 

Chromosome segregation results in separation of 
the duplicated chromosomes into the daughter cells 
during mitosis by the mitotic spindle [11]. This procedure 
is briefly paused by the spindle checkpoint, taking place 
in prometaphase, until all chromosomes have estab-
lished bipolar connections (bioriented chromosomes) 
to the mitotic spindle. On instances where specific 
pairs of sister chromatids are not properly aligned on 
the metaphase plate, usually due to kinetochores not 
being properly attached to microtubules or not under 
enough tension by spindle-pulling forces [12,13] a 
signal is generated so that anaphase is delayed [14]. 
This signal is received by a series of spindle-checkpoint 
proteins, including MAD1, MAD2, BUB3, BUB1, BUBR1, and 
CENP-E (centrosome protein E). The checkpoint inhibits 
the APC/C (anaphase-promoting complex/cyclosome) 
and its coactivator Cdc20, (APC/C(Cdc20)). When all 
chromosomes are properly attached and aligned, the 
APC/C complex initiates ubiquitin-dependent degrada-
tion of securin and activation of separase, which in turn 
dissolves the cohesion between sister chromatids, by 
cleaving a multiprotein complex termed cohesin. Co-
hesin is responsible for the cohesion between the sister 
chromatids and plays an important role in chromosome 
segregation in dividing cells [15].

Mutations in genes that participate in this process 
lead to errors in segregation and, occasionally, carcino-
genesis. More specifically, mutations in kinetochore 
proteins hRod/KNT, hZw10 and hZwilch/FLJ10036, which 
contribute to the spindle checkpoint, have been iden-
tified in colorectal cancer cases [16]. Aurora kinases, 
which consist of AURKA (Aurora A), AURKB (Aurora B) 
and AURKC (Aurora C), are serine/threonine kinases 
that also participate in regulating the process of chro-
mosomal segregation, each one having their own role 
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mutations lead to hereditary ovarian and breast cancer 
and WRN (Werner syndrome protein) linked to Werner 
syndrome. Last but not least, mutations in TP53 protein 
have been causatively related to Li-Fraumeni syndrome, 
which has been linked to CIN in colorectal cancer [9,25].  

The Wnt/β-catenin pathway plays an important 
role in the pathogenesis of colorectal cancer, primarily 
affected by mutations of the APC (Adenomatous Poly-
posis Coli) gene (5q21). The protein encoded by this 
gene participates in many cell functions, but especially 
noteworthy is its participation in the Wnt signalling 
pathway, as it is crucial for tumorigenesis. The purpose 
of the Wnt pathway is to control the translocation 
of β-catenin to the cell nucleus. After its migration, 
β-catenin, interacts with the TCF/LEF (T-cell factor/
lymphoid enhancer factor) family of transcription fac-
tors and, thus, transcriptionally activates various genes, 
which are involved in cancer growth. When Wnt ligands 
are absent, a complex consisting of APC, Axin, CK1 
(casein kinase) and GSK-3β (glycogen synthase kinase) 
mediates β-catenin degradation. More specifically, the 
amino terminal area of β-catenin is phosphorylated by 
the two kinases of the complex, which allows β-Trcp, a 
protein with ubiquitin ligase activity, to recognize it. 
Subsequently,  β-catenin is ubiquitinated and subjected 
to degradation by proteasomes [26].

When a Wnt ligand is present, it binds to FZD (Friz-
zled) and its co-receptors LRP5 or LRP6 (low-density 
lipoprotein). Subsequently, a complex called ‘signalo-
some’ is formed, which interacts with the Dvl protein 
(Dishevelled) and causes LRP6 phosphorylation and Axin 
complex activation. This mechanism inhibits β-catenin 
phosphorylation. β-catenin is, then, translocated to the 
nucleus where it participates in transcriptional gene 
activation [26]. When APC is mutated, the β-catenin 
degradation complex is not formed and, the pathway 
is constantly activated, even in the absence of a signal, 
leading to uncontrolled cell proliferation [26–28]. 

It has been reported that APC mutations are an early 
event in colon carcinogenesis. APC appears somatically 
mutated in 5% of dysplastic aberrant crypt foci, 30%–70% 
of sporadic adenomas and 70% of sporadic tumors 
[9,29–31]. Another, albeit not as common, mechanism 
responsible for APC gene inactivation is the hypermeth-
ylation of the gene’s promoter (seen in 18% of primary 
colorectal carcinomas and adenomas) [32]. In addition, 
germline mutations of APC have been directly linked to 
FAP (Familial Adenomatous Polyposis), an inherited colon 
cancer predisposition syndrome (see below) [33,34]. 

Apart from APC, gain-of-function mutations have 
been reported in the gene encoding β-catenin (CTNNB1) 
in 50% of colorectal tumours without APC mutations 
[32,35]. It has been shown that CTNNB1 mutations are 
more frequent in small adenomas (12.5%) than they are 
in large ones (2.4%) and invasive cancers (1.4%),  [36], 
a finding which suggests that they are not as prone to 
induce malignancy as APC mutations. Finally, AXIN and 
AXIN2/conductin gene mutations have been found in 
CRC, albeit not in those developing through the CIN 
pathway, but rather those with an MSI high phenotype 
(see below) [37,38].

In the adenoma to carcinoma sequence, in the CIN 
pathway of CRC carcinogenesis, a relatively early event 
following APC mutations and WNT pathway activation, 
with significant clinical implications, is KRAS mutation [9]. 
Proteins that belong to the RAS family (three isoforms; 
KRAS, NRAS, and HRAS with >80% homology) possess 
the ability to bind guanosine triphosphate (GTP) and 
guanosine diphosphate (GDP), cycling between their 
active and inactive alternative states, respectively [39]. 
Their role is to mediate a number of signalling pathways, 
so that extracellular signals are transduced to the cell 
nucleus, and enhance gene transcription, leading to 
initiation/regulation of cellular procedures, like cell pro-
liferation and growth, differentiation and migration [40]

RAS, in its activated form, is involved in many signal 
transduction pathways, including the RAS/RAF/MAPK 
pathway (also known as the mitogen-activated protein 
kinase (MAPK) cascade) and the PI3K/AKT pathway [40]. 
These pathways participate in regulating cell cycle, mi-
gration and apoptosis, tissue healing and angiogenesis, 
important hallmarks of carcinogenesis [5].

Following ligand (i.e. epidermal growth factor-EGF) 
binding to its receptor (i.e. epidermal growth factor 
receptor-EGFR), the receptor is dimerized, auto-phos-
phorylated and activated, thereby activating adaptor 
proteins which enable RAS to exchange its GDP with 
GTP. GTP-bound RAS interacts with RAF and activates 
a phosphorylation cascade. RAF as a family consists of 
three serine/threonine kinases, A-RAF, B-RAF, and C-RAF 
(first recognized as retroviral oncogenes in the avian 
retrovirus Mill Hill 2 (MH2), and the murine sarcoma 
virus (MSV) 3611 isolate) [41] which are activated by 
RAS-GTP and in turn, phosphorylate and activate MEK1 
and MEK2. The latter are MAPKs (Mitogen-Activated 
Protein Kinases), four different kinds of which have 
been recognized: ERK, c-Jun N-terminal kinase (JNK), 
ERK5 and p38 MAPK (p38) [42].  MEK1 and MEK2, which 
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panitumumab, targeting the extracellular domain of the 
receptor). Thus, current guidelines from the American 
Society of Clinical Oncologists, the College of American 
Pathologists, and the Association for Molecular Pathol-
ogy recommend that extended ras analysis, including 
KRAS [exons 2 (Codons 12,13), 3 (codons 59, 61) and 4 
(codons 117, 146)] and NRAS [exons 2 (Codons 12,13), 
3 (codons 59, 61) and 4 (codons 117, 146)], should be 
performed to all patients with metastatic colorectal 
carcinoma considered for anti-EGFR therapy [58,59]. 
Only patients with wild-type KRAS are candidates for 
this type of therapies [52,60] as those have a higher 
probability of responding to the treatment. This way 
patients not likely to respond are excluded and saved 
unnecessary toxicity, and cost. An estimate of 7500$ 
per patient is saved when these predictive markers are 
used in therapy selection [61,62]. 

TP53 is another gene frequently mutated in tumours 
associated with CIN, albeit this happens relatively late in 
the pathway. This gene encodes a nuclear transcription 
factor which acts as a tumour suppressor, inducing cell 
cycle arrest when the DNA appears damaged. That way, 
DNA can be repaired or, in case of irreversible damage, 
the cell is led to apoptosis. Loss of function mutations in 
TP53 have been reported in more than 50% of cancers, 
so TP53 dysfunction is generally considered a hallmark 
in human tumours [63]. Regarding colorectal cancer, 
loss of function in TP53 has been increasingly found 
with progression of the lesion as it is seen in  4%–26% 
of adenomas, 50% of early carcinomas developing in 
adenomas, and in 50%–75% of late carcinomas [9,64], 
making TP53 mutations a defining event in the adenoma 
to carcinoma progression. Most of its mutations are 
missense: transitions of GC to AT principally occurring 
in five hotspot codons (175, 245, 248, 273, and 282) [65]. 

Other abnormalities frequently encountered in CRC 
associated with CIN are COX-2 overexpression leading 
to overexpression of its product, PGE2, which regulates 
proliferation, tumorigenesis and angiogenesis [9,66], 
and loss of 18q (where SMAD2 and SMAD4, mediators 
of the TGFb pathway are located) [67,68]. Mutations in 
PIK3CA leading to its activation, occur late in the ad-
enoma to carcinoma progression in a small proportion 
of cancers [69] and even though there are some reports 
for a positive predictive function of their presence in 
regards to aspirin effect in reducing CRC recurrence 
[70,71], data are conflicting [72] and current guidelines 
do not include PIK3CA mutational analysis as necessary 
for CRC patients [58].

are characterized by substrate specificity, catalyse the 
phosphorylation of ERK1 and ERK2, which proceed to 
phosphorylate multiple substrates (because as opposed 
to their activators, they have a wider specificity), leading 
to the regulation of several transcription factors and, 
as a result the expression of multiple genes [9,43,44].  

KRAS is mutated in 30-50% of colorectal cancers 
[9,45] and is generally considered to be one of the on-
cogenes that are most frequently mutated in human 
cancers (also frequently mutated in carcinomas of the 
lung, pancreas, breast, and oesophagus) [46–49]. In 
colon cancer, KRAS mutations are a relatively common 
event as they have been identified in 60-95% of aber-
rant crypt foci (the earliest morphologic manifestation 
of adenomas) [9,50,51]. KRAS mutations are not limited 
to carcinomas developing through the chromosomal 
instability pathway, but are an early event in serrated 
carcinogenesis too (through a traditional serrated ad-
enoma precancerous lesion) (see below).

KRAS mutations usually occur in exon 2, followed 
by mutations in exons 3 and 4. Most of its mutations 
consist of amino acid substitutions (caused by single 
nucleotide point mutations) in codons 12 and 13 of 
exon 2, amounting for 88% of recurrent mutations in all 
types of cancers. Mutations may also appear in codons 
59 and 61 of exon 3, and in codons 117 and 146 of exon 
4, albeit less frequently. On the other hand, NRAS and 
HRAS mutations are much less frequent than KRAS 
mutations and are usually located in codons 61 and 59 
(exon 3), followed by codons 12 and 13 of exon 2 and 
117 and 146 of exon 146 [43,52]. These alterations have 
the same effect, diminishing the molecule’s endogenous 
GTPase activity and inducing a constant GTP-bound 
state, leading to continuous activation of the cascade 
and finally promoting cell survival, proliferation and 
migration and inducing carcinogenesis.

A therapeutic choice for metastatic colorectal carci-
noma is EGFR inhibition. In contrast to lung cancer, EGFR 
mutations are not common in colorectal cancer and 
their presence does not predict therapeutic response. 
In contrast, the presence of KRAS/NRAS mutations has a 
negative predictive role as they predict lack of response 
to EGFR targeting therapy [53], since activation of the 
pathway is due to a genetic event downstream of the 
receptor. Initially, exon 2 KRAS mutations were identi-
fied as predictive [52,54,55], but further research [56,57] 
has shown that all the mutations mentioned above are 
associated with lack of response to anti-EGFR target-
ing therapy (monoclonal antibodies cetuximab and 
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Familial Adenomatous Polyposis
Familial adenomatous polyposis (FAP) is an auto-

somal dominant syndrome, caused by germline APC 
(5q21) mutations (frequency 1 in 6,850 to 29,000 people) 
[73]. Patients with FAP develop hundreds to thousands 
of adenomas, morphologically indistinguishable from 
sporadic adenomas. One or more adenomas will eventu-
ally progress to carcinoma and the lifetime probability 
of developing colorectal cancer in FAP individuals is 
100%, unless a colectomy is performed (usually at an 
age between 15 and 25 years old) [74]. This syndrome 
presents with various degrees of penetrance and, thus, 
different phenotypes, which is not surprising considering 
the fact that causative mutations can occur at different 
loci in the gene and that environmental factors may 
alter the disease phenotype [74,75]. 

The hallmark feature of this disease is the develop-
ment of adenomatous polyps along the GI tract be-
ginning in early adolescence, with a rapid increase in 
number and size with age, and progression to colorectal 
cancer by the fourth decade [33]. The adenomas that 

develop in FAP are histologically similar to sporadic ad-
enomas (Figure 1) [76]. Almost 75% of patients suffering 
from FAP have already developed colorectal carcinoma 
by the age of 30 [73].

Lesions can develop not only in the colon and rec-
tum, but also throughout the GI tract. In the stomach 
mostly fundic gland polyps are seen, usually benign 
and morphologically similar to their non-syndromic 
counterparts, but, unlike sporadic polyps, exhibiting 
dysplasia in 25% of the cases  [77]. In the small intestine 
adenomas are seen in 30-70% of patients with FAP, most 
commonly in the periampullary region of the duodenum 
[74,78]. Adenomas vary in size, from 1mm to > 1cm, and 
their number ranges from 100 to more than 5.000. At-
tenuated FAP is characterized by <100 polyps, increased 
risk of CRC development (albeit a little less than classic 
FAP and at an older age) and mutations involving the 
5’ or 3’ part of the gene [75] 

Patients with FAP occasionally present extracolonic 
manifestations [74,75] in the bones (osteomas in 65-80% 
of patients), teeth (dental abnormalities found in 30-75% 

Figure 1. Preneoplastic lesions of the colon. Tubular adenomas develop through the CIN pathway. Sessile serrated lesion is characterized 
by crypt serration that extends to their base. MLH1 promoter hypermethylation and protein expression loss is characterized by dysplasia 
morphologically. Traditional serrated polyp with the characteristic villous architecture and ectopic crypt formation. This lesion harboured 
a KRAS exon 2 mutation (G12X).



226 Foteini-Theodora Milidaki, et al

ACHAIKI IATRIKI October - December 2021, Volume 40, Issue 4 

of patients: impacted or unerupted teeth, tooth anky-
losis, congenitally missing teeth, supernumerary teeth, 
compound odontomas), retina (Congenital Hypertrophy 
of Retinal Pigment Epithelium, CHRPE, the most com-
mon and earliest extraintestinal manifestation of FAP), 
thyroid (cribriform-morular variant of papillary thyroid 
carcinoma), liver (hepatoblastoma), central nervous 
system (brain tumours in general, especially patients 
with APC mutations between codons 697 and 1224) [79].

After FAP has been confirmed (clinical criteria or APC 
mutation confirmed by genetic testing) [33], treatment 
can be surgical (colectomy with or without proctectomy) 
or non-surgical (NSAIDS, COX-2 inhibitors). However, 
delaying the former with the use of medication that 
reduces the number of adenomas has limited results 
[75]. Annual screening is recommended even after the 
patient has undergone surgery [73,74]. 

MSI (Microsatellite instability)
Microsatellites represent repetitive DNA sequences 

(1 to 8 nucleotide units long), found throughout the 
human genome [80,81]. Alterations in their length 
are caused by DNA polymerase slippage, resulting in 
insertion or deletion of base pairs, thus, altering the 
number of repeats [81–83]. Responsible for recognition 
and correction of this type of errors (insertion/deletion 
mispairs) is the DNA mismatch repair (MMR) system, 
which also repairs base mismatches [84]. 

The MMR system comprises of several proteins: 
hMutSα (formed by heterodimerization of MSH2 with 
MSH6) and hMutSβ (MSH2-MSH3 heterodimer) rec-
ognize mismatches and single base insertions/dele-
tions loops or 2-8 bases insertions/deletions loops, 
respectively. Then, they recruit hMutLα (MLH1-PMS2 
heterodimer), hMutLß (MLH1-PMS1 heterodimer) or 
hMutLγ (MLH1-MLH3 heterodimer), along with replica-
tion factors and other proteins [83–85]. EXO1, single-
strand DNA-binding protein RPA, proliferating cellular 
nuclear antigen (PCNA), DNA polymerase d (pol d), and 
DNA ligase I, are also involved in this process and medi-
ate the excision of the most recently synthesized helix 
(the one containing the error), its re-synthesis (with the 
correct sequence) and ligation of the new helix with the 
rest of the DNA [84].  

Loss of action of components of the DNA MMR 
system (known as MMR deficiency), is associated with 
a propensity for multiple point mutations across the 
genome (hypermutability), as well as insertions and 
deletions in microsatellite sequences, the latter account-

ing for the name of this state as microsatellite instability 
(MSI or MSI-high) [86,87]. Almost 15% of all colorectal 
cancers have been reported to display MMR deficiency 
and MSI [80,86]. Defects in this system occur as a result of 
germline mutations in MMR genes (in Lynch syndrome), 
or epigenetic inactivation by promoter hypermethyla-
tion (in sporadic MSI high tumours).  

Screening patients for MSI in colorectal carcinomas 
and determining MMR functionality is important, as it 
can help identify individuals with Lynch syndrome. This 
has profound consequences not only for the patients 
themselves (increased colon surveillance for the devel-
opment of subsequent tumours, screening for the devel-
opment of tumours in other organs frequently affected 
in this syndrome), but also for their family members that 
may also be affected and need to be enrolled in screen-
ing programs [82,88]. In addition, MSI high carcinomas 
are associated with better prognosis [89] and according 
to the 2021 NCCN guidelines adjuvant treatment is not 
needed for patients with MSI high stage II tumours [90]. 
However, if adjuvant therapy is needed, MSI-H tumours 
do not respond well to therapy based on traditional 
cytotoxic agents (such as 5-FU, oxaliplatin, irinotecan) 
and different regimens should be used. Lastly, in the 
metastatic stage, MSI can predict response to immune 
checkpoint inhibitors [80,81] such as anti-PD-1 antibod-
ies (nivolumab, pembrolizumab) and the anti-CTLA-4 
antibody (ipilimumab). Consequently, pembrolizumab 
has been FDA approved for use as first line treatment 
in patients with dMMR/MSI-H CRC [91,92]. Nivolumab 
(alone or in combination with ipilimumab) [93] has 
been FDA approved for use in patients with dMMR/
MSI-H CRCs that have progressed following treatment.

Tumours that are MSI-H have been linked to certain 
characteristics, such as location in the proximal part of 
the colon, mucinous (i.e mucins pools with neoplastic 
cells floating within them) or medullary (solid nested 
or trabecular syncytial growth with tumor infiltrating 
lymphocytes) histology, poor differentiation, lower rates 
of KRAS and TP53 mutations, and increased immune 
cell infiltrates (sometimes with a Crohn-like reaction) 
[94,95]. However, the predictive value of the histologic 
characteristics in regards to MSI status is rather low 
and, thus, histology is no longer used to guide deci-
sions regarding MSI testing [96].  All newly diagnosed 
colorectal cancers, regardless of family history, should 
be subjected to MMR or MSI testing, according to the 
College of American Pathologists, the American Society 
for Clinical Pathology, the Association of Molecular Pa-
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thology, and the American Society of Clinical Oncology 
[58] and the National Comprehensive Cancer Network 
(NCCN) [90].

MSI and MMR status can be detected by various 
methods: MSI-PCR, immunohistochemistry and next-
generation sequencing (NGS). Regarding MSI-PCR, 
the National Cancer Institute (NCI) has recommended 
five microsatellite sequences as markers, known as the 
Bethesda panel: BAT25, BAT26, D2S123, D5S346 and 
D17S250 [97], albeit additional microsatellite markers 
are now commercially available. In principle, the length 
of each marker is compared between tumour tissue and 
normal tissue. Tumours can therefore be classified in 
three categories, based on MSI status: MSI-high (MSI-H), 
indicating a difference in the length of two or more of 
the five markers in tumour DNA, MSI-low (MSI-L), when 
only one marker exhibits a difference in its length, and 
microsatellite stable (MSS), when all markers have the 
same length  in tumour and healthy tissue [81,98,99].

Another method for determining MSI status is de-
tecting the absence of the expression of one or more of 
the four MMR proteins (MLH1, MSH2, MSH6 and PMS2) 
with immunohistochemistry (IHC), a state known as 
defective MMR (dMMR). Because these proteins function 
as heterodimers, PMS2 and MSH6 are usually unstable 
without MLH1 and MSH2 expression (their dimer part-
ners), respectively. Thus, when MLH1 expression is lost, 
PMS2 (its dimer partner) is also lost (same with MSH2 
and MSH6) (Figure 2). In contrast, MLH1 and MSH2 are 
stable even when PMS2 and MSH6 are absent. Therefore, 
loss of PMS2 and MSH6 is not accompanied by loss of 
their partners MLH1 and MSH2, respectively [99,100]. 

Comparison between the two methods (MSI-PCR 
and immunohistochemistry) has shown a high level of 
concordance [99,101]. IHC advantages are that it is fast, 
low-cost and readily available in most laboratories, it has 
low requirements in terms of tissue quantity and is the 

preferred method in cases with low tumour content (i.e. 
intense inflammation) [102]. In addition, it can specifi-
cally indicate which MMR gene is mutated. However, in 
up to 10% of the cases, mutations in the MMR genes 
although affecting their function (thus, the cells are 
dMMR), they do not affect the protein’s expression 
(thus, immunohistochemistry is falsely positive) [103]. 
In addition, technical issues and previous therapy may 
affect the IHC results [102]. Nonetheless, both methods 
are crucial as they complement each other in regards 
to recognizing defective MMR [104]. Newer techniques, 
such as next generation sequencing are also effective in 
determining MSI status, with comparable results to PCR 
and immunohistochemistry [105] and the advantages 
of simultaneous analysis of multiple genetic aberra-
tions [106,107], and, in some instances, not requiring 
paired normal tissue [108]. NGS challenges include high 
cost, increased technical demands, difficulties in data 
interpretation and poor diagnostic yield in samples 
with poor DNA quality, but technology is continually 
improving [109,110] and, in the future, it may lead to 
its more widespread use.

Lynch syndrome
Lynch syndrome, formerly known as hereditary 

nonpolyposis colorectal cancer (HNPCC, a term not cur-
rently preferred), is inherited by an autosomal dominant 
pattern and is characterized by a high risk of develop-
ing various types of tumours, especially, colorectal 
and endometrial carcinomas [111,112]. Other types of 
tumours that have a high probability of developing in 
individuals with Lynch syndrome are carcinomas of the 
breast, ovary, stomach, pancreas, small bowel, liver, bile 
duct, kidney, prostate, and urinary tract. In addition, 
brain tumours, namely medulloblastomas, and certain 
types of skin cancers develop in variants of the disease 
(Turcot and Muir-Torre syndrome respectively [88], the 

Figure 2. This tumour from a 75-year-old female patient was located in the cecum, and displayed poor differentiation and advanced T 
stage (T4b) histologically. Loss of both MLH1 and PMS2 was seen immunohistochemically. A BRAF V600E mutation was detected. This is a 
prototype case of sporadic MSI-H CRC (original magnification X20).
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former also termed constitutional mismatch repair defi-
ciency syndrome and is usually seen with homozygous 
mutations of one of the MMR genes [113]. 

Inherited alterations in MSH2 (40%) and MLH1 (30%) 
are responsible for the largest proportion of Lynch 
syndrome cases, followed by PMS2, and MSH6. An-
other genetic event recognized as causative of Lynch 
syndrome is the deletion of the EPCAM gene, resulting 
in MSH2 methylation and, thus, loss of its expression 
[114]. There are some differences in the phenotype of 
the disease depending on the affected gene, in regards 
of the risk and type of cancer that is developed [76]. 
The risk of cancer development is higher in MSH2 and 
MLH1 mutations, followed by MSH6 mutations and 
the least when PMS2 is affected. In addition, the risk of 
extracolonic manifestations is null with certain EPCAM 
deletions [76].

CIMP (CPG ISLAND MeTHyLAToR PHeNoTyPe)
CpG islands are regions where CpG dinucleotide (a 

cytosine nucleotide followed by a guanine nucleotide) 
clustering is observed and are commonly found in gene 
promoters. DNA methyltransferases mediate the transfer 
of a methyl group to the C-5 position of the cytosine ring 
of DNA, resulting in CpG methylation which negatively 
regulates gene expression [115]. The opposite process, 
DNA demethylation, results in increased gene transcrip-
tion.  DNA methylation is an epigenetic mechanism of 
gene expression regulation. Epigenetic refers to the 
change in gene expression without any alteration in 
DNA sequence [116]. Tumours developing through this 
pathway are believed to harbour a methylator phenotype, 
meaning that there is a progressive increase in the meth-
ylation of CpG islands, leading to tumour suppressor gene 
silencing and, thus, tumorigenesis. An overlap with the 
MSI pathway is observed, as one of the genes frequently 
(although not always) undergoing hypermethylation 
in CIMP high carcinomas is MLH1 [117–119]. In fact, in 
sporadic colorectal cancer, the MSI phenotype, arises 
as a result of epigenetic silencing of the MLH1 gene 
by aberrant methylation of CpG islands in its promoter 
region. Reportedly, epigenetic silencing of MLH1 has 
been documented in more than 95% of MSI-H (MSI 
high) sporadic carcinomas [81,82,84,111,120]. 

Approximately 20–30% of all CRCs exhibit the CIMP 
phenotype and they are classified in three categories 
based on their hymermethylation level: low (CIMP-L), 
high (CIMP-H) or negative (CIMP-0) [121]. Two panels 
of genes are now widely used to investigate the CIMP 

status of tumours (p16, hMLH1, MINT1, MINT2 and 
MINT31, described by Toyota and CACNA1G, IGF2, NEU-
ROG1, RUNX3, and SOCS1 described by Weisenberg) 
[121,122]. CIMP-H is characterized by activation of the 
WNΤ/β-catenin pathway, probably induced by non-APC 
mutations [121], frequent BRAF mutations and MLH1 
methylation, with TP53 mutations rarely encountered. 
On the other hand, CIMP-0 exhibits a high TP53 muta-
tion rate, while CIMP-L is usually associated with KRAS 
mutations. 

Serrated polyps, characterized by a saw-toothed 
appearance under the microscope (epithelial infolding) 
are the precancerous lesions in tumours developing 
through this pathway, hence, also known as the serrated 
pathway. They are further classified in three categories 
based on their morphology: hyperplastic polyps, sessile 
serrated lesions and traditional serrated adenomas (TSAs) 
or polyps. Most of colorectal cancers with serrated lesions 
as precursors have been reported to harbour BRAF mu-
tations (with KRAS being less frequently mutated) and 
have been connected with sporadic MSI and CpG island 
methylator phenotype (CIMP) [117,121].   

Based on their morphology, polypoid lesions have 
also been associated with specific mutations and CIMP 
category. Hyperplastic polyps (further classified into 
microvesicular HP, goblet cell HP and mucin poor HP) 
usually harbour a V600E mutation in BRAF and belong 
to the CIMP-H category. BRAF is often mutated in sessile 
serrated lesions which have been characterized as MSS 
and CIMP-H with an unmethylated MLH1. The develop-
ment of dysplasia coincides with the appearance of 
MSI-H phenotype, MLH1 methylation and higher risk of 
progression (as mentioned above). As for traditional ser-
rated adenomas or polyps, they often present with KRAS 
or BRAF mutations, and can either be CIMP-L or CIMP-H, 
and are MSS [121]. 

More specifically, the pathway usually starts with 
BRAF mutations (V600E point mutation) [123], which 
lead to continuous signalling in the RAS/RAF/MAPK 
pathway (described in previous paragraphs). BRAF 
belongs to the RAF (rapidly accelerated fibrosarcoma) 
family of kinases, originally identified through the clon-
ing of a viral mouse gene that induced transformation 
of NIH3T3 cells. BRAF is a non-receptor serine-threonine 
kinase that is located downstream of KRAS. Once acti-
vated, (from KRAS) it participates in phosphorylation 
cascades of the MAPK pathway and, thus, transcrip-
tional activation of genes involved in cell growth, 
proliferation, survival and migration. When mutated, 
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it is locked in its active form and mediates continuous 
activation of the pathway [124]. However, after the first 
wave of proliferation, that results in the development 
of hyperplastic polyps, one of the earliest manifesta-
tions of this pathway, the cell reaches a senescence 
state, and may remain there for a very long period; in 
fact, it may never progress. Cell cycle regulators, such 
as p53 and p16INK4a, play an important role in this 
oncogene-induced senescence [125], as they halt fur-
ther proliferation. In some lesions however, silencing of 
these molecules or their regulators, for example IGFBP7, 
may ensue, resulting in cell’s escape from senescence 
and in following bursts of proliferation [117]. A sessile 
serrated lesion is the morphologic analogous of these 
molecular events. Again, the lesion may remain stable 
for a long period, until MLH1 is hypermethylated and 
dysplasia is encountered morphologically (sessile ser-
rated lesion with dysplasia) (Figure 1). From this stage, 
evolution of the lesion to invasive cancer (through 
additional epigenetic events) is usually quicker than in 
the previous stages and BRAF mutated, CIMP-H, MSI-H 
(sporadic MSI-H) carcinomas develop (Figure 2 and 3) 
[121]. In some cases, the pathway may progress though 
epigenetic silencing of alternative genes (not MLH1), 
and then, BRAF mutated, CIMP-H, MSS carcinomas 
develop [121,126,127].

BRAF mutations are seen in 5-15% of the patients 
with CRC, with V600E being the most common and 
characterized by the substitution of valine by gutamic 
acid at the 600 position (located at the activation site 
of the molecule). BRAF mutations are more common 

in female patients, in tumours located in the right side 
of the colon and in MSI-H carcinomas [128]. Testing for 
BRAF mutations is necessary for all MSI-H carcinomas 
(their absence indicates that the tumour has developed 
in the setting of Lynch syndrome and should prompt 
germline genetic testing) [33]. BRAF mutations are as-
sociated with worse prognosis (in MSS tumours) and 
low response to EGFR targeting therapy [128,129]. 
Based on the results of the BEACON trial [130], double 
inhibition of BRAF (encorafenib) and EGFR (cetuximab/
panitumumab) is a therapeutic option for  BRAF V600E 
mutant CRC after prior treatment [90].

In some instances, where the initiating event may 
be a KRAS (instead of BRAF) mutation, precancerous le-
sions are characterized as traditional serrated adenomas 
(Figure 1), methylguanine methyltransferase (MGMT) 
gene is methylated [131] and carcinomas that develop 
have a KRAS mutated, CIMP-L, MSS/MSI-L molecular 
phenotype [121,127].

CRCs have also been classified into five molecular 
subtypes [132,133], according to their MSI-CIMP status 
and the mutational profiles of KRAS and BRAF: (1) type 
1: MSI+, CIMP+, BRAF- mutated, KRAS- wildtype; (2) 
type 2: MSI−, CIMP+, BRAF- mutated, KRAS- wildtype; 
(3) type 3: MSI−, CIMP−, BRAF- wildtype, KRAS- mu-
tated; (4) type 4: MSI−, CIMP−, BRAF- wildtype, KRAS- 
wildtype; and (5) type 5: MSI+, CIMP−, BRAF- wildtype, 
KRAS- wildtype. These distinct categories also exhibit 
a different prognosis, with type 1 exhibiting the best, 
type 2 the worst and 5-4-3, with this order, having an 
intermediate prognosis [126] 

Figure 3. The serrated pathway of carcinogenesis. Poorly differentiated carcinoma developing in a sessile serrated lesion with dysplasia. 
Note the loss of MLH1 in the dysplastic and neoplastic epithelium while residual sessile serrated lesion retains its expression.
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concLuSIon
This review aims to describe the molecular path-

ways that have been implicated in the pathogenesis of 
colorectal carcinoma. As this type of cancer still com-
prises a major health risk nowadays, it is important to 
understand and analyse the underlying mechanisms, 
not only because they offer insights regarding the 
pathogenesis of the disease, but also because some of 
them have predictive and prognostic implications and 
form the basis for personalized therapy in CRC patients.
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