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Abstract

Colorectal cancer (CRC) remains one of the main causes of cancer death in developed
countries. Yet, it is potentially preventable, by removing the precursor lesions -
adenomas or serrated lesions. Several studies proved that this intervention reduces
CRC mortality and that the first colonoscopy’s results can guide surveillance strategies.
More recently, it became clear that several carcinogenesis pathways may lead to
sporadic CRC. CRC is a heterogeneous disease, characterized by multiple molecular
subtypes. Three main pathways have been implicated in the development of CRC:
Chromosomal instability, microsatellite instability, and the “serrated” pathways, with
overlapping features between them. This and other molecular and genetic based CRC
classifications are known to have clinical implications, spanning from familial risk
assessment to therapy choices. The authors review basic science data and provide

insight on current implications for the management of patients with CRC.
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Core Tip: Colorectal cancer (CRC) is a major cause of cancer death worldwide. It is a
heterogeneous entity and its molecular and genetic features have clinical implications.
Three main carcinogenesis pathways, with some overlapping features, are now known
to lead to CRC: Chromosomal instability, microsatellite instability, and the “serrated”
pathways. Their features, namely, microsatellite instability status and BRAF or KRAS
mutation status, among others, have to be studied to assess familial cancer risk and to
make adequate therapy choices. Ongoing research will potentially even enlarge basic

science’s importance for clinical practice.
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INTRODUCTION

Colorectal cancer (CRC) is the third most frequently diagnosed cancer in the USA and
Asia, and the second in Europel!2], being one of the leading causes of cancer death
worldwidel®l. Sporadic colorectal cancer represents about 70% of all cases and only 5%
are related to known hereditary conditions such as Lynch syndrome (LS) and familiar
adenomatous polyposis (FAP). The remaining cases have apparent familial
predisposition with no identifiable single germline mutationsl4l.

Adenomas and serrated lesions are the precursors of the vast majority of CRCs and
their number /characteristics at baseline screening colonoscopy allow the definition of
adequate surveillance programs after polypectomy, with an impact on survival for over
more than 10 yearsl®l. It is reasonable to think that if we understand the molecular
mechanisms underlying the appearance of these lesions, we can be even more effective
in identifying grades and temporal windows of risk and in designing individualized

strategies for preventing and treating CRC.

Colorectal cancer origin

Colonic stem cells (CSC) are now known to be located at the base of the crypt (cells
initially identified in 1974 and called “crypt base columnar cells” - CBCC)l¢l. In the
normal setting, the division of a stem cell does not generate a new stem cell and another
cell committed to differentiation; on the contrary, each division usually generates two
cells with the same destination, either stemness or differentiation. This is a random
phenomenon of “neutral competition”l”], through which certain lineages are lost (when
the two daughter cells progress to differentiation, as progenitors in the transit-
amplifying zone) and crypts evolve to clonality, constitutionally.

Since 2007, CSC have also been known to be responsible for the generation of the
entire CRC populationl®9l. Certain mutations, namely, in the WNT pathway, may confer
selective advantage to the stem cells, granting them a greater potential for subsequent
clonal progression in the crypt. The WNT pathway is the main responsible for the

proliferation and maintenance of stem cells in the colonic epithelium. However, its level
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of activity is modulated by several factors, such as NF-kB, KRAS, and the NOTCH
signaling pathwayll011l. In the clonal competition process, either an APC loss (with
WNT pathway activation) or a KRAS activation (which apparently leads to increased
cell division) may confer a selective advantage. In the specific context of inflammatory
bowel diseases, the loss of p53 function can also create a selection advantage for the

mutated stem celll0],

Carcinogenesis pathways in colorectal cancer

In 1990, Fearon and Vogelstein published an important paper about colorectal
carcinogenesis!!2l. The authors stated the need for the accumulation of several mutations
in oncogenes and/or tumour suppressor genes for the development of a CRC. Although
certain sequences of events are more frequent, it is the accumulation of mutations, more
than its order, that leads to the biologic properties of the CRCI1213l. The authors also
found that although most tumours have mutations in the same key genes, additional
mutations in several other genes occur in highly variable frequencies, which may
explain some of the heterogeneity in the biologic properties of tumours found in clinical
practicel4l.

In fact, the CRC molecular characterization done by the Cancer Genome Atlas
Network found an altered WNT signaling pathway in 93% of tumours, but it also
described two broadly distinct groups of tumours: The “hypermutated” (more than 12
mutations per 106 bases) and the “non-hypermutated”(less than 12 mutations per 106
bases)[15l,

Based on gene expression profiles, a classification system comprising four consensus
molecular subtypes (CMS 1-4) was created, each having typical histologic and clinical
features(16-19. In Figure 1, we can see a classification system using the consensus
molecular subtypes (CMS 1-4), CIMP (CpG island methylator phenotype), and
microsatellite instability (MSI) status. The “non-hypermutated” tumours seem to
correspond to group 4 and the “hypermutated” tumours to group 1 in the CRC

classification proposed by Jass!?’l,
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The still most widely used classification for CRC origin distinguishes three pathways
that, in fact, have some overlapping features: Chromosomal instability (CIN), MSI, and
serrated pathways(13l.

2
CIN: CIN is characterized by chromosome changes that include somatic copy number
alterations caused by deletions, loss of aneuploidy, insertions, and amplifications. It was
recently subdivided into three CMS: CMS 2, epithelial, with marked WNT and MYC
activation; CMS 3, epithelial with important metabolic activation; CMS 4, mesenchymal,
with TGF-f activation, stromal invasion, and angiogenesisl2ll. This pathway is observed
in about 65-70% of colorectal tumours and usually associated with karyotypic
abnormalities (loss of heterozygosity at chromosome arm 18q in 70% of CRC), with APC
(in 80% of CIN tumours) and TP53 (in 60% of CIN tumours) mutations and with KRAS

activating mutations (in 40% of CRC)[13l,

MSI: MSI is characterized by a high frequency of genomic copy number variations, and
corresponds to CMS 1 and the hypermutated tumours subgroup. It occurs in the
presence of abnormal mismatch repair (MMR) proteins (MLH1, MSH2, MSHS6, or
PMS2), caused by sporadic epigenetic silencing (most commonly through gene
promotor hypermethylation) or constitutional mutations (Lynch syndrome)?!. This
pathway is observed in about 15% of sporadic tumours and in most CRC in LS. The
most common cause of the MSI phenotype is somatic - the epigenetic silencing of MLH1
due to promoter hypermethylation (usually associated with BRAF mutation and CIMP-
high status, a clear example of pathways” overlap). After the occurrence of MSI, the
expression of an inability to correct DNA replication defects, colorectal carcinogenesis
progresses more rapidly than through the CIN pathway (1 to 3 years in contrast to 10

years or more)3].

Serrated pathway: This pathway is characterized by a phenotype of DNA

hypermethylation at specific regulatory sites (CpG islands) in the promoter regions of
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genes - the CIMPI3l. When this hypermethylation affects tumour suppressor genes, it
leads to their silencing, promoting carcinogenesis. This pathway is responsible for
nearly 15% of CRC and is commonly associated with BRAF mutation (usually the first
detected event), after which it can follow different routes. It can converge with the MSI
pathway, through inactivation of MMR genes or it can overlap with the CIN pathway,
through TP53 mutations and WNT or TGFf} signalling pathway activation (resulting in
MSS or MSI-L tumours)[13.22],

Other pathways: With the increasing advances in technology, new subgroups of
tumours are being identified - an example is the identification of DNA polymerase
protein mutations (POLE and POLD1), that led to the description of a new molecular

pathway, characterized by a hypermutated phenotype without MSII3l.

Molecular and genetic features in colorectal cancer screening
Currently, the predominant CRC screening tools are fecal occult blood testing (FOBT),
endoscopic evaluation (colonoscopy or sigmoidoscopy), and CT colonography. CRC
screening has proven to reduce the risk of CRC associated mortalityl%]; however, there
are multiple limitations regarding test performances, and lack of access or compliance.

Several biomarkers have been investigated for their use in CRC screening, namely,
DNA, proteins, and RNA (messenger or micro-RNA). These new non-invasive markers
have the potential to improve screening by improving sensitivity, compliance, and
accessibility. The detection of these biomarkers in blood, urine, and stool in people with
colon polyps or CRC has been assessed and, to date, the most accurate tests are based
on stool samples. This is explained by the abundant exfoliation of neoplastic cells from
polyps and CRC into the mucocellular layer of the colonic lumen/?l. From all the
options, only DNA-based markers have been used in clinical testing so far.

Multiple stool DNA-based markers have been evaluated but only the Cologuard
multitarget stool DNA (MT-sDNA) test has been approved for clinical use - approved

for CRC screening in asymptomatic individuals with ages between 50 and 84 years
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(United States Food and Drug Administration - US FDA). This test detects a
combination of gene mutations (KRAS), methylated DNA markers, and fecal
immunochemical test (FIT) and has demonstrated the best clinical performance of CRC
marker screening to date. In a recent study, MT-sDNA test proved to have an overall
CRC detection rate similar to colonoscopy and a superior sensitivity (but lower
specificity) when compared to FIT, for the detection of advanced adenomas and CRC.
However, 10% of patients with posiﬁ've MT-sDNA have no polyps or CRC when they
undergo colonoscopy?#25l. Overall, models using 3-year screening intervals predict a
very high program sensitivity.

Although CRC screening using stool based molecular markers is more and more a
reality, there are also multiple promising assays in development regarding plasma
molecular markers. For example, plasma detection of methylated SEPT9 (a gene more
frequently methylated in CRC vs normal colon tissue) is cHrently available in China,
USA, and Europe for CRC screening. However, these tests have suboptimal sensitivity
for screening for colon polyps and early CRC compared to currently available screening
tests(24]. It is hypothesized that plasma and urine marker detection may depend on CRC
vascular invasion, which would limit the detection of precursor and early lesions.

Circulating tumor cells, circulating tumor DNA, and serum, fecal, and salivary
microRNAs and long non-coding RNAs are all potential biomarkers in this emerging

area and their role in CRC screening remains to be established(20].

Diagnostic, therapeutic, and prognostic implications of CRC molecular and genetic
features

MSI: As previously stated, MSI is a major pathogenic pathway implicated in CRC
development. The diagnosis of MSI is usually done by polymerase chain reaction (PCR)
analysis of five microsatellite markers (the Bethesda panel) in both tumour and normal
tissue - tumours with MSI in two or more of the markers are classified as MSI-High
(MSI-H). However, immunohistochemistry (IHC) analysis of MMR protein expression

has proven to identify around 95% of MSI-H tumours (in the remaining 5%, mutations
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that affect protein function but not its antigenicity may have happened). This technique
is more widely available and does not require normal tissue samples[!3l(Figure 2).

There are multiple implications for the evaluation of MSI status in CRC.

Identifying patients with LS: The MSI status can guide the clinician to better identify
patients who will benefit from genetic testing. Studies have shown that almost 17% of
all MSI-H tumours happen in LS patientsl?”], with several of them previously
unidentified. Patients with LS may benefit from a more radical surgery due to a higher
risk of metachronous cancers and require different surveillance protocols after CRC
treatment(13.2829]. Moreover, the identification of an LS patient may potentially lead to
screening and cancer prevention in several other family members. IHC has a significant
role in the selection of patients for genetic testing, since the identification of tumours
with absent MSH2/MSHS6 protein expression should directly lead to referral for genetic
testing, while MLH1/PMS2 loss should be followed by testing for BRAF V600E
mutation and/or gene promoter hypermethylation/2!l(Figure 3). Since most MSI-H
tumours with absent MLH1/PMS2 protein expression are due to somatic changes,

genetic testing can be omitted in most of these patients.

Different responses to standard chemotherapy: Several studies indicgte that MSI
tumours may have a reduced response to 5-FU chemotherapyl330-321. Stage II MSI
tumours have a better prognosis than MSS tumours and they probably do not benefit
from adjuvant chemotherapy, namely, with 5-FU[33]. However, data are more
conflicting for stage IIl tumours, where MSI status does not seem to significantly
influence response to 5-FU, especially when oxaliplatin is added to the regimen.

Regarding irinotecan, data are scarce, but MSI tumours seem to be sensitivel2ll.

Different responses to immune checkpoint inhibitors: Tumours with MMR deficiency
produce several abnormal proteins which seem to elicit antigen-driven immune

responses. Perhaps as an adaptative mechanism, these tumours also show increased
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expression of several immune checkpoints. As a consequence, MSI CRC metastatic
tumours have better response and survival patterns when immune checkpoint
inhibitors (ICI) are used (as opposed with the disappointing results in non-MSI
tumours). Despite a good response to ICI like pembrolizumab and nivolumab, almost
50% of the patients will progress during this therapy and there are no biomarkers
available to predict this response. Tumour mutation burden (TMB) is a good predictor
of response to ICI and, although they are rare, POLE/D1 mutations can lead to high

TMB tumours that are MSS but may still show good response to ICII221,

Different overall prognosis: MSI tumours are generally considered to have a better
prognosis, with less lymph node metastasis and synchronous liver metastasis.
However, the prognostic meaning of MSI is modulated by several factors, and their
interactions. Tumour stage is an example of this heterogeneity - while stage II MSI
cancers have a better prognosis, metastatic MSI CRC globally have a worst prognosis
than MSS onesl21.3-37]. However, the grade of the tumour-infiltrating lymphocyte (TIL)
response, the BRAF mutation status, or the MSI origin (LS vs sporadic) all interfere with

the impact of MSI on prognosis/1322].

BRAF
BRAF codes a serine-threonine protein kinase that is a regulator of the MAPK
pathway. It is an important oncogene that plays a central role in cancer initiation and
progression. BRAF mutations are strongly associated with MSI and hypermutated
tumours in the CMS 1[3839],

BRAF testing is almost mandatory in the metastatic CRC patient population, since it
has both prognostic and therapeutic implications.

Multiple studies reported negative prognostic value of the BRAF V600E mutation in
patients with stage II, III, or IV CRCIH#041, Other BRAF mutations, much less frequent,

are associated with different clinical and histologic characteristics and have a better

prognosis. The prognostic meaning of BRAF mutations may, again, be modulated by
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other factors, such as tumour stage or MSI status/42. In fact, while MSS BRAF V600E
mutated tumours seem to have the worst prognosis, BRAF V600E mutation in MSI
tumours may have different meanings at distinct stages!*l.

BRAF V600E mutation is known to be associated with intrinsic chemoresistancel431.
Regarding targeEd therapy, multiple studies also reported that BRAF mutation is
associated with cetuximab and panitumumab resistance. Although this association is
not as strong as the known influence of the KRAS status, and still controversial, it is
thought that BRAF mutated patients probably do not receive much benefit from being
treated with these two drugsl#4l. Therefore, some authors advocate the triplet
FOLFOXIRI in combination with bevacizumab as first-line therapy for stage IV BRAF
V600E mutated tumours. Due to the low numbers of these tumours in clinical trials, the
clinical impact of this strategy remains yet to be demonstrated and the benefit of
antiangiogenic drugs like bevacizumab in this subgroup of patients lacks positive
results with statistical significancel®l.

Finally, several BRAF inhibitors (iBRAF) are now available and have demonstrated
important results in several other cancers, starting from melanoma. However, results in
CRC were largely disappointing, due to the different carcinogenesis pathways
involved. Strategies to overcome these limitations are being developed, mostly by using

combinations with standard chemotherapy, targeted agents, and /or immunotherapy.

KRAS status

KRAS protein is a self-inactivating signal. When it binds to a rosine kinase receptor
such as epidermal growth factor receptor (EGFR), it leads to the activation of the RAS-
RAF-MEK kinase pathway. KRAS activating mutations lead to oncogenesis. KRAS
mutations are frequently found in MSS tumours in the CMS 3 CIN subgroupl?l. The

assessment of the KRAS status is also crucial because it may have prognostic and

therapeutic implications.
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Some studies associated the KRAS mutations with a worse prognosis in the
unresectable metastatic setting. However, conflicting results are yet not sufficient to
recommend the evaluation of the KRAS status for prognostication/40l.

The predictive value of the KRAS status when ghoosing therapy in stage IV CRC is,
however, undisputed. KRAS exon 2 mutation is associated with_intrinsic resistance to
anti-EGFR antibodies. In KRAS exon 2 wild type patients, KRAS exons 3 and 4
mutations (as the less common NRAS exons 2, 3, and 4 mutations) have also been
shown to be associated with intrinsic resistance to anti-EGFR antibodies (cetuximab and
panitumumab), and CRC patients with these mutation have a worse overall survival
when they receive anti-EGFR antibodies, either as monotherapy or combined with
traditional chemotherapy!*748l

Anti-EGFR antibodies have been used for the treatment of metastatic CRC since 2004.
More recently, both cetuximab and panitumumab have been approved as first line
treatments for BRAF/KRAS/NRAS wild type patients, with a demonstrated increase in
overall survival, response rate, and progression-free survival. However, there are still
patients with the above tumour genotype that cannot obtain these benefits or who
experience rapid drug resistance and disease progression!47.4l.

In KRAS wild-type patients, KRAS mutant clones frequently emerge and lead to
secondary resistance to anti-EGFR therapy!%l.

Ongoing studies are investigating the use of targeted agent combinations to
overcome both primary and acquired resistance to therapy due to RAS mutations.

Also at research stage, Adagrasib, an oral drug that selectively binds and irreversibly
inhibits KRAS with a specific mutation, has shown promising results in CRC patients in
a phase I/1I triall>1,

Finally, there is also recent evidence showing that metformin may be useful as an

antitumor agent in KRAS mutated CRCI>2.

APC status
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The WNT signaling pathway is an important mediator of stem cell activation and is the
most commonly dysregulated oncogenic pathway in CRC. APC, a crucial element in
this pathway, is the most commonly mutated gene in sporadic CRC - this mutation is an
early event in 80-85% of casesl®l. So far, however, attempts to use WNT inhibitors as
therapy for CRC have failed, mostly due to adverse effects!l.

Recent data has shown that different APC mutations can lead to different prognoses
in CRC patients!54. For instance, C-terminal APC mutation led to a shorter survival, as
opposed to N-terminal APC mutations - it was suggested that these could be used as
prognosis markers (with no therapeutic implications so far)[54. Research on molecules

that target specific ty pes of APC mutations is also currently ongoing/>3!.

TILs

Although highly correlated with dAMMR status (MSI-H status), there is evidence that
TILs are an independent predictor of outcome in CRC patientsP®l. Several lines of data
support the fact that the host immunologic response (evaluated by histology) against
the tumour is a good prognostic indicator. Elevated lymphocytic reaction to CRC is
associated with better oncologic outcomes[>-%l. Extensive lymphocytic infiltration is
more common in MSI than MSS tumours. The relation between TIL and MSI status can
help us even more to discriminate which CRC patients will have a better prognosis.
Based on this premise, a TIL/MMR-based classification was created to distinguish the
prognosis of CRC subtypes in patients with stage II and III tumours. TIL-low status
identifies a clinically aggressive phenotype despite the MSI status(5l. Although these
data seem interesting, there is not enough evidence yet to support the utilization of TIL

evaluation or TIL/MMR-status in clinical practice for prognostic stratification.
Liguid biopsy in CRC

The term liquid biopsy refers to the isolation and analysis of tumour-derived material

from blood or other bodily fluidsltll. In CRC, potential applications range from
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diagnosis to therapeutic monitoring. The current limitations in its use for screening
have already been discussed.

Regarding prognosis, Diehl et all®Zl found that cell-free DNA (cfDNA) analysis after
surgery for CRC accurately predicted relapse, by identifying patients with otherwise
undetectable residual disease. If validated, this information could also be used to select
patients for adjuvant chemotherapy.

The utility in therapeutic monitoring has been exemplified in a study by Siravegna et
all®3]l, who found that clones with KRAS mutations that lead to secondary resistance to
anti-EGFR antibodies may lose dominance after therapy withdrawal and that this can
be detected by cfDNA analysis, predicting a benefit of reinstitution of anti-EGFR
therapy in these patients.

Although several other promising studies are available, liquid biopsy use in CRC still

needs standardization of methods and validation in multicentric prospective trials.

CONCLUSION

CRC is a heterogeneous entity and its molecular and genetic subtypes have significant
implications, from familial risk assessment to therapeutic choices.

Regarding the most used classification for CRC origin, there are three important
oncogenic pathways: CIN, MSI, and serrated pathways. They have different clinical and
molecular/genetic characteristics. The MSI status, BRAF, KRAS, and APC mutation
status, and the presence of TILs are the most studied tumour features and those more
extensively correlated to clinical data. The combination of MSI status and BRAF
mutation status can be used to help identify patients with SL. However, tumour
molecular and genetic analyses are now also known to predict response to
chemotherapy or to immune checkpoint inhibitors and to affect prognosis. Finally,
DNA-based markers have already undergone clinical testing in the field of CRC

screening and were shown to be useful.
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Clinicians should be aware of the major known carcinogenesis pathways and most
commonly mutated genes, since some clinical implications are already proven and

several others are currently under investigation.
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