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Abstract

Purpose of review—Molecular pathways in colorectal carcinogenesis involve several complex
genetic and epigenetic modulations that cause normal colonic mucosa to metamorphose into a
benign polyp and subsequently into a malignant tumor. Our purpose is to recapitulate historical
and recent genomic research in order to augment the understanding of colorectal cancer
pathogenesis.

Recent Findings—In 2015, the molecular classification for colorectal cancers was unified into
one system with four distinct groups, also called as consensus molecular subtypes. This led to an
enhanced understanding of molecular and immune signatures which has implications on predicting
the clinical behavior as well as response to different therapeutic agents.

Summary—In this review, we expound on the current literature as well as draw on our own
experience to present the important molecular pathogenesis pathways, key genetic mutations,
differences in pathogenesis of left versus right sided tumors as well as the molecular classification
of colorectal cancers.
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Introduction

Colorectal cancer (CRC) is the third most frequently diagnosed cancer in the US, estimated
to cause 53,200 deaths and 147,950 new cases in 2020. [1]. Sporadic colorectal cancer
accounts for nearly 70% of the cases. Only 5% of the new colorectal cancer diagnosis are
related to hereditary conditions such as the Lynch syndrome or familial adenomatous
polyposis (FAP). 20-30% of the cases have a familial disposition with no associated or
known germline mutation [2].

Over the last few decades, our comprehension of the diverse genomic events in the
pathogenesis of invasive colorectal cancer has improved significantly. Herein, we will
describe the pathogenesis of colorectal cancer while touching upon the role of immune and
stromal components in tumorigenesis as well as discuss the recently proposed molecular
classification based on transcriptomics.

Molecular Pathogenesis

Adenoma-carcinoma sequence

An accruing body of evidence continues to propound that most CRC arise from pre-
cancerous lesions or adenomatous polyps. Pathogenesis of CRC is multi-phasic, starting
from the earliest dysplastic lesion called aberrant crypt focus to adenomatous polyp to
invasive cancer. On the molecular level, Vogelstein and colleagues proposed that
development of carcinogenesis depends on progressive accumulation of changes beneficial
to tumor growth over time leading eventually to an invasive malignancy. This is called the
adenoma-carcinoma sequence [3]. APC gene truncation is usually the inciting event,
followed by KRAS and TP53 mutations later in the sequence.

Serrated polyp pathway

This represents an alternative pathway to the evolution of colorectal cancer and
phenotypically present as heterogenous outgrowths such as hyperplastic polyps, sessile
serrated adenomas or mixed hyperplastic polyps/serrated adenoma. [4] BRAF mutations are
the most frequent initial insult compounded by epigenetic CpG island methylator phenotype,
which is reviewed in detail below. Interestingly, dysbiosis in gut microbiome, especially
overgrowth of Fusobacterium nucleatum has been implicated in progression of serrated
polyp to adenocarcinoma [5,6]. Prognosis is variable, and a combination of high degree of
CIMP (CIMP-H), microsatellite stability (MSS) and BRAF mutation carries the worst
prognoasis [7].

The above sequences are actualized by three major pathways, namely the CIN or
chromosomal instability pathway, the MSI or microsatellite instability pathway and CIMP
(CpG island methylator phenotype) hypermethylation which are discussed below and
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outlined in Figure 1. At a molecular level, the adenoma-carcinoma sequence pathway is
enriched with KRAS mutations and somatic copy number alterations via CIN whereas
BRAF mutations followed by gene promoter hypermethylation drive the serrated polyp
pathway

Chromosomal instability pathway/APC pathway

Mutations in colon cancer can be traced to two modes of genomic instability: chromosomal
instability (CIN) and microsatellite instability. Chromosomal instability can be observed in
about 70% of CRC cases [8]. According to the classical adenoma to carcinoma model,
mutation in Apc gene instigates progression to carcinoma via chromosomal instability,
which involves various numerical chromosomal aberrations, most commonly chromosome
18, sub chromosomal aberrations, and loss of heterozygosity [9]. One significant feature of
CIN is that it causes the deletion of tumor suppressor genes. Key genes involved in CIN
include APC, TP53, KRAS, PI3KCA, etc [8]. Colon cancers emanating from CIN have
worse outcomes than those with microsatellite instability [10].

Mismatch Repair (MMR)

DNA replication is a high-fidelity process and over the course of evolution, several
mechanisms have developed to avoid errors in this process. One of these is the mismatch
repair (MMR) mechanism, which was initially discovered in prokaryotes [11]. In humans, 9
different homologues have been described [12]. Dysfunction of these mismatch repair
proteins as a result of inheritance of one germline mutated allele forms the basis for Lynch
syndrome. The other allele may be inactivated through loss of heterozygosity (LOH),
epigenetic silencing or mutation. Regions of short segments of DNA repeated hundreds of
thousands of time in the genome are called microsatellites. Cells with MMR deficiency are
likely to accumulate DNA errors by many folds. A deficient mismatch protein system leads
to expansion or contraction of these microsatellites, thus called microsatellite instability
[13].

Patients with Lynch syndrome have an onset of invasive cancer at an earlier age, more likely
to have proximal site or right sided colon cancer, poorly differentiated histology, mucinous
subtype, marked lymphocytic infiltrate but surprisingly have a better prognosis in stage 11
disease as compared to mismatch proficient colon cancers [13].

Hypermethylation BRAF pathway

A subgroup of sporadic colorectal tumors is typified by microsatellite instability and V600
mutant BRAF. The pathogenetic hallmark is epigenetic silencing of mismatch repair proteins
mediated via CpG sequence hypermethylation. This hypermethylation process specifically
occurs in the promoter region of genes that code for mismatch repair proteins, resulting in
mismatch repair enzyme deficiency. These tumors are termed as CIMP+ (CpG island
methylator phenotype) tumors [14]. Activating BRAF mutations including BRAF V600 is
an exclusive feature of these tumors [15]. This mutation is also more commonly associated
with the proximal or right colon cancers but portends a worse prognosis. Presence of CIMP
has been studied as a biomarker of response to fluoropyrimidine containing cytotoxic
regimens such as FOLFOX or FOLFIRI, however, its role remains debatable [16].
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Molecular Abnormalities

Oncogenes

Gain of function mutations in oncogenes leads to constitutive activation and uncontrolled
growth leading to cancer. Several oncogenes have been incriminated in colorectal
tumorigenesis. Some of the more important ones are discussed below.

1. RAS—RAS proteins encode for small GTP hydrolases that function as a growth switch
which is tightly regulated. In the active form, this pathway triggers stimulation of distal
mechanisms including the MAPK and PI3K pathways [17]. Three cellular variants are
known to exist, of which, KRAS is the most frequent to undergo mutation in colon cancer.
Point mutations in KRAS gene result in constitutive stimulation of Ras protein and
uncontrolled growth [18]. This is postulated to be a pilot event in CRC pathogenesis.
Mutated KRAS gene results in constant activation of the RAS-RAF-MEK-ERK pathway
and this has shown to confer resistance to anti epidermal growth factor receptor therapies
such as cetuximab or panitumumab [19].

2. BRAF—The RAF proteins belong to the family of serine-threonine kinases located just
downstream to RAS, which are responsible for stimulating the RAF/MEK/MAPK sequence
leading to cellular growth and proliferation [20]. Mutant BRAF has been described in
roughly 10% of sporadic CRC, more commonly on the right side [21]. V600E is the most
common mutation encountered in clinical practice [22]. BRAF mutation can confer
resistance to EGFR directed therapy and usually portends worse survival outcomes [23].

3. HER2—The HER2 transmembrane glycoprotein receptor is classified within the EGFR
receptor cohort, with inherent tyrosine kinase functionality. HER2 protein is responsible for
the activation of downstream pathways controlling epithelial cell growth [24]. About 5% of
metastatic colorectal cancer patients have HER2 gene amplification, short variant
modulations, or both[25]. Cancer cells utilize the HER2 pathway as a bypass signal
transduction pathway conferring them immunity against anti-EGFR therapies. This
resistance mechanism is especially acquired in wild-type RAS and BRAF cancers which
would otherwise be a sensitive target for anti-EGFR antibodies [26]. HER-2 is emerging as a
therapeutic target with trastuzumab-lapatinib and trastuzumab-pertuzumab combination
therapies showing promising results in early clinical trials [27,28].

Tumor suppressor genes

1. Apc gene—According to the adenoma-carcinoma sequence model, as mentioned
above, CRC origin is initiated by mutations in the Apc gene. Mutant Apc gene occurs in
about 80-90% of CRC. Germline mutations in one allele followed by loss of heterozygosity
in Apc gene is the fundamental mechanism in development of familial adenomatous
polyposis (FAP), a condition that inevitably causes CRC at an early age, usually under 35
[29]. Apc gene controls several key cellular functions such as differentiation, cellular
migration, cell-cell adhesion, cytoskeletal integrity and genomic stability [30]. The
significance of Apc gene can be adjudged by the fact that restoring the Apc gene has been
shown to cause rapid cell differentiation and tumor regression in mouse models [31].
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In the absence of a functional Apc gene, p-catenin accumulates via the Wnt signaling
pathway [32]. B-catenin along with T-cell lymphocyte enhancer factor activates central pro-
oncogenic cell-cycle controller genes such as c-Myc and cyclin D1 via transcription [33].
Therapeutic agents aimed at disrupting this interaction as well as other steps in the canonical
Whnt signaling pathway are currently under investigation [32,34].

2. TP53 gene—7P53is also known as the “gatekeeper of the genome” and is a pivotal
mutation in a multitude of cancers including colon cancer. Its protein product (tumor protein
53) recognizes any form of injury to the DNA and either halts the cell cycle to allow for
DNA repair or in case of irreparable damage, it can initiate the process of cellular suicide or
apoptosis. Nearly 50% of invasive colon cancers harbor this mutation, and it is often seen in
cancers growing in the rectum or distal colon [35]. Role of TP53 in CRC pathogenesis is
dichotomous and may involve “loss of function” of 7P53 gene resulting from inactivating
mutations in one allele and loss of other allele as a result of chromosomal instability or
acquisition of missense-type mutations in the DNA binding domain which convert TP53 into
a pro-oncogene [36]. This event is theorized to occur later in the adenoma - carcinoma
transformation sequence, due to a relatively low rate of presence in precancerous lesions,
and a higher presence in cases of invasive cancer [37]. Only exception is colitis associated
carcinoma where loss of TP53 is an earlier step in the pathogenesis [38].

3. PTEN—Mutations in the Phosphatase and Tensin homolog (PTEN) gene are linked
with CRC in the young (<50 years). Decreased PTEN expression causes Cowden Syndrome,
also associated with thyroid and breast cancers. PTEN protein directly inhibits the PI3K/Atk
signaling pathway by dephosphorylating a key second messenger and thereby stifles cell
cycle progression and induced cellular apoptosis. Promoter hypermethylation stemming
from genomic instability is a common reason for PTEN inactivation, which explains the
correlation between MSI and PTEN loss [39]. Likewise, PTEN mutant CRCs are seen to
arise more commonly in proximal and right colon. Other reasons for PTEN loss in CRC
include LOH and somatic mutations. The risk of CRC associated with PTEN is around 9—
16% [40]. PTEN inactivated tumors are also known to carry concomitant BRAF and KRAS
mutations, whereas TP53 and PTEN mutation do not occur simultaneously [41,42].

While multiple reports point towards a positive association between PTEN loss and
decreased life expectancy, local recurrence, lymphatic invasion, liver metastasis and
advanced TNM staging, many others failed to show such an association [43-45]. In breast
cancer, absence of PTEN expression is associated with a lack of response to trastuzumab,
however studies analyzing the contribution of PTEN as a predictive biomarker for EGFR
directed therapies have yielded discordant results so far [46-50].

4. Transforming Growth Factor B (TGFB) signaling—TGFg is a signaling molecule
that regulates inhibition of cellular proliferation and induction of apoptosis. It mediates its
effects by binding to type | and Il TGFp receptors leading to the activation of several
downstream targets including the SMAD proteins [51]. In one study, 75% of the colon
cancer cell lines had defective TGFp mediated signaling caused by mutations in the type 1l
receptor or the downstream molecules [52]. Although, TGF has a negative stimulatory
effect, there is a paradoxical increased expression of TGF-beta ligand by tumor cells in the
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mesenchymal molecular subtype [53]. Rise in TGF levels may have a pathogenic role in
increasing angiogenesis and inducing immunosuppression, leading to worse prognosis in
this subtype [54]. TBGP mutations are more commonly associated with MSI-H tumors.

5. Chromosome 18q: the DCC, SMAD4, and SMAD2 genes—Deleted in colon
cancer or DCC is a tumor suppressor gene housed in the long arm of chromosome 18 and is
frequently deleted in cases of sporadic colon cancer [55]. Unlike other tumor suppressor
genes, DCC only acts conditionally. It is a dependence receptor, which leads to cellular
proliferation when bound to netrin-1 whereas in the unbound state, it induces cell death.
Role of DCC in prognostication and as a therapeutic target is currently unclear.

- SMADA4: SMAD 4 [Small Mothers Against Decapentaplegic homolog 4], or DPC4
[Deleted in Pancreatic Cancer-4] is another tumor suppressor gene located on 18q [56].
SMAD is a cohort of transcription factor proteins instrumental to the TGF-Beta signaling
pathway. Mutation in SMADA4 can release the cancer cell from the growth suppressive effect
of TGF-B [57] (13). Inherited mutation in SMADA4 is responsible for Juvenile polyposis
syndrome.

- SMAD2: SMAD 2 is a messenger in the TGF-B pathway, which upon binding of TGF-B
to its receptor gets phosphorylated and subsequently binds to SMAD4. SMAD4 then
translocates into the nucleus and is responsible for transcribing pro-apoptotic proteins.
Mutation is SMAD?2 is also associated with cases of sporadic colon cancer [58]. Pro-
oncogenic mutant form of TP53 can inhibit the phosphorylation of SMADZ2/3 disrupting the
downstream effects of TGF-B [59]. Interestingly, SMAD proteins and TGF-B have been
incriminated in the development of inflammatory bowel disease and may have a role to play
in colitis associated cancer [60].

6. Mismatch repair genes- MSI-high versus MSI-low—Microsatellite Instability-
high (MSI-H) colorectal tumors, identified on multigene sequencing, originate from
dysfunctional mismatch repair genes (MMR). These mismatches can result either from
epigenetic silencing (80% of cases) of components of the MMR machinery (such as MLH1,
MSH2, PMS2, MSH6), or by germline mutations (20% of cases) [61,62]. Interestingly,
MSI-H CRC patients may have a higher life expectancy than microsatellite stable patients
[63,64]. Patients with MSI-H CRC have been shown to benefit the most from
immunotherapy.

7. MUTYH defects and familial CRC—A biallelic mutation in the MUTY homolog
gene causes a hereditary syndrome associated with frequent colorectal cancers, MUTY H-
associated polyposis (MAP). MAP is similar in phenotype to attenuated FAP, and results in
formation of ten to hundreds of colorectal adenomas, and usually presents at a median age of
46-48 [65]. Roughly 20% cases of adenomatous polyposis which lack Apc gene mutation,
harbor MUTYH defects. MUTYH gene product is a DNA glycosylase which serves to repair
mismatches caused by oxidative DNA damage via base excision repair [65]. Y179C and
G396D, are the most common missense mutations in the MUTYH gene, accounting for
~80% of MAP [66]. Patients with homozygous Y179C mutations are known to suffer from a
more severe form of CRC occurring at an earlier age as compared to those with homozygous
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G396D mutations or compound heterozygotes [67]. Unfortunately, ~50% of these patients
have already developed CRC by the time of diagnosis due to lack of vigilant screening given
the autosomal recessive nature of inheritance [68]. MAP related CRCs frequently develop in
proximal colon, have a mucin rich histology, abundance of lymphocytes as well as a
relatively better prognosis than sporadic CRC [67].

Modifier genes

COX-2—COX-2 is an inducible cyclooxygenase, which has been found to be overexpressed
in human colon cancer. Its functions include blocking cellular differentiation, reduction of
apoptosis and promoting angiogenesis [69]. In patients with FAP, an NSAID called sulindac
was associated with regression of adenomas [70]. One of the plausible reasoning for this
effect could be reduction in COX-2 levels leading to increased apoptosis. More recently,
randomized controlled trials of aspirin and selective COX2 have also shown a decreased
incidence of adenomas and colorectal cancers in average risk patients [71].

PPAR gene—PPAR gene product is a nuclear hormone receptor that assists in inhibition of
cellular growth and promotion of cellular differentiation. This receptor is distal to the
Wnt/APC/B-Catenin pathway and may also be an effector of the COX-2 pathway. Mutations
can lead to sporadic CRC [72].

Inflammatory bowel disease related CRC

Inflammatory bowel disease poses a high risk of dysplasia and invasive CRC at an earlier
age [73]. The risk is increased with the duration, intensity and expanse of inflammation
within the colon. Colitis-associated cancers have been found to have distinct genetic
features. They usually harbor TP53, IDH1 and MY C mutations whereas mutant APC and
KRAS are not as common. [74-77]. Also, LOH for TP53 is an earlier event in colitis
associated colon cancer.

Other rare ones like CHEK?2

CHEK?2 is a tumor suppressor gene, which through its interaction with TP53, halts cell
division and induces apoptosis when the cell sustains irrevocable damage to its DNA [78].
Breast malignancies more often carry mutant CHEK?2 but it has been linked with a higher
likelihood of developing colon cancer particularly in patients with a family history of colon
cancer [79].

Sidedness of colon cancer

Over the years, there has been convincing evidence that right and left sided malignancies
behave as two clinically disparate entities [80]. Various theories have been presented in order
to explain this disparity including the differences in embryological development, immune
cell infiltration, differences in gut microbiota as well as delays in diagnosis in right sided
colon cancer [80,81]. The right half, up to the proximal 2/3'd of the transverse colon
originates from the mid-gut whereas the embryonic hindgut gives rise to the rest of the colon
and rectum. This fundamental difference in pre-natal origin has led to numerous
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dissimilarities in these sites with >200 genes significantly differing in their expression when
compared between the dextral and sinistral side of the colon. [82]

At a molecular level, right sided colon cancers (RCRC) are more frequently associated with
high microsatellite instability, mismatch repair deficiency, CpG island methylation, and
BRAF mutations [3, 82—84]. Except for microsatellite instability, the rest of these features
are associated with poor outcomes [85]. Left sided colon/rectal cancers (LCRC) more
frequently emanate from the chromosomal instability pathway and harbor TP53, KRAS,
PI3KCA, SMAD2 &4 and APC mutations [84]. MSI-H nature also makes right sided tumors
highly immunogenic owing to the extensive mutational and neoantigen load promoting T-
lymphocyte infiltration. On the other hand, left sided tumors have a cold uninflamed tumor
microenvironment. This could explain the better response of RCRC to immune checkpoint
blockade. KRAS and BRAF mutational status has also been linked to survival differences,
with double wild type RCRCs carrying a worse DFS as compared to LCRC [85].

Left and right sided tumors also starkly differ in terms of morphology and histology. LCRC
usually present as tubular or villous adenocarcinomas whereas RCRC appear as sessile
serrated mucinous adenocarcinomas. RCRCs are frequently “flat” or laterally growing
tumors making them difficult to be picked up at an early stage by routine colonoscopic
screening and end up being diagnosed at an advanced stage. LCRC are usually polypoid in
appearance allowing for easy detection. KRAS mutation has been implicated in causing
exophytic tumor growth and absence of mutant KRAS in RCRC can explain the flat
morphology of these tumors [86].

Epidemiologically speaking, younger individuals and males are more likely to have LCRC,
whereas RCRC occurs predominantly in the elderly and females. Although, LCRC still
remains the most commonly diagnosed cancer site across all age groups, with approximately
70% of all CRC being left sided [87]. LCRC on an average correlates with a 19% absolute
risk reduction in terms of mortality when compared with RCRC [83]. Several studies have
shown that stage 4 RCRC carries worse prognosis than stage 4 LCRC. Furthermore, a
metanalysis showed that right-sided location had poorer outcomes irrespective of mucinous
histology or mutant BRAF [88].

Classification

Consensus molecular subtypes of colon cancer

Transcriptomics and analysis of gene expressions can explain heterogeneity in patient
outcomes and treatment response. In 2015, the CRC subtyping consortium consolidated all
prior molecular classification methodologies into a singular system known as the consensus
molecular subtypes or CMS. This includes four unique molecular subtypes described in
detail below and summarized in table 1

1. CMS1—14% of all cases fall in this category with the majority of cases being sporadic
while the rest of them are associated with Lynch syndrome [54]. CMSL1 is associated with
high rates of hypermutation either due to hypermethylation or mutation of promoters of
mismatch repair genes. This subtype is not associated with somatic copy number alterations
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or CIN. BRAF is frequently mutated [89]. Cancers in this subtype often originate in the
proximal colon.

One of the other distinguishing features on gene expression profiling in this subtype is a
heightened expression of genes mediating immune infiltration and trafficking of T helper 1
and cytotoxic cells, which occurs in conjunction with the activation of immune evasion
mechanisms. This likely explains improved outcomes in this subtype in patients treated with
immunotherapy [90].

Stage Il patients do not need adjuvant chemotherapy and may do worse if treated with
adjuvant chemotherapy, likely due to negative effect of chemotherapy on the already
activated immune system. On the other hand, stage 3 cancers may benefit from adjuvant
systemic therapy. Although the prognosis is generally good, prognosis maybe poor in the
subset of CRCs harboring BRAF mutations [91].

2. CMS2—This is the largest molecular subtype comprising 39% of all cases (56). CMS2
is also known as the canonical subtype, characterized by chromosomal instability with
somatic copy number alterations with low rates of hypermutation. This subtype is most
closely related to adenoma - carcinoma sequence described earlier and is often associated
with early loss of APC, followed by KRAS mutation and subsequent late loss of TP53 gene
[92]. CMS2 is more commonly associated with left sided tumors with the best prognosis of
the 4 subtypes with a 77% 5 year survival rate and an overall survival of close to 3 years in
metastatic disease [91].

3. CMS3—This subtype comprises of about 13% of the cases and is known as the
metabolic subtype. Chromosomal instability rates are markedly lower than CMS2 and
CMS4 subtypes. CMS3 is characterized by MSI, although lower than CMS1 but higher than
the other two subtypes [54]. KRAS mutations are more common, being positive in 68% of
the cases and responsible for higher rates of resistance to anti-EGFR therapies [54]. Overall,
5-year survival is promising at 75% [89].

4, CMS4—This subtype is known as the mesenchymal subtype and comprises of about
23% of the cases [54]. Of all four cancer subtypes, CMS4 tends to be diagnosed at a later
stage and carries the worst relapse free survival. This subtype is also known to arise from the
serrated pathway, similar to CMS1 but carries a high frequency of somatic copy number
alterations and a lower frequency of hypermutation [93]. On gene expression profiling, this
subtype was found to have a greater presence of proteins involved in stromal infiltration and
mesenchymal overactivation.

Correlation of CMS subtypes with immune signatures

The tumor microenvironment is comprised of cellular components belonging to the
epithelium, stroma as well as the adaptive and innate immune system. Organization of the
tumor microenvironment can predict tumor aggressiveness and response to therapy. Local
tumor environment can have an inhibitory or negative effect on cancer growth through an
increased and effective immune response and surveillance or it can have the opposite effect
promoting angiogenesis, inflammation, immune evasion or immunosuppression resulting in
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uncontrolled tumor growth and metastasis [94]. Becht et al did an extensive analysis of
composition and functional orientation of tumor microenvironment in a substantial volume
of colon cancer specimens and discerned a link between tumor microenvironment and
consensus molecular subtypes that explain the clinical nuances and response to current
therapies as well as provide the rationale for designing future treatments [95].

The MSI-like subtype or CMSL1 is enriched with genes involved in recruitment and
activation of T-lymphocytes, which explains the higher cytotoxic T cell and NK cell
infiltration. At the same time, CMS 1 subtype is also equipped with immune evasion
mechanisms with high expression of immune checkpoint molecules, which explains the
good response to anti PD1 therapy in this subtype [96]. Interestingly, CMS4 was also found
to have a higher expression of immune signatures, but worse prognosis and poor response to
immune based treatment [97]. This can be explained by increased myeloid, angiogenic and
immunosuppressive molecular signatures in these tumors. The other two subtypes, CMS2
and CMS3 are characterized by low immune signatures. Although CMS4 is associated with
poor prognosis, insights into gene expression profiling and tumor microenvironment suggest
designing future therapies focused on anti-angiogenesis and anti-inflammatory agents in
combination with immune checkpoint inhibitors.

Conclusions

Advances in gene profiling techniques have paved our way to a better discernment of the
discrete as well as interlinked pathways in complex molecular pathogenesis of CRC. These
advances have helped in diagnosing the driver mutations in tumorigenesis which form the
basis of targeted therapies.

In this review, we outlined the most common pathways in the pathogenesis of CRC.
Amongst these, the adenoma-carcinoma model which is initiated by APC mutation and
propagated by chromosomal instability causing stepwise accretion of molecular and
epigenetic changes accounts for ~80% cases. The remaining 15-20% of CRCs are developed
through an alternative pathway, such as defective mismatch repair systems,
hypermethylation of CIMP or BRAF activation. We discussed the roles of tumor suppressor
genes (Apc, TP53 PTEN, TGAB, Chromosome 18q, SMAD4), oncogenes (KRAS, BRAF,
HER?2) as well as tumor modifying genes (COX2, PPAR, CHEK?Z). Developments in
identifying the underlying genetic defects have led to the categorization of most CRCs into
one of four different subgroups. Tumors marked by MSI are included in CMSL1 subtype,
while tumors in CMS2 to CMS4 subtypes emanate from chromosomal instability. The
creation of this classification has come as a consensus of several prior studies and marks a
pivotal milestone in the study of colorectal cancer. However, the clinical implications of
understanding the pathogenomics of CRC is yet to be fully realized, and future studies
incorporating gene expression profiles as predictors of response to therapy will pave the way
for precision medicine in this domain.
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Consensus molecular subtypes of Colorectal Cancer
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pathway activation

CMS subtypes CMS 1 (MSI Immune) CMS 2 (Canonical) CMS 3 (Molecular) CMS 4 (Mesenchymal)
Frequency 14% 37% 23% 13%

Pathological Hypermutation, MSI-H and Wnt/B-catenin and Metabolic Epithelial mesenchymal
hallmark CIMP-H MYC signaling dysregulation of transformation with prominent

carbohydrate and
fatty acid oxidation
pathways

stomal infiltration, angiogenesis
and TGF-B upregulation

Somatic copy
number alternations
(SCNA)

Low

High

Low-moderate

High

Immunological
profile

Immune activated-
Infiltration of TH1, NK-1
cells as well as PD-1 and
CTLA-4, CXCR3/CCR5
chemokine expression

Immune ignorant

Immune ignorant

Immune tolerant inflamed-
Infiltration of TH-17 and
MDSCs, Complement
activation, CCL2 chemokine
expression

Associated gene
mutations

BRAF

TPS53, EGFR

KRAS, PIK3CA and
IGFBP2

NOTCH3/ VEGFR2

Site

Proximal right sided colon
predominance

Left sided colon and
rectal predominance

Relatively more
common in right-
sided tumors

Relatively more common in left
sided and rectal tumors

5-year survival rates

73% but poor post relapse
survival

77%, higher post
relapse survival

75%

62%, worst OS and relapse free
survival

Clinical Implication

May benefit for immune
checkpoint inhibitors

May benefit from Anti-
EGFR therapies

EGFR resistance

May benefit from angiogenesis
inhibitors, no benefit from
adjuvant chemotherapy
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