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Abstract

Colorectal cancer (CRC) is a biologically heterogeneous disease with diverse clinical outcomes and re-

sponses to treatment. In the past two to three decades, a major effort has focused on classifying colorectal
cancer subtypes based on causation, etiology, gene expression profiles, different pathways, and trans-
lational data from clinical trials. The goal is to uncover prognostic and predictive factors for outcomes in
patients with colorectal cancer and to guide therapeutic approaches and management for the improvement
of overall survival. Significant advances have been achieved in this area. However, tremendous work is still
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needed to accomplish the goal of better understanding intratumoral heterogeneity and the influence of the
colonic environment, among other facets of colorectal cancer.
colorectal cancer (CRC); molecular subtype; evaluation

Colorectal cancer (CRC) is the third most common
cancer in the United States and the world (95 300 new
cases in the United States and 1.4 million worldwide in
2016) -2, Patient survival and treatment options are still
largely dependent on TNM stage at the time of diagnosis,
even though we know colorectal cancer is a biologically
heterogeneous disease that develops via distinct path-
ways involving alternative combinations of genetic and
epigenetic factors . Subtypes of colorectal cancer based
on molecular and pathway profiles with defined prognos-
tic markers would predict individual patient outcomes
more precisely and therefore better inform on appropri-
ate therapeutic intervention, especially targeted therapy.
Various methods have been attempted and different di-
rections taken to achieve this goal. Some approaches are
as simple as focusing on the implication of defects in a
single oncogene or tumor suppressor gene or assessing
the consequences of a limited combination of gene mu-
tations 4. Other approaches are based on morphological
characteristics, clinical and molecular features !, or gene
expression-based data classification ..

To date, the microsatellite instability (MSI)-H phe-
notype has demonstrated the most robust prognostic role
in terms of improved survival in stages II and IIT CRC
patients 7). Most single gene mutation markers have mod-

est prognostic or predictive value, except Braf and Kras
mutations. The Braf mutation (BRAFVE) has been asso-
ciated with poorer survival in CRC. Kras and Nras muta-
tions are associated with resistance to epidermal growth
factor receptor (EGFR) targeted therapy [,

‘Pathway’ based CRC subtype classification has been
proposed because of the distinctive association of ‘ser-
rated polyps/adenocarcinoma’ with MSI-H, CpG island
methylation phenotype (CIMP) with Braf mutation; as
well as the predictive and potential prognostic value of
Kras Pl At the same time, it has been also been learned
that as a somatic genetic disease that is generally sporadic
in nature, pathogenesis is influenced by the local colonic
environment as well as the genetic background of the in-
dividual patient.

There have been many attempts to find consensus in
classification of subtypes of CRC based on causation, eti-
ology, gene expression profiles, different pathways, and
translational data from clinical trials. Such efforts are
geared towards revealing prognostic and predictive factors
for patient outcomes and to guide therapeutic approaches
and management to eventually improve overall survival.
However, no universal subclassification has been agreed
upon because of the various views and opinions of dif-
ferent groups of investigators and experts [&8-11. Overall,

DA Correspondence to: Weijing Sun. Email: sunw@upmc.edu
© 2016 Huazhong University of Science and Technology



146

the proposed models are similar and based on the types
and frequency of genetic alterations, epigenetic modifica-
tions, and molecular pathways.

Genetic alterations and
epigenetic modifications

Whole genome sequencing has confirmed research
findings from the past three decades on the genetic and
epigenetic abnormalities underlying CRCs. CRCs are
formed through the accumulation of genetic and epi-
genetic events, which include gain-of-function defects
as well as loss-of-function defects of selected tumor sup-
pressor genes. It is suggested that approximately 25 dif-
ferent genes are commonly affected by somatic mutations
in CRGs, with tumor suppressor genes outnumbering
oncogenes by about four to one 2. Events conferring
growth advantage are considered ‘driver’ mutations and
the remaining mutations are called ‘passenger’ mutations
that are the result of genomic chaos and random events
with no clear effects on the disease process. Only two to
eight driver gene alterations are found in a typical spo-
radic CRC. It is important to know that driver mutations
in one CRC patient may differ from those in another pa-
tient 3. Additional genetic and epigenetic events are
acquired in progeny cells beyond those inherited from
parental cells.

Based on the commonalities among CRCs, the disease
has been grouped into hypermutated (approximately
16% of sporadic CRCs) with mutation rates of > 12 per
10% bases and nonhypermutated (approximately 84% of
sporadic CRCs) with mutation rates of < 8.24 per 10° bases
based on TCGA data . The median number of non-silent
mutations is 728 in tumors of the hypermutated group
compared to 58 in tumors of the nonhypermutated group.
The etiology for hypermutated tumors is driven largely
by the presence of MSI-H and CIMP resulting from de-
fects in the MMR (DNA mismatch repair, MMR-D) genes
hMSH6, hMSH2, hMSH3, and, hMLH3, as well as POLE
(DNA polymerase €). Hypermethylation of the hMLH1
promoter should also be noted. Most hypermutated CRCs
have mutations in genes that contain intrinsic coding mi-
crosatellites. Nonhypermutated CRCs are more frequent-
ly associated with somatic copy-number alterations with
more chromosomal or subchromosomal changes includ-
ing either gains (1q, 7p and g, 8p and q, 12q, 13q, 19q,
and 20p and q) or deletions (18p and q: 66% with SMD4;
17p and q: 56% with TP53; 1p, 4q, 5q, 8p, 14q, 15q, 20p,
and 22q). Chromosomal region 10p25.2 is commonly in-
volved (FHIT, RBFOX1, WWOX, SMAD4, APC, PTEn,
SMAD3, and TCF7L2) as well as segment amplifications
(USP12, CDKS8, KLF5, HNF4A, WHSCIL1, MYC, ERBB2,
and IGF2) ¥,

Although hypermutated and nonhypermutated CRCs
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progress through different sequences of genetic events,
there is some overlap of affected pathways. For example,
APC is mutated in both groups, consistent with its role
as a gatekeeper mutation. Alterations of MYC transcrip-
tional targets are also noticed in both groups. Consistent
activation of Wnt, RAS, PI3K signaling, inactivation of
TGFp signaling, and inactivation of TP53 function are
demonstrated in both groups 13\,

Besides the direct genetic and epigenetic analysis of
CRC tissue, single nucleotide polymorphisms (SNPs)
from blood of CRC patients have also been examined as
potential biomarkers. However, these genome-wide as-
sociation studies are unable to determine the cause or
mechanism of tumor initiation, progression, and/or me-
tastasis. MicroRNA (miR) mutations and polymorphisms
may also have profound effects on tumor behavior and
offers potential therapeutic options 4.

Molecular pathways

The simplified model of normal-adenoma-carcinoma-
metastasis sequence has been established and accepted by
investigators for many years in understanding and eval-
uating CRC initiation and processing. With recent mo-
lecular biology analysis, various molecular subtypes have
been established and discussed [©#1U. Although there is
some disagreement among them, they are all based on
three identified molecular pathways: CIN (chromosomal
instability), MSI-H (microsatellite instability-high), and
CIMP (CpG Island Methylator Phenotype). These mo-
lecular pathways may dictate the timing and process of
tumor initiation, progression, and metastasis with distin-
guishes in epidemiology, mutational events, and immune
response, therefore, treatment approaches could be vary
as well.

The CIN pathway is affected in approximately 85%
of CRC cases and is the most common and the first de-
scribed molecular pathway in CRC. However, the mech-
anisms leading to CRC are still unclear but are thought
to include extensive copy number of somatic mutations
throughout the genome, which results in aneuploidy tu-
mors with nonhypermutated adenomas 13 1> 1. Loss of
APC and TP53 appears sufficient for generation of signifi-
cant aneuploidy, particularly when additive with SMAD4
and mutant KRAS 7. APC is a part of the Wnt signaling
pathway, which regulates cytoplasmic levels of fB-lac-
tenin and is related to cellular proliferation as a tumor
suppressor gene. Wnt signaling is deregulated in 93%
of all nonhypermutated CRCs with APC being the most
commonly mutated component (81%). KRAS mutation as
the oncogenic activator is the next most common event.
KRAS is a part of the ERBB/KRAS/BRAF/MAPK signaling
axis. Mutant KRAS protein causes acceleration of tumor
proliferation. In nonhypermutated CRCs, the prevalence
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of KRAS mutation is 41% and overall active mutations of
KRAS, NRAS, or BRAF is approximately 55% .. Clinical
evidence demonstrated that patients with mutations in
KRAS, NRAS, or BRAF have poorer outcomes compared
to those with wild type genes. PIK3CA, the catalytic sub-
unit of the mitogenic PI3K complex, controls levels of
phosphatidylinositol triphosphate and is antagonized by
PTEN. Mutations of PIK3CA are found in 18% of non-
hypermutated CRCs. Alteration of these two pathways
is found in about 33% of CRCs. Therefore, inhibiting
both pathways simultaneously may be beneficial in clinic
management of CRC P\,

MSI-H is defined as > 30% of microsatellite markers
demonstrating a frameshift mutation and is a biomarker
for defective DNA MMR function in CRC ). DNA MMR
recognizes and repairs nucleotide mismatches and mi-
spairing during DNA replication. MSI-H is observed in
approximately 15% of sporadic CRCs, consistent with the
frequency of hypermutated CRCs. The defect in DNA
MMR is caused by aberrant bi-allelic hypermethylation
of the DNA MMR gene hMLH1 (for the most part), there-
by preventing its transcription !#2%), MSI-H CRCs accu-
mulate mutations in driver genes with frameshift muta-
tions and subsequently cause stop codons, which creates
a truncated transcript and proteins that are neo-antigenic
to the patients’ immune system !*!!. The other common
feature of the MSI-H CRC pathway is an activating on-
cogenic mutation of BRAF (most commonly BRAFV6E)
in about 40% of cases via this pathway . CRC via the
MSI-H pathway seems to have low copy number varia-
tion and tends to be diploid with fewer TP53 (20%) and
ACP (51%) mutations compared to CIN-derived CRC.
Both types have a similar frequency of Wnt deregula-
tion. Histologically, MSI-H CRCs are more likely to be
poorly differentiated, contain mucin, and possess subepi-
thelial lymphoid aggregates and intraepithelial lympho-
cytes due to the immune response to truncated neo-an-
tigens produced from the epithelium. MSI-H CRCs are
more commonly (approximately 70%) located proximal
to the splenic flexure > 2. Recent analysis showed that
CRCs with MSI-H pathway involvement are less frequent
among African-American populations than in Caucasians
or Asians, which may partially explain the poor outcomes
of CRCs in African-Americans compared with in Cauca-
sians stage-by-stage 4],

CIMP is defined by increased or excessive epigenetic
methylation of genetic loci, which contains CpG islands
typically located in the promoter and upstream regulato-
ry regions of genes. The etiology of CIMP development is
less definitive with several possible mechanisms or com-
binations of abnormalities including DNA methyltrans-
ferase overexpression, mutations in chromatin remodel-
ing genes (e.g., CHDS8), mutations in IDHI and TET, or
environmental exposure (e.g., tobacco use) 222, Based
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on the number of markers (RUNX3, SoCS1, NEUROGI,
CACNAIG, and IGF2) positive for methylation, CIMP
can be further classified as ‘high’ (> 3 markers of methyla-
tion) or low’ (< 2 markers of methylation) *!. CIMP CRCs
overlap with MSI-H and CIN pathways. CIMP-H occurs
as hypermutated tumors in approximately 20% of CRCs
with BRAF mutation and hypermethylation of hMLH]1
(for the most part). CIMP-H CRCs are most likely to
manifest a serrated morphology, including sessile serrated
adenomas and traditional serrated adenomas. CIMP-L oc-
curs as nonhypermutated tumors in 20% of CRCs with
some of them derived from traditional serrated adenomas
with MSS and containing KRAS mutations. The CIMP
pathway can be helpful for understanding pathogenesis
of CRC. However, it does not appear to be a useful tool or
biomarker clinically.

Clinical evaluation

CRC subtypes/subclassifications based on distinct his-
topathologic and molecular alterations, as well as involved
pathways, may better predict patient outcomes and will
likely advance effective drug development strategies.

Recently, two large studies with more than 2000 stage
IIT CRC patients in each revealed new and important
associations between molecular alterations and patient
survival %31, One study prospectively collected samples
from 2720 stage III patients participating in an adjuvant
chemotherapy trial (NCCTG N0147). Mutations in BRAF
(BRAFVSE) and in KRAS were tested and tumor DNA
MMR status (proficiency or deficiency) was identified
based on detection of MLH1, MSH2, and MSH6 proteins
and methylation of the MLH]I promoter. Findings were
validated using tumor samples from a separate set of pa-
tients with stage III cancer (n = 783). Based on MMR
status and detection of BRAFV*" or mutations in KRAS
(which were mutually exclusive), tumors were catego-
rized into five subtypes: MMR-P (also as MSS or MSS-L)
with BRAFV"F in 6.9%; MMR-P with KRAS mutations
in 35%; MMR-P with no BRAF or KRAS mutations in
49%; MMR-D with BRAFV"E or hypermethylation of
MLH]I1 (as the sporadic type) in 6.8%; and MMR-D with
no BRAF mutation or hypermethylation of MLH1 (fa-
milial type) in 2.6%. Their findings were consistent with
the molecular subtype model prediction described above.
A higher percentage of MMR-P tumors with BRAF"%E
were proximal (76%), high grade (44%), N2 stage (59%),
and detected in women (59%), compared to MMR-P tu-
mors without BRAF or KRAS mutations (33%, 19%, 41%,
and 42%, respectively; all P < 0.0001). A significantly
lower 5-year disease free survival (DFS) in patients with
MMR-P and BRAF"*"¢ mutations was found compared to
patients who were MMR-P with no mutations in either
gene. DFS in patients with MMR-D sporadic or familial
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subtypes was similar to that in patients with MMR-P
with no BRAF"*" or KRAS mutations.

The other study is based on the Seattle Colon Cancer
Family Registry. A total of 2706 patients were diagnosed
with invasive CRC from 1998 through 2007 in western
Washington State and followed for survival through
2012. Tumor samples were collected from 2050 partici-
pants and classified into five subtypes based on combina-
tions of tumor markers: type 1 as MSI-H, CIMP-positive
with BRAF mutation; type 2 as MSS or MSI-L, CIMP-
positive with BRAF mutation; type 3 as MSS or MSI-L,
non-CIMP, positive for KRAS mutation; type 4 as MSS
or MSI-L, non-CIMP, with no mutations in BRAF and
KRAS; and type 5 as MSI-H, non-CIMP, and negative for
mutations in BRAF and KRAS. Hazard ratios (HR) and
95% confidence intervals (CI) were assessed for associa-
tions of subtypes with disease-specific and overall mortal-
ity after adjusting for age, sex, body mass, diagnosis year,
and smoking history. The results showed that compared
with patients with type 4 tumors (MSS or MSI-L, non-
CIMP, without BRAF or KRAS mutations, the most pre-
dominant), the patients with type 2 tumors (MSS or MSI-
L, CIMP-positive, with BRAF mutation) had the highest
disease-specific mortality (HR = 2.20, 95% CI: 1.47-3.31).
Patients with type 3 tumors (MSS or MSI-L, non-CIMP,
with KRAS mutation) also had higher disease-specific
mortality (HR = 1.32, 95% CI: 1.07-1.63). Patients with
type 5 tumors (MSI-H, non-CIMP, and without BRAF or
KRAS mutations) had the lowest disease-specific mor-
tality (HR = 0.30, 95% CI: 0.14-0.66). Associations with
overall mortality in each type were similar to those with
disease-specific mortality. These two studies confirmed
that CRC subtypes, defined by proposed molecular path-
ways, are associated with marked differences in survival.

As mentioned above, MSI-H CRCs accumulate muta-
tions with frameshift mutations and subsequently create
truncated transcripts and proteins that are neo-antigenic
to the patients’ immune system. A recent study confirmed
that MSI status is predictive of immune checkpoint block-
age in advanced CRC 52,

In summary, integration of molecular pathways and
subtypes with the TNM staging system is important for
us to guide treatment for patients with active disease,
and for surveillance/monitoring their status post poten-
tial curative procedure and adjuvant therapy. However,
CRC heterogeneity has been observed at the intratumor-
al, intermetastatic, and intrametastatic levels. Rare vari-
ant cell populations may have important roles in clini-
cal outcome. New strategies such as deep sequencing of
primary CRC cell populations, comprehensive single-cell
analyses, and analyses of circulating tumor-derived DNA
are future molecular approaches that are needed to better
define prognosis and predict likely responses to existing
and new targeted therapies.
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