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Over the past three decades since molecular analyses of somatic gene alterations in primary
human cancer specimens first became tractable, many of the recurrent somatic genetic and
epigenetic defects present in colorectal cancers (CRCs) have been identified. The
accumulation of multiple loss-of-function defects in selected tumor suppressor genes and
gain-of-function defects in selected oncogenes, together with epigenetic alterations, such as
DNA methylation changes, is believed to be critical in initiating colorectal tumorigenesis
and the progression of dysplastic precursors to invasive and ultimately metastatic lesions (1-
4). Among the most common tumor suppressor gene mutations in CRCs are those in the
APC (adenomatous polyposis coli) and TP53 genes (2-4). The most common oncogene
mutations in CRC include point mutations activating the functions of the KRAS, PI3KCA
(phosphoinositide-3-kinase, catalytic, alpha polypeptide), BRAF, and NRAS proteins (2-4).
The oncogene missense mutations found in the KRASand NRAS genes in about 40-45% of
CRCs most commonly affect codons 12 and 13, but a subset of CRCs have KRAS or NRAS
colon 61 missense mutations (2, 3). Substitution of glutamic acid for the wild type valine at
codon 600 (V600E) accounts for the vast majority of BRAF activating mutations in CRC (2,
3). Mutations activating KRAS or NRAS are mutually exclusive with BRAF activating
mutations (2-4).

Recent comprehensive sequencing studies suggest that about only 25 different genes are
commonly affected by somatic mutations in CRCs, with tumor suppressor genes
outnumbering oncogenes on this list by about 4 to 1 (3, 4). About 16% of CRCs manifest a
hypermutation phenotype, with a median number of 700 subtle somatic mutations predicted
to alter protein products (3). About three-fourths of the hypermutation CRC cases — roughly
12-13% of all CRC:s - are constituted by the CRCs that manifest the high frequency of
microsatellite instability (MSI-H) phenotype, due to mutation or inactivation of one of
several different key proteins functioning in DNA mismatch repair (MMR), most
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prominently including MLH1, MLH3, and MSH2 (3). The remaining quarter of the
hypermutation CRC casess — about 3-4% of all CRCs — do not manifest the MSI-H
phenotype and usually harbor somatic mutations in the gene encoding DNA repair
polymerase POLe or one or more mismatch repair genes (3). In the remaining 84% of
colorectal cancers that do not manifest the hypermutation phenotype [including both the so-
called microsatellite stable (MSS) and microsatellite instability low (MSI-L) cases], the
median number of subtle somatic mutations in exons predicted to alter protein products is
about 60 mutations per tumor (3). Prior work has established that the MSS and MSI-L CRCs
often display aneuploidy, albeit with certain recurrent chromosome and sub-chromosome
gains and losses seen in considerable fractions of CRCs (2).

In mammalian genomes, DNA methylation covalently modifies the cytosine residue in the
majority of 5’-CpG-3’ dinucleotide sequences, except for CpG islands, which are localized
regions of high CpG content often found in the promoter and upstream regulatory regions of
a large fraction of genes (5). Hypermethylation of these CpG islands is associated with gene
silencing (5). A subset of colorectal cancers shows extensive DNA hypermethylation at
many different CpG islands scattered around the genome and this phenotype has been
termed the high frequency CpG island hypermethylation phenotype (CIMP-H) (6, 7). About
20-25% of CRCs manifest the CIMP-H phenotype and a similar fraction of CRCs manifest
a lower frequency CIMP (CIMP-L) phenotype, with the remaining 50% of CRCs lacking
CIMP (8). Many CIMP-H and a few CIMP-L CRCs have hypermethylation of the promoter
region of the MLH1 MMR gene, and this group of CRCs constitutes the majority of the
MSI-H CRCs (7, 8). Of note, the hypermutation CRC subset, including many of the CIMP-
H CRCs displaying MSI-H, is almost invariably the subset of CRCs that harbors the
BRAFV600E gncogenic mutation (7, 8). The overwhelming majority of these CRCs with
BRAFV600E mytations arise in the right colon (7, 8).

The specific tumor suppressor and oncogenic somatic mutations as well as the chromosome
and sub-chromosomal copy number changes and the epigenetic alterations that have critical
roles in promoting the outgrowth and/or sustaining the survival of neoplastic cells have been
termed “driver” gene lesions. Those gene lesions that do not contribute in a functionally
significant fashion to the origin and/or persistence and expansion of the cancer cell
population, but may have instead arisen as bystander events during tumorigenes, are often
termed “passenger” gene lesions. Many CRCs have multiple somatic driver gene mutations,
often including one or more oncogene mutations together with several different tumor
suppressor gene mutations (1-4, 9). Not unexpectedly, in light of the many different
possible combinations arising simply from consideration of the commonly mutated
oncogenes and tumor suppressor genes and the common chromosome and subchromosomal
gains and losses, coupled with the very high number of patient-specific somatic mutations
seen in any given CRC, essentially no two CRCs share the same somatic mutation profiles
in the bulk of the cancer cells. Moreover, this extensive genetic complexity in a given CRC
co-exists with similarly extensive epigenetic complexity in the CRC.

In spite of the tremendous complexity and diversity seen in CRC genomes and epigenomes,
prior strategies for attempting to define molecular alterations in CRC that may have utility
for likelihood of cancer recurrence and outcome and/or response to conventional or novel
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therapeutic agents in patients have not infrequently emphasized efforts to implicate single
oncogene or tumor suppressor gene defects or quite limited combinations of gene defects as
prognostic or predictive markers. To date, while most single gene mutation markers have
modest prognostic or predictive value, BRAFV800E mutation has been associated with poorer
survival in CRC, and there are convincing data to indicate that the presence of a KRAS
mutation in a CRC are associated with resistance to therapies targeting the epidermal growth
factor receptor (EGFR) (10). Arguably, the most robust prognostic molecular classifier for
CRC has been the MSI-H phenotype. The MSI-H phenotype has been linked to improved
survival in stage 11 and stage Il CRC patients (11), though the use of 5-fluorouracil (5-FU)-
based adjuvant chemotherapy did not appear to show any survival benefit in survival for
patients with MSI-H CRC (12-14).

The papers from Sinicrope and colleagues and Phipps and colleagues in this issue of
Gastroenterology advance some new and important associations between molecular
alterations and patient survival (15, 16). The analyses stem in part from prior work from
Jeremy Jass that suggested determination of MSI and CIMP status might be very useful for
defining distinct histopathological and molecular subsets of CRC, and the distinct subsets of
CRC might have significant variations in the prevalence of somatic mutations affecting the
APC and TP53 tumor suppressor genes and the KRASand BRAF oncogenes (17). In his
work on the use of MSI- and CIMP-status to define CRC subsets, Jass also emphasized the
view that the key precursor lesions for sporadic CRCs manifesting the CIMP-H phenotype
were most likely to manifest a serrated morphology, including sessile serrated adenomas and
traditional serrated adenomas (17). In their studies of very large numbers of CRC patients,
both the Sinicrope and and Phipps groups emphasized the analysis of MSI and CIMP status
in the CRC specimens, as well as analysis for mutations of codons 12 and 13 of KRASand
codon 600 of BRAF (15, 16). Both groups found, with remarkably similar percentages for
subgroups, that analysis of MSI-status (MMR-function) and CIMP-status along with KRAS
and BRAF mutations were informative for colorectal cancer-specific mortality (Table 1).
Both groups also reported that MMR-proficient CRCs with KRAS mutations or espcially
BRAF mutations had poorer outcome than MMR-proficient tumors that were wild type for
either gene (Table 1). As the authors appropriately note, the findings offer further evidence
that studies of the inter-tumor molecular heterogeneity of CRCs has merit and value.

In spite of the utility of defining molecular phenotypes based on clonal genetic alterations
shared by all or nearly all neoplastic cells in a patient’s primary CRC, it seems increasingly
likely that in-depth and comprehensive analyses of intra-tumoral molecular heterogeneity in
each patient’s primary CRC may have major ramifications for understanding how molecular
defects may contribute individually and collectively to clinical outcomes in CRC patients.
Comprehensive sequence-based analyses of cancer cell populations from individual patients
where the cancer cell populations were spatially and/or temporally distinct have indicated
that significant intra-tumoral genetic heterogeneity in primary cancer lesions and metastases
may be the “rule” in cancer, rather than an exception (9, 18). Critical initiating genetic and
epigenetic lesions might be shared (i.e., clonally) among all neoplastic clones in a primary
cancer, but geographically distinct regions of primary tumors may have distinct mutation
and epigenetic profiles from those in other regions of the tumor. Similarly, metastatic cell
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populations in a patient may have genetic and epigenetic divergence from the non-metastatic
cells, and there may be heterogeneity among different metastatic lesions in a patient and
within individual metastases (9, 18). Branched evolutionary growth may an important
feature in both primary tumors and metastatic lesions, with multiple competing clonal
populations evolving over time and in space. This more recent view of the potentially quite
extensive intra-tumoral genetic heterogeneity in any given cancer and the contributions of
intra-tumoral heterogeneity to tumor progression contrasts with some earlier views. Prior to
the recent studies (9, 18), it was suspected that the cell populations in many primary cancers
might be more homogeneous, where somatic mutations were accumulated in a more
stepwise fashion as a result of multiple sequential clonal sweeps of each variant cell
populations in the primary cancer, with metastases perhaps often arising from the clonally
dominant cell population in the primary tumor. Consistent with the notion that rare variant
cell populations may have important roles in clinical outcome, a recent study indicated that
in some CRC patients where the primary cancer cell population was wild type for KRAS
there is strong biological selection for outgrowth of CRCs with mutations in KRAS or other
mitogen-activated protein kinase pathway proteins when EGFR blockade is used
therapeutically (19, 20). New strategies, such as future deep-sequencing of primary CRC
cell populations, comprehensive single cell analyses, and/or analyses of circulating tumor-
derived DNA will likely be needed for future molecular approaches to better define
prognosis and predict likely responses to existing and new targeted therapies in patients with
CRC.
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