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Comprehensivemolecularcharacterization
of human colon and rectal cancer
The Cancer Genome Atlas Network*

To characterize somatic alterations in colorectal carcinoma, we conducted a genome-scale analysis of 276 samples,
analysing exome sequence, DNA copy number, promoter methylation and messenger RNA and microRNA
expression. A subset of these samples (97) underwent low-depth-of-coverage whole-genome sequencing. In total,
16% of colorectal carcinomas were found to be hypermutated: three-quarters of these had the expected high
microsatellite instability, usually with hypermethylation and MLH1 silencing, and one-quarter had somatic
mismatch-repair gene and polymerase e (POLE) mutations. Excluding the hypermutated cancers, colon and rectum
cancers were found to have considerably similar patterns of genomic alteration. Twenty-four genes were significantly
mutated, and in addition to the expectedAPC,TP53, SMAD4,PIK3CA andKRASmutations,we found frequentmutations
in ARID1A, SOX9 and FAM123B. Recurrent copy-number alterations include potentially drug-targetable amplifications
of ERBB2 and newly discovered amplification of IGF2. Recurrent chromosomal translocations include the fusion ofNAV2
andWNT pathway member TCF7L1. Integrative analyses suggest newmarkers for aggressive colorectal carcinoma and
an important role for MYC-directed transcriptional activation and repression.

The Cancer GenomeAtlas project plans to profile genomic changes in
20 different cancer types and has so far published results on two
cancer types1,2. We now present results from multidimensional
analyses of human colorectal carcinoma (CRC).
CRC is an important contributor to cancermortality andmorbidity.

Thedistinctionbetween the colon and the rectum is largely anatomical,
but it has both surgical and radiotherapeuticmanagement implications
and it may have an impact on prognosis. Most investigators divide
CRCbiologically into thosewithmicrosatellite instability (MSI; located
primarily in the right colon and frequently associated with the CpG
island methylator phenotype (CIMP) and hyper mutation) and those
that are microsatellite stable but chromosomally unstable.
A rich history of investigations (for a review see ref. 3) has uncovered

several critical genes and pathways important in the initiation and
progression of CRC (ref. 3). These include the WNT, RAS MAPK,
PI3K, TGF b, P53 and DNA mismatch repair pathways. Large scale
sequencing analyses4 6 have identified numerous recurrently mutated
genes and a recurrent chromosomal translocation. Despite this back
ground, we have not had a fully integrated view of the genetic and
genomic changes and their significance for colorectal tumorigenesis.
Further insight into these changesmay enable deeper understanding of
the pathophysiology of CRC and may identify potential therapeutic
targets.

Results
Tumour and normal pairs were analysed by different platforms. The
specific numbers of samples analysed by each platform are shown in
Supplementary Table 1.

Exome-sequence analysis
To define the mutational spectrum, we performed exome capture
DNA sequencing on 224 tumour and normal pairs (all mutations
are listed in Supplementary Table 2). Sequencing achieved .20 fold
coverage of at least 80% of targeted exons. The somatic mutation rates
varied considerably among the samples. Some had mutation rates of

,1 per 106 bases, whereas a few had mutations rates of.100 per 106.
We separated cases (84%) with a mutation rate of ,8.24 per 106

(median number of non silent mutations, 58) and those with muta
tion rates of .12 per 106 (median number of total mutations, 728),
which we designated as hypermutated (Fig. 1).
To assess the basis for the considerably different mutation rates, we

evaluatedMSI7 andmutations in theDNAmismatch repair pathway8 10

genesMLH1,MLH3,MSH2,MSH3,MSH6 and PMS2. Among the 30
hypermutated tumours with a complete data set, 23 (77%) had high
levels of MSI (MSI H). Included in this group were 19 tumours with
MLH1 methylation, 17 of which had CIMP. By comparison, the
remaining seven hypermutated tumours, including the six with the
highest mutation rates, lacked MSI H, CIMP or MLH1 methylation
but usually had somatic mutations in one or more mismatch repair
genes or POLE aberrations seen rarely in the non hypermutated
tumours (Fig. 1).

Gene mutations
Overall, we identified 32 somatic recurrently mutated genes (defined
by MutSig11 and manual curation) in the hypermutated and non
hypermutated cancers (Fig. 1b). After removal of non expressed genes,
there were 15 and 17 in the hypermutated and non hypermutated
cancers, respectively (Fig. 1b; for a complete list see Supplementary
Table 3). Among the non hypermutated tumours, the eight most fre
quently mutated genes were APC, TP53, KRAS, PIK3CA, FBXW7,
SMAD4, TCF7L2 and NRAS. As expected, the mutated KRAS and
NRAS genes usually had oncogenic codon 12 and 13 or codon 61
mutations, whereas the remaining genes had inactivating mutations.
CTNNB1, SMAD2, FAM123B (also known as WTX) and SOX9 were
alsomutated frequently. FAM123B is an X linked negative regulator of
WNT signalling12, and virtually all of its mutations were loss of func
tion.Mutations in SOX9, a gene important for cell differentiation in the
intestinal stem cell niche13,14, have not been associated previously with
human cancer, but all nine mutated alleles in the non hypermutated
CRCs were frameshift or nonsense mutations. Tumour suppressor

*Lists of participants and their affiliations appear at the end of the paper.
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