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We used whole-exome and targeted sequencing to characterize
somatic mutations in 103 colorectal cancers (CRC) from African
Americans, identifying 20 new genes as significantly mutated in
CRC. Resequencing 129 Caucasian derived CRCs confirmed a
15-gene set as a preferential target for mutations in African American
CRCs. Two predominant genes, ephrin type A receptor 6 (EPHA6)
and folliculin (FLCN), with mutations exclusive to African American
CRCs, are by genetic and biological criteria highly likely African
American CRC driver genes. These previously unsuspected differ-
ences in the mutational landscapes of CRCs arising among individ-
uals of different ethnicities have potential to impact on broader
disparities in cancer behaviors.
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Colorectal cancer (CRC) is a leading cause of cancer mortality
world-wide. CRC incidence and mortality rates are both in-

creased in African Americans (AA) compared with Caucasians
Americans (1–3). Although several factors likely play a role, the
contribution of potential differences in tumor genetics to this
disparity have yet to be fully explored (1, 3). In particular, AA
CRCs were notably underrepresented in the four major pub-
lished CRC sequencing studies (4–7), accounting for only two
annotated AA cases of the 333 total CRCs studied (4–7). Accord-
ingly, we initiated this study to compare the mutational landscapes
of CRCs from AA individuals versus Caucasians.

Results
Using whole-exome DNA sequencing, we examined a discovery
set of 31 microsatellite stable (MSS) late-stage AACRCs (Dataset
S1, Tables S1 and S2). Somatic mutations were detected using two
variant calling algorithms for the point mutations and indels (8–
10). One sample, 3213, identified as hypermutated, was excluded
from subsequent analyses (Fig. S1 and Dataset S1, Table S1). In
a second sample, 11481, library preparation from the normal tissue
failed. Among the 29 informative AA CRCs, we found 2,696
protein-altering mutations in 2,156 genes (Dataset S1, Table S3).
As expected for CRCs (6, 11), the mutational spectra of these 29
AA CRCs revealed C > T transitions as the predominant base
substitution (Fig. S2 and Dataset S1, Table S4).
We next asked whether this discovery cohort of AA CRCs

identified recurrent somatic mutations in any new genes not pre-
viously identified in CRCs (4, 6, 7). In the discovery AACRCs, 385
genes demonstrated nonsilent mutations in at least two cancers.
For 78 of these genes, we found that no protein-altering mutations
had been previously reported among MSS nonhypermutator
CRCs characterized in prior large-scale sequencing studies of
CRCs (4, 6, 7) (Dataset S1, Table S5). We designed an Agilent
SureSelectXT custom-capture bait library for further resequencing
of the coding and splice-junction regions of this 78-gene set
(Dataset S1, Table S6). We first used this custom-capture kit to

resequence the 29 paired AA CRC tumor and normal discovery
samples, adding manual review of all mutation calls. Following
this resequencing, 52 genes remained as demonstrating muta-
tions in at least two individual discovery set cancers (Dataset S1,
Table S7).
We next resequenced these 52 candidate mutation target

genes in a second cohort of 77 MSS AA CRCs that were pre-
dominantly early stage (Dataset S1, Table S8). Three of the 77
cancers were found to be hypermutated and were excluded from
subsequent analyses (Fig. S1 and Dataset S1, Table S8). Among
the 74 informative AA CRC validation cases, a total of 59
nonsilent mutations were detected in 27 genes Dataset S1, Table
S9). Using the statistical method detailed in our prior CRC se-
quencing study (6), we compared the observed to expected mu-
tation rates (Dataset S1, Table S4) for each of the 52 candidate
target genes. Twenty genes were identified as being significantly
mutated [P < 0.05, false-discovery rate (FDR) < 0.05] in the
discovery AA CRC cohort and as again being significantly mu-
tated in the AA CRC validation cohort (Table 1 and Dataset S1,
Table S10). The finding of these 20 genes as reproducibly sig-
nificantly mutated above background suggests that they legiti-
mately represent new genes targeted for recurrent mutation in
colon cancer and that have been newly identified in AA CRCs.

Significance

Colorectal cancer is a leading cause of cancer-related deaths
world-wide. African Americans exhibit the highest colon cancer
incidence and mortality among all ethnic groups in the United
States. Despite this finding, there is a dearth of knowledge on
the genetic mechanisms underlying colon carcinogenesis in
African Americans. We thus initiated this study to characterize
the mutational landscapes of African American colon cancers.
We identified new genes that are significantly mutated in colon
cancer and that are highly preferentially targeted for mutations
in colon cancers arising in African Americans as compared with
Caucasians. These findings suggest differences in routes of co-
lon carcinogenesis between the different ethnic groups and
also may have implications for the ethnicity associated differ-
ences in tumor incidence and outcome.

Author contributions: K.G., S.D.M., and J.E.W. designed research; K.G., M.L.V., L.R., J.L.,
and L.B. performed research; K.G., V.V., A.N., J.K.V.W., N.M., A.M., M.D.A., and J.E.W.
contributed new reagents/analytic tools; K.G., W.D.S., Z.J.W., R.C.E., and S.D.M. analyzed
data; and K.G. and S.D.M. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1M.L.V. and V.V. contributed equally to this work.
2S.D.M. and J.E.W. contributed equally to this work.
3To whom correspondence should be addressed. Email: sxm10@cwru.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1417064112/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1417064112 PNAS | January 27, 2015 | vol. 112 | no. 4 | 1149–1154

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.201417064SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.201417064SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.201417064SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1417064112&domain=pdf
mailto:sxm10@cwru.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1417064112


Because these 20 genes have not been detected as mutated in
previous studies of MSS nonhypermutator CRCs (4, 6, 7), we
hypothesized that this gene set might be preferentially targeted
for mutations in AA compared with Caucasian CRCs. To test
this hypothesis, we resequenced these 20 genes in 129 pre-
dominantly late-stage MSS Caucasian CRCs (Dataset S1, Tables
S11 and S12). Taken as a group, these 20 genes demonstrated
a statistically significant ∼twofold increase in the total number of

mutations/tumor in AA CRC (83 mutations in 103 cases) com-
pared with Caucasian CRCs (50 mutations in 129 cases; P <
0.001). This effect was driven by the 3.3-fold increased mutations
in AA CRCs for the top 15 genes (nominal P = 1.8 × 10−8 from
subset analysis) (Table 2 and Fig. S3). Taken individually,
mutations in ephrin type A receptor 6 (EPHA6) were exclusively
detected in AA cases, with mutations in 5.8% of AA CRC versus
0% of Caucasian CRCs, and were significantly associated with

Table 1. Mutation rates and significance estimates of 20 candidate target genes in AA CRCs

Gene

AA CRC discovery cohort (n = 29)* AA CRC validation cohort (n = 74)

Mutation rate per Mb P value FDR Mutation rate per Mb P value FDR

TCEB3CL 81.62 0.000 0.001 47.98 0.000 0.000
MAGEB10 43.83 0.000 0.001 17.18 0.001 0.002
CPT1C 14.89 0.000 0.001 5.83 0.003 0.007
HTR1F 21.82 0.000 0.001 4.28 0.030 0.045
ANKRD36 8.34 0.000 0.001 2.18 0.027 0.045
MGAT4C 26.14 0.000 0.001 5.12 0.033 0.045
ZNF717 19.30 0.000 0.001 3.78 0.040 0.052
EPHA6 11.42 0.001 0.002 8.95 0.000 0.000
ZNF862 9.64 0.001 0.002 3.78 0.006 0.014
CP 10.44 0.001 0.002 4.09 0.008 0.016
KIAA1551 10.35 0.001 0.002 8.11 0.000 0.000
EML6 5.90 0.001 0.002 5.78 0.000 0.000
ATP8B2 7.67 0.001 0.002 3.01 0.030 0.045
JAK1 9.46 0.002 0.003 3.71 0.007 0.015
CHD5 7.46 0.007 0.009 7.30 0.000 0.000
WASH1 51.27 0.009 0.012 20.09 0.023 0.041
GPR149 14.34 0.013 0.016 16.86 0.000 0.000
CDK8 11.95 0.013 0.016 4.68 0.033 0.045
FLCN 7.25 0.026 0.028 5.68 0.000 0.001
WDR87 3.69 0.027 0.029 7.22 0.000 0.000

*Data from the unpaired AA tumor sample was excluded from the analysis.

Table 2. Comparison of mutational frequencies of 20 candidate target genes in AA vs. Caucasian CRCs

Gene

Mutation count
(AA CRC

discovery cohort,
n = 29)*

Mutation count
(AA CRC
validation

cohort, n = 74)

AA CRC discovery +
validation Cohorts

(n = 103) Caucasian CRCs (n = 129) P value (AA CRC
discovery + validation
cohorts vs. Caucasian

CRCs)
Mutation
count

Mutation
frequency

Mutation
count

Mutation
frequency

EPHA6 2 4 6 5.83% 0 0.00% 0.007
FLCN 1 2 3 2.91% 0 0.00% 0.086
HTR1F 2 1 3 2.91% 0 0.00% 0.086
GPR149 1 3 4 3.88% 1 0.78% 0.123
ZNF862 2 2 4 3.88% 1 0.78% 0.123
ANKRD36 3 2 5 4.85% 2 1.55% 0.142
KIAA1551 2 3 5 4.85% 2 1.55% 0.142
EML6 2 5 7 6.80% 4 3.10% 0.158
WASH1 1 1 2 1.94% 0 0.00% 0.196
ATP8B2 2 2 4 3.88% 2 1.55% 0.243
CP 2 2 4 3.88% 2 1.55% 0.243
CPT1C 2 2 4 3.88% 2 1.55% 0.243
MAGEB10 2 2 4 3.88% 2 1.55% 0.243
CHD5 2 4 6 5.83% 4 3.10% 0.244
JAK1 2 2 4 3.88% 3 2.33% 0.377
CDK8 1 1 2 1.94% 1 0.78% 0.416
MGAT4C 2 1 3 2.91% 3 2.33% 0.547
ZNF717 2 1 3 2.91% 3 2.33% 0.547
TCEB3CL 2 3 5 4.85% 7 5.43% 0.685
WDR87 1 4 5 4.85% 11 8.53% 0.915

*Data from the unpaired AA tumor sample was excluded from the analysis.
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AA ethnicity (P = 0.007) (Table 2). Similarly, mutations in fol-
liculin (FLCN) and 5-hydroxytryptamine (serotonin) receptor 1F
(HTR1F) were also detected exclusively in AA cases (Table 2).
Because of the lower mutation frequencies for FLCN and
HTR1F, association with AA ethnicity was of lesser statistical
significance (P = 0.086 for each gene) (Table 2).
Among the newly identified mutational targets, two genes,

EPHA6 and FLCN, were of particular interest because of their
being mutated exclusively in AA CRC as well as their belonging
to known oncogenic pathways. Sanger sequencing successfully
reconfirmed each of the nine somatic mutations we had detected
in these two genes (Fig. S4). The six somatic mutations detected
in EPHA6 occurred throughout the gene (Fig. 1). One mutation
altered a canonical splice site, and four missense mutations were
predicted to significantly alter protein function (Fig. 1). This
genetic pattern would be consistent with EPHA6 having activity
as a CRC tumor suppressor. Supporting this argument, EPHA6
is a member of the broader family of ephrin receptor tyrosine
kinases that have been demonstrated to function as oncogenes or
tumor suppressors depending on the disease context (12). For
example, EPHA3 and EPHB6 were both identified as signifi-
cantly mutated genes in our previous analysis of the colon cancer
genome of a near all Caucasian MSS CRC cohort (6). Intriguingly,
to our knowledge the present study is the first to implicate EPHA6
in CRCs, with the finding of EPHA6 somatic mutations in ∼6%
of the AA CRC cases suggesting a provocative ethnicity-associ-
ated difference in selection of a different EPH family member
for mutational targeting (Fig. 1 and Table 2).
Although less frequent, the three mutations detected in FLCN

were also notable in that they included two frameshift and one
nonsense mutation (Fig. 1). Moreover, inactivating germ-line
FLCN mutations are associated with Birt-Hogg-Dubé syndrome,
characterized by development of medullary thyroid carcinomas,
perifollicular fibromas, and renal cancers (13), a phenotype re-
capitulated in mice lacking a single Flcn allele (14). Further-
more, colon neoplasia has also been reported in some individuals
with Birt-Hogg-Dubé (15). Taking these data together, we pro-
pose EPHA6 and FLCN as candidate driver genes preferentially
targeted for mutation in AA CRCs.
In identifying the association of the above gene mutations with

AA CRC, it was key to recurate the publicly available mutational

databases (4, 6, 7, 16) to identify an appropriate comparator group
of nonhypermutator CRCs (details in Materials and Methods).
For example, the Catalogue of Somatic Mutations in Cancer
(COSMIC) database reports 18 FLCN CRC mutations; however,
17 are in hypermutator CRCs [nearly all with microsatellite insta-
blility (MSI)], and one variant is unconfirmed as being somatic plus
is in an individual of unknown ethnicity (Dataset S1, Table S13).
Similarly, of 48 reported EPHA6 mutations in CRCs, 39 are in
hypermutator CRCs, 4 are silent mutations, 4 are variants not de-
termined as somatic, and the one remaining variant is in a patient of
unknown ethnicity (Dataset S1, Table S13).

Discussion
In summary, by sequencing AA CRCs, we have identified 20 new
genes as significantly mutated in CRCs. Mutations in a set of 15
of these genes appear to be strongly preferentially associated
with CRCs arising in AA versus Caucasian individuals, suggesting
an important difference in the mutational landscapes of CRCs
arising in different ethnic groups. Moreover, mutations in EPHA6
and FLCN, which are unique to AA CRCs, are highly likely to be
AA CRC driver mutations, as supported by the likely inactivating
nature of these mutations and by the biological pathways in which
these two genes participate. One limitation of this study is that
our cohort of cases was drawn exclusively from northeastern
Ohio. The history of differing patterns of internal migration of
African American individuals in America will make it of clear
interest to compare these findings with those in African American
communities from other regions of the country. Mutations in the
15 genes found preferentially targeted in AA CRC accounted for
41% of all AA CRCs (and only 15% of Caucasian CRCs) in this
study. Future investigations will be warranted to examine the
potential impact of mutations in this gene panel on differences in
colon cancer outcome. Additionally, future investigation will be
of interest to elucidate the contribution of genetic, environmen-
tal, and socioeconomic factors to these observed ethnicity asso-
ciated differences in CRC mutational landscapes.

Materials and Methods
Patient Samples and DNA Extraction. Fresh-frozen tumor and matched normal
specimens were collected under an Institutional Review Board approved
protocol from an archive of AA and Caucasian CRC cases at the Case Medical
Center. Genomic DNA from the tumor samples was extracted as previously

Fig. 1. Somatic mutations in EPHA6 and FLCN. (A) Somatic mutations mapped to EPHA6 and FLCN protein coding regions (gray bars). Colored boxes in-
dicated annotated protein structural domains. (B) Annotation of EPHA6 and FLCN mutations in respective tumor samples.

Guda et al. PNAS | January 27, 2015 | vol. 112 | no. 4 | 1151

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.201417064SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417064112/-/DCSupplemental/pnas.1417064112.sd01.xlsx


described (17). DNA from all patients’ tumors was tested for microsatellite
instability by comparison of microsatellite alleles in tumor and matched
normal DNA at microsatellite markers: BAT26, BAT40, D2S123, D5S346, and
D17S250 (18). Only tumors with MSS were included in the study. The tumor
stage, sex, race, MSI status, and tissue source of the DNA for the AA dis-
covery and validation cases in the study are detailed in Dataset S1, Tables S1
and S8, respectively, and for the Caucasian CRC cases in Dataset S1, Table
S11. Before use, all tissue samples were reviewed by an anatomic pathologist
(J.E.W.) to confirm the colon cancer diagnosis and to confirm a cancer cell
content in the sample of greater than or equal to 50%.

Whole-Exome DNA Sequencing. A total of 31 advanced-stage MSS AA CRC and
matched normal sample DNAs were selected for whole-exome sequencing
(WES) as part of the discovery screen (Dataset S1, Table S1). Target capture,
library preparation, and deep sequencing were performed by the Oklahoma
Medical Research Foundation Next Generation DNA Sequencing Core Facil-
ity (Oklahoma City, OK). Target sequence enrichments were performed us-
ing the Illumina TruSeq Exome Enrichment kit as per the manufacturer’s
protocols (Illumina). Briefly, sample DNAs were quantified using a picogreen
fluorometric assay and 3 μg of genomic DNA were randomly sheared to an
average size of 300 bp using a Covaris S2 sonicator (Covaris). Sonicated DNA
was then end-repaired, A-tailed, and ligated with indexed paired-end Illu-
mina adapters. Target capture was performed on DNA pooled from six
indexed samples, following which, the captured library was PCR amplified for
10 cycles to enrich for target genomic regions. The captured libraries were
precisely quantified using a quantitative PCR-based Kapa Biosystems library
quantification kit (Kapa Biosystems) on a Roche Lightcycler 480 (Roche Ap-
plied Science). Deep sequencing of the capture-enriched pools was per-
formed on an Illumina HiSEq. 2000 instrument with 100-bp, paired-end reads.
For tumors, pools of six captured libraries were sequenced across three lanes
on the HiSeq instrument. For normal samples, pools of six captured libraries
were sequenced across two lanes on the HiSeq instrument. DNA from the
normal tissue, matched to tumor sample 11481, failed at library generation
phase, and accordingly was not sequenced (Dataset S1, Table S1).

Read Mapping, Somatic Mutation Detection, and Annotation. Burrows-
Wheeler Aligner (19) was used to align individual 100-bp reads from the raw
FASTQ files to the human reference genome (build hg19) with default
parameters. Following the conversion of aligned reads into Binary Sequence
Alignment/Map format, coverage metrics of target bases were calculated
using the Picard tools (samtools.sourceforge.net). The coverage statistics for
the WES samples are detailed in Dataset S1, Table S2. Somatic variations
(point mutations and indels) in tumor samples were detected using three
algorithms specifically developed for normal-tumor paired analyses. Point
mutations were detected using MuTect (8) and VarScan 2 (10), and indels
were detected using VarScan 2 (10) and Genome Analysis Toolkit Somatic
indel detector (9). All algorithms were set to default parameters, and with
the matched normal samples serving as reference genomes. For each tumor,
we took the union of all somatic variants predicted by the three algorithms
for subsequent analyses. To address the possibility that some sequencing
errors might still be detected in a tumor only but not in its respective
matched-normal sample, thus generating a false somatic variant call, we
additionally performed a comprehensive query comparing each of the pre-
sumed somatic variants identified in tumors against the entire matched-
normal sample-set plus an additional 123 platform-matched germ-line
samples using the SAMtools software package (20). Presumptive somatic
mutations that were well detected in sequencing reads of 10% or more of
germ-line normal samples sequenced on the same targeted capture plat-
form presumptively represent recurrent sequencing or mapping errors, and
were subsequently eliminated after confirmation by manual review using
the Integrative Genomics Viewer (IGV) software (21). Additionally, variants
identified as somatic variants by only one of the three callers were filtered-
out whenever the variant allele frequency observed in respective matched
normal sample was ≥10% or if the variant was found in public databases
(22) (evs.gs.washington.edu/EVS). The final list of predicted somatic variants
was mapped to the human transcriptome reference database (RefSeq, build
hg19) using a variant annotation tool developed in-house (SLATE), which
identifies variants mapping to gene-coding regions and splice-sites, in-
cluding their corresponding positions and codon changes within respective
transcripts.

Of the 31 colon tumors used in the discovery exome analysis, one of the
tumors, 3213, was found to be hypermutated and therefore was not included
in subsequent analyses (Fig. S1 and Dataset S1, Table S1). As mentioned
above, in a second tumor sample, 11481, library preparation from the
matched normal tissue failed. Private variants identified in this tumor were

examined for the purpose of nominating genes for inclusion on an Agilent
SureSelectXT custom capture bait library (described below), but were oth-
erwise excluded from all statistical analyses. The overall background muta-
tion rate in the remaining 29 discovery exome samples was estimated using
the Genome MuSiC software package (23) (Dataset S1, Table S4).

Comparative Analysis of Genes Mutated in the AA CRC Discovery Exomes with
Prior Studies in CRCs. We used the following workflow to determine if AA
CRCs showed recurrent somatic mutations in genes that were not previously
identified in CRCs (4, 6, 7). First, we identified a panel of 385 genes showing
recurrent mutations in the AA CRC discovery screen: that is, with nonsilent
mutations in at least two individual cancers, including the unpaired tumor
sample from the discovery screen. Next, we derived the Entrez gene iden-
tifiers for each of the 385 genes in the AA CRC discovery dataset using the
mappings provided by the org.Hs.eg.db database from Bioconductor (24),
and by using org.Hs.egSYMBOL2EG object. Next, we obtained a list of all
genes showing nonsilent somatic mutations in MSS nonhypermutator CRCs
from three prior large-scale sequencing studies in CRCs for which ethnicity
data were available from most of the cases (4, 6, 7). Data from two tumors
annotated as from AA cases was removed. Then, using the Entrez identifiers
as anchor and org.Hs.egALIAS2EG object, we checked if any of the aliases of
the 385 genes identified in the AA CRC dataset were observed in the mu-
tational datasets from these prior studies (4, 6, 7). In parallel, we performed
manual curation of respective datasets wherever necessary. Overall, 288
genes in the AA CRC dataset showed at least one nonsilent somatic mutation
in prior studies of MSS nonhypermutator CRCs (4, 6, 7). For 97 of the 385
genes in the AA CRC dataset, we found no prior reports demonstrating
protein-altering mutations among MSS nonhypermutator CRCs (4, 6, 7)
(Dataset S1, Table S5). Further review of the mutations in 97 genes using IGV
(21) resulted in the exclusion of 19 genes, with mutations being observed in
regions of poor mappability and mutations that were obvious sequencing
errors. In the end, 78 candidate genes in the AA CRC exome dataset that met
our above inclusion criteria were selected for subsequent analyses.

Targeted Resequencing of Candidate AA CRC Genes. A custom Agilent Sure-
SelectXT bait library (Agilent Technologies) was designed for targeted cap-
ture and resequencing of a panel of 78 candidate genes that were selected
based on: (i) no prior evidence of their being mutational targets in micro-
satellite stable nonhypermutator colon cancers (4, 6, 7), as described above;
and (ii) each of these 78 candidate AA CRC genes showing nonsilent somatic
mutations in two or more individual cancers from the exome dataset. Six-
teen of these 78 genes were nominated by noticing a private nonsilent
variant in the unpaired 11481 tumor sample plus an additional somatic
mutation in the 29 discovery samples (Dataset S1, Table S5). Although used
to help nominate these 16 candidates, data from this unpaired tumor was
excluded from all further statistical analysis. In addition to the set of 78 can-
didate genes, a panel of 135 genes was included as controls on the custom-
capture bait library to facilitate the identification of hypermutated cancers in
analysis of the validation tumor cohort (Dataset S1, Table S6).

Custom capture and resequencing were performed as follows. Briefly, 3 μg
of sample DNAs were randomly sheared to obtain a target peak size of 150–
200 bp using a Covaris S2 sonicator. Sonicated DNA was then end-repaired,
A-tailed, adapter-ligated, amplified, and quality-assessed using a Tape-
Station instrument (Agilent Technologies). Next, 750 ng of the library was
individually captured using the Agilent custom-capture bait library, and PCR
amplification of the captured libraries was carried out for 14 cycles during
which unique indexed tags were added to respective sample libraries. The
captured libraries were precisely quantified using a quantitative PCR-based
Agilent library quantification kit. Samples libraries were pooled in batches of
24–48, and each pooled library was deep-sequenced on a single lane of Illu-
mina HiSEq. 2000 instrument to obtain 100-bp paired-end reads. Estimation of
coverage statistics in samples used for targeted resequencing showed an av-
erage of 95% of bases covered at 30X depth, with 99% of samples showing at
least 90% of the bases covered at 30X. Read mapping, somatic mutation de-
tection, and annotation for targeted resequencing analysis was carried out as
detailed above.

Resequencing analysis of the 78 candidate AA CRC genes in the discovery
exome samples resulted in 52 genes confirmed as being mutated in at least
two cancers (Dataset S1, Table S7). The remaining 26 genes included 19
genes with a mutation confirmed in only one of the discovery cancers, and
an additional 7 genes for which none of the mutations observed in the WES
validated. These 26 genes were excluded from subsequent analyses. The 52
genes, with confirmed mutations in at least two cancers, were accordingly
selected for subsequent resequencing in an independent cohort of 77 fresh-
frozen, predominantly early-stage MSS AA CRC and matched normal DNA
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samples, using the Agilent custom-capture bait library described above
(Dataset S1, Tables S8 and S9).

Mutational Significance Estimates for the 52 Candidate AA CRC Genes in the
Discovery and Validation Cohorts. To identify which among the 52 candidate
AA CRC genes were mutated more frequently than expected based on the
overall background mutation rate in AA CRCs, we followed a statistical
framework similar to our previously published study detailing mutational
profiles of colon cancer (6). First, the overall backgroundmutation rates at six
different nucleotide contexts, including AT transitions, AT transversions, CG
transitions, CP transversions, CpG transitions, and CpG transversions were
calculated using the Genome MuSiC suite (23) in the exome samples (Dataset
S1, Table S4). Next, for each of the 52 candidate genes, we counted the
number of mutations in each of the above six nucleotide contexts plus indels
in the discovery exome dataset, and calculated the probability of the ob-
served number of mutations in a particular category using an exact binomial
distribution. The total probability of a gene exhibiting the observed number
of mutations in all of the seven categories was then calculated to be the
product of the seven context-specific probabilities. To correct these proba-
bilities for multiple comparisons, we used the algorithm described by
Benjamini and Hochberg (25). Genes with a P value < 0.05 and FDR < 0.05
were considered to be significantly mutated. Mutational significance for the
candidate genes in the African American validation cohort were similarly
calculated using context-specific background mutation rate values derived
from the exome dataset (Dataset S1, Table S4). Overall, 20 genes were found
to be significantly mutated in both the discovery and validation African
American cohorts (Table 1 and Dataset S1, Table S10). We note that using
a selection criteria requiring that genes be significantly mutated in both the
discovery and the validation cohorts may overlook some genes that could
validate on further testing. However, we selected the above algorithm in the
interest of minimizing any false discovery.

Comparison of Mutational Frequencies of the 20 Candidate Genes in AA vs.
Caucasian CRCs. The 20 significantly mutated genes in AA CRCs (Table 2)
were resequenced in a panel of 129 fresh-frozen, predominantly late-stage
MSS Caucasian CRC and matched normal DNA samples, using the Agilent
custom-capture bait library described above (Dataset S1, Tables S6, S11, and
S12). We then evaluated if the overall mutational frequency of these 20
genes, as a group, is significantly higher in the AA (discovery + validation
cohorts, n = 103) versus Caucasian (n = 129) CRCs by using a paired Student’s
t test. Taken as a group, these 20 genes averaged a statistically significant
∼twofold increase in the total number of mutations/tumor in AA CRCs
compared with Caucasian CRCs (P < 0.001). After finding the statistical sig-
nificance for differences in these 20 genes taken as a group between AA and
Caucasian CRCs, subgroup analysis was done by comparing for each in-
dividual gene the difference in the mutational frequencies between AA and
Caucasian CRCs using a Fisher’s exact test. EPHA6 showed the most signifi-
cant nominal P value of 0.007. Further subgroup analysis was done by
ranking the 20 genes from most to least significant nominal P values, and
consecutively performing a paired Student’s t test on groups of the top 2, 3,
4 . . . 20 genes. The nominal P value was most significant for the group
consisting of the top 15 genes (P = 1.8 × 10−8) (Fig. S3).

The above statistical results are not critically dependent on use of a paired
Student’s t test. For example, analysis using the less powerful Wilcoxon
signed-rank and Sign tests also identify the set of 20 candidate genes as
having significantly more mutations in AA vs. Caucasian CRCs (P < 0.002
and < 0.001, respectively).

In the above analysis, presented in Table 2, genes with two mutations in
the same patient were counted only once. These included one instance each
of: CHD5 (AA validation), KIAA1551 (AA validation), WDR87 (AA validation),
TCEB3CL (Caucasian validation), WDR87 (Caucasian validation) (Dataset S1,
Tables S9 and S12). Counting these additional mutations would not have
changed the above conclusions.

Of note, comparison of mutational frequencies of well-known CRC
driver genes (APC, TP53, KRAS, PIK3CA, SMAD4, BRAF, FBXW7), as a
group, showed no significant differences between AA versus Caucasian
CRCs, although KRAS and FBXW7 individually showed a significantly
higher mutation frequency in AA than Caucasian CRCs (Dataset S1, Table
S14). Increased KRAS mutations in AA CRCs has also been previously
reported by others (1, 3).

Identification of Hypermutator Tumors. All tumors sequenced in the above
analyses were first screened for MSI, with only MSS CRC cases included for
sequencing. Moreover, following sequencing, MSS hypermutator tumors
were also identified and excluded from analysis. In the whole-exome data,

MSS hypermutator tumors were identified using the criterion from the
published The Cancer Genome Atlas (TCGA) study (4), assigning samples with
a mutation rate >12 per 106 base pairs (corresponding to total mutation
count >237) as hypermutators (4). One discovery sample met this definition
and was excluded (sample 3213, total mutations = 587, total nonsilent
mutations = 447) (Fig. S1). In targeted capture data, cases with mutation
counts outside the body of the mutation distribution were classified as
hypermutators. Three AA validation cases met this definition and were
excluded (Fig. S1). Of note, no Caucasian cases were excluded from the
analysis using these criteria. Thus, the exclusion of one AA discovery and
three AA validation cases is highly conservative with respect to our final
conclusions.

Curation of EPHA6 and FLCNMutations in COSMIC Database.We obtained a list
of all mutations reported for EPHA6 and FLCN genes in cecum, colon, and
rectal cancers within the COSMIC database (16), which includes mutational
data from all four published large-scale sequencing studies in CRCs (4–7)
(accession date 07/20/2014) (Dataset S1, Table S13). For each tumor sample,
we calculated the total number of unique mutations. Tumor samples derived
from TCGA datasets within COSMIC, that were not in published literature,
were annotated for race, MSI status, and tumor stage, where available,
using the TCGA data-portal (tcga-data.nci.nih.gov/tcga, accession date 06/05/
2014). Tumor samples with MSI status designated as MSI-H were automati-
cally assigned hypermutator status. Moreover, among the tumors desig-
nated as either MSS, MSI-L, or unknown, we observed total mutation counts
ranging from 106 to 12,202, suggesting that several of these samples were
also hypermutators. Accordingly, to identify MSS hypermutator tumors we
adapted the criterion from the published TCGA study, assigning samples
with a mutation rate >12 per 106 (corresponding to total mutation count
>237) as hypermutators (4). The median mutation count among these MSS
hypermutator tumors was 1,204 in the COSMIC dataset. The condensed
summary of our analyses as provided in Dataset S1, Table S13 shows that the
vast majority of reported EPHA6 and FLCNmutations (56 of 66) were derived
from hypermutator cases, with the remaining variants not characterized as
being somatic versus germ line (5 of 66) or being silent mutations (4 of 66).
Overall, we found one MSS nonhypermutator tumor showing a confirmed
somatic missense mutation in EPHA6; however, the ethnicity of this patient
was unknown (Dataset S1, Table S13).

Sanger Sequencing. The primers for amplifying mutant positions in EPHA6
and FLCN genes are listed in Dataset S1, Table S15. The PCR conditions in-
cluded 95 °C for 4 min, 38 cycles of 95 °C for 45 s, 62.3 °C for 30 s, and 72 °C
for 45 s. Each reaction was carried out in a 50-μL reaction volume using 2.5 U
of Fast-TAQ DNA polymerase (Roche Applied Science) with 25–50 ng of
template DNA. The PCR products were purified and were either directly
sequenced using universal M13 forward and reverse primers or sequenced
following subcloning the PCR products in bacteria. Analysis of Sanger se-
quencing data were performed using Mutation Surveyor software pack-
age (SoftGenetics).

Mutational Spectrum Analysis in the WES Dataset. Mutational spectrum was
evaluated in the 29 AA colon cancer discovery exome sequence dataset
using the SomaticSignatures package in Bioconductor (bioconductor.org/
packages/release/bioc/html/SomaticSignatures.html, github.com/julian-gehring/
SomaticSignatures). Briefly, all somatic mutations identified in each of the
tumors were grouped into the six possible classes of nucleotide substitutions
(C > A, C > G, C > T, T > A, T > C, T > G) and further stratified across the 16 di-
nucleotide sequence contexts based on the identity of the reference
nucleotides on the 5′ and 3′ end of the mutation. These counts were
normalized to the total number of mutations in the cohort resulting in the
frequency of the individual somatic alterations within their respective
sequence contexts.
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