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To identify low penetrance susceptibility alleles for colorectal cancer (CRC), we genotyped 1467 non-
synonymous SNPs mapping to 871 candidate cancer genes in 2575 cases and 2707 controls. nsSNP selection
was biased towards those predicted to be functionally deleterious. One SNP AKAP9 M463I remained signifi-
cantly associated with CRC risk after stringent adjustment for multiple testing. Further SNPs associated with
CRC risk included several previously reported to be associated with cancer risk including ATM F858L
[OR 5 1.48; 95% confidence interval (CI): 1.06–2.07] and P1054R (OR 5 1.42; 95% CI: 1.14–1.77) and
MTHFR A222V (OR 5 0.82; 95% CI: 0.69–0.97). To validate associations, we performed a kin-cohort analysis
on the 14 704 first-degree relatives of cases for each SNP associated at the 5% level in the case–control
analysis employing the marginal maximum likelihood method to infer genotypes of relatives. Our obser-
vations support the hypothesis that inherited predisposition to CRC is in part mediated through polymorphic
variation and identify a number of SNPs defining inter-individual susceptibility. We have made data from
this analysis publicly available at http://www.icr.ac.uk/research/research_sections/cancer_genetics/
cancer_genetics_teams/molecular_and_population_genetics/software_and_databases/index.shtml in order
to facilitate the identification of low penetrance CRC susceptibility alleles through pooled analyses.

INTRODUCTION

A recent twin study indicates that �35% of colorectal cancer
(CRC) can be ascribed to inherited susceptibility (1). Mende-
lian predisposition syndromes associated with mutations in
known genes (APC, DNA mismatch repair genes, MYH,
SMAD4, ALK3 and STK11/LKB1), however, account for

,5% of the overall incidence of the disease (2,3). The
nature of the residual inherited susceptibility to CRC is at
present undefined, but a model in which high-risk alleles
account for all of the excess inherited risk seems improbable.
One hypothesis about the allelic architecture of residual CRC
susceptibility proposes that part of the genetic risk is caused
by common, low penetrance alleles. The ‘common-disease
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common-variant’ hypothesis implies that testing for allelic
association should be a more powerful strategy than genome-
wide linkage for identifying low penetrance alleles (4).

Most association studies have focused on polymorphisms in
genes involved in biologically defined mechanisms such as
processing of ingested carcinogens and protection of DNA
from carcinogen-induced damage (5). It is, however, likely
that other as yet unrecognized genes will also influence
tumour development. The spectrum of mutations in Mendelian
disease genes, coupled with issues of statistical power, pro-
vides a compelling rationale for association analyses targeting
non-synonymous SNPs (nsSNPs) (6).

We have sought to identify novel low penetrance suscepti-
bility alleles for CRC by genotyping nsSNPs across 871 genes
relevant to cancer biology, biasing selection of nsSNPs
towards those likely to have deleterious consequences. Here,
we report on the genotyping of 1467 nsSNPs in a large
series of CRC cases and healthy population-based controls
from the UK.

RESULTS

Data quality and genotyping success

We genotyped 1467 nsSNPs in 2575 CRC patients and 2707
controls. Of the 5282 DNA samples submitted for genotyping,
5256 samples were successfully processed, generating in
excess of four million genotypes. Genotypes were obtained
for 2561 of 2575 cases (99.5%) and 2695 of 2707 controls
(99.6%). Samples that failed to genotype had lower sample
DNA concentrations than those that genotyped successfully
(t-test; P , 0.001). SNP call rates per sample for each of the
5256 DNA samples were .99.6% in cases and controls.
Genotype results concurred with data from the control geno-
typing performed in-house using Taqman. Of the 1467 SNPs
submitted for analysis, 1218 SNPs were satisfactorily geno-
typed (83%) with mean individual sample call rates (the per-
centage of samples for which a genotype was obtained for
each SNP) of 99.7 and 99.8% in cases and controls, respect-
ively. Of the 1218 SNP loci satisfactorily genotyped, 171
were fixed in all samples, leaving 1047 SNPs for which geno-
type data were informative. Figure 1 shows the minor allele
frequency (MAF) distribution of the 1047 SNPs.

Population stratification

Of the 1047 polymorphic nsSNPs, 55 were found to violate
Hardy–Weinberg equilibrium (HWE) in controls at the 5%
significance level (expected number of failures, 52). After Bon-
ferroni correction, six SNPs still violated HWE and were
removed, leaving a total of 1041 for further analysis. Each of
the six SNPs removed had low genotyping reliability scores.
Supplementary Table S1 details genotype data for each of
the 1041 nsSNPs. None of the remaining 49 SNPs that violated
HWE at the nominal 5% level was associated (P , 0.05) with
risk of CRC. The estimate of the stratification parameter of the
genomic control method was close to unity (l̂ ¼ 1.02; 95%
confidence interval (CI): 0.87–1.20), indicating no evidence
of population stratification as a cause of false positive results.
Furthermore, no evidence was found for differences in allele

frequencies of SNPs between male and female controls as a
source of potential confounding in subsequent analyses.

Case–control analysis

Figure 2 shows upper and lower confidence limits for the ORs
under dominant and recessive models plotted against the
MAF for each of the 1041 SNPs. The CIs were wider for
SNPs with low MAF, but a 50% difference in risk
(OR , 0.5 or .1.5) could be excluded for most SNPs.
Forty-four of the 1041 SNPs showed association at the 5%
level based on the x

RD

2 statistic (Table 1). Twenty-five of these
were more strongly associated under a dominant model and 19
under a recessive model. We also carried out tests for each
SNP using an additive model and found that the results correlate
strongly with those from the dominant model (correlation coeffi-
cient, 0.88). Although the most significant SNPs in this study
were found using the dominant model, the importance of the

Figure 1. Distribution of MAFs of the 1047 SNPs assayed.

Figure 2. Upper and lower 95% CIs for risk of CRC associated with the 1041
SNPs in relation to MAF under dominant and recessive models.
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recessive model is evidenced by the fact that 19 of the top 44
SNPs were found using the recessive model and only seven of
these were associated with P, 0.05 using an additive model.
One SNP AKAP9 M463I was still significantly associated with
CRC risk after adjustment for multiple testing, with an adjusted
P-value of 0.035. The number of SNPs that show association at
the 5% significance level (44) is less than that would be expected
(52) by chance due to Type I error, albeit not significantly
different (P¼ 0.26).

ATM SNPs F858L (rs1800056) and P1054R (rs1800057)
are in strong linkage disequilibrium LD (D0 ¼ 1.0,
r2 ¼ 0.51). The haplotype formed by the minor alleles of
ATM F858L and P1054R was significantly over-represented

in cases, compared with controls (ORD ¼ 1.47, 95% CI:
1.04–2.08, P ¼ 0.06 after permutation testing).

Stratification by gender, family history of the disease or age
at diagnosis (�60 and .60 years) did not alter the overall
findings. Interactions between the 93 SNPs that showed
some association with risk (P , 0.1) were examined by
fitting full logistic regression models for each pair, generating
4278 models and comparing these with the main effects
model. Two hundred and seven pairs of SNPs showed nomin-
ally significant interaction at the 5% level, but even the stron-
gest interaction between ZNF318 T1112I and HUS1B H130Q
(P ¼ 3.9 � 1025) was non-significant after correction for
multiple testing.

Table 1. SNPs showing a significant association with risk of CRC

Case–control analysis Kin-cohort analysis

SNP ID Genea Substitution MAFb Simulated P-value Modelc OR Lower CI Upper CI HR Lower CI Upper CI

rs6964587 AKAP9 M463I 0.38 1.0 � 1024 D 1.28 1.14 1.44 0.99 0.37 1.71
rs3206824 DKK3 G335R 0.23 2.0 � 1023 D 1.20 1.07 1.33 1.01 0.42 1.43
rs17602729 AMPD1 Q12X 0.13 3.0 � 1023 D 0.81 0.71 0.92 1.35 0.89 2.46
rs3829462 LIPC L356F 0.02 2.0 � 1023 D 0.61 0.44 0.83 0.33 0.02 1.84
rs241419 PSMB9 V32I 0.03 0.01 D 0.73 0.58 0.92 0.49 0.07 1.36
rs17632786 THBS1 N700S 0.13 0.01 D 0.83 0.73 0.95 1.07 0.43 1.70
rs2297950 CHIT1 G102S 0.29 0.01 D 1.17 1.05 1.30 1.06 0.42 1.38
rs11700112 PAK7 R335P 0.09 0.02 D 0.82 0.71 0.95 1.50 0.82 2.01
rs1950902 MTHFD1 R134K 0.12 0.02 D 0.86 0.76 0.96 1.09 0.72 1.63
rs11976480 AOAH D28N 0.32 0.02 R 1.27 1.06 1.52 1.10 0.17 3.67
rs2302465 BST1 R125H 0.13 0.02 R 1.73 1.15 2.61 0.48 0.00 1.32
rs1800057 ATM P1054R 0.02 0.02 D 1.34 1.05 1.70 1.86 1.13 3.08
rs2274333 CA6 S90G 0.31 0.02 R 0.78 0.64 0.94 1.95 0.42 3.87
rs240780 ASCC3 C1995S 0.42 0.02 R 1.20 1.05 1.38 0.98 0.43 2.04
rs956868 PRKWNK1 P1056T 0.15 0.02 R 0.63 0.44 0.90 1.30 0.00 10.80
rs5743611 TLR1 R80T 0.09 0.02 R 0.40 0.19 0.84 0.00 0.00 0.01
rs3747517 IFIH1 R843H 0.26 0.03 R 1.30 1.06 1.59 1.86 0.67 3.21
rs9438 DHX36 S416C 0.39 0.03 D 1.15 1.03 1.29 1.25 0.69 2.44
rs13706 CDC6 V441I 0.11 0.03 D 0.85 0.74 0.97 0.50 0.13 0.85
rs1800056 ATM F858L 0.01 0.03 D 1.47 1.04 2.08 1.67 0.46 6.07
rs1049550 ANXA11 R230C 0.41 0.03 D 1.15 1.03 1.29 1.10 0.60 1.83
rs2496425 FREM2 F1036S 0.28 0.03 R 0.77 0.63 0.95 1.32 0.08 5.49
rs3817552 MYBPC1 H506Q 0.15 0.03 R 1.56 1.08 2.26 3.24 0.45 11.19
rs2295778 HIF1AN P41A 0.26 0.03 D 1.14 1.03 1.27 1.16 0.84 2.80
rs17470454 DTNBP1 P272S 0.05 0.03 R 0.28 0.09 0.84 11.33 0.00 12.63
rs1800076 CFTR R75Q 0.04 0.03 R 5.29 1.16 24.15 0.22 0.00 5.24
rs3744581 DNAH9 N2195S 0.22 0.03 R 0.73 0.56 0.94 0.38 0.03 5.08
rs2228615 ICAM5 A348T 0.39 0.03 D 0.87 0.78 0.98 0.93 0.43 2.06
rs1716 ITGAE R950W 0.33 0.03 D 1.14 1.02 1.27 1.02 0.54 1.90
rs1377210 AGXT2L1 S185P 0.09 0.03 R 2.05 1.12 3.76 2.74 0.00 9.56
rs616114 MEP1B P695L 0.41 0.04 D 0.87 0.78 0.98 1.22 0.62 2.70
rs17742683 MPP3 R585G 0.10 0.04 D 1.18 1.03 1.35 0.48 0.20 0.81
rs1047840 EXO1 E589K 0.40 0.04 R 0.84 0.72 0.97 1.55 0.57 2.94
rs3218599 REV3L D1734H 0.02 0.04 D 1.32 1.02 1.71 0.33 0.00 1.03
rs17704912 MYO18B G44E 0.44 0.04 D 1.20 1.03 1.40 0.81 0.16 1.29
rs1800450 MBL2 G54D 0.14 0.04 R 1.65 1.07 2.55 0.91 0.00 9.86
rs2295275 TRERF1 C590S 0.06 0.04 D 1.22 1.03 1.44 1.09 0.48 1.71
rs3826007 BCL2A1 G82D 0.25 0.04 R 1.30 1.04 1.62 0.60 0.01 3.36
rs17128572 GOLGA5 A67G 0.08 0.05 D 0.83 0.71 0.98 1.22 0.61 2.26
rs17050550 OGG1 A85S 0.001 0.05 D 2.38 1.03 5.47 4.68 0.00 12.55
rs16937251 NAV2 Q468H 0.03 0.05 R 0.13 0.00 0.88 0.32 0.00 8.09
rs4667591 LRP2 L4210I 0.21 0.05 R 1.35 1.04 1.76 1.25 0.24 3.58
rs17129219 MFI2 A559T 0.002 0.05 D 0.32 0.11 0.99 2.18 0.00 4.57
rs1801133 MTHFR A222V 0.34 0.05 R 0.82 0.69 0.98 0.62 0.25 4.22

aNCBI Entrez Gene.
bMAF in controls.
cMost significant association under a dominant (D) or recessive (R) model.
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Functionality of nsSNPs

The proportion of the SNPs successfully genotyped predicted
to have functional consequences was significantly higher (x2

test; P , 0.001) than expected from a comparable random
series (Fig. 3). This result reflects the fact that SNPs were
chosen to have a higher prior probability of being functional.
Of the 44 SNPs showing significant association, three have
been previously shown to be functional: P1054R in ataxia tel-
angiectasia mutated [ATM (MIM 607585)], a cell cycle check-
point kinase required for cellular response to DNA damage;
N700S in thrombospondin 1 [THBS1 (MIM 188060)], an anti-
angiogenic protein thrombospondin and A222V in
5,10-methylenetetrahydrofolate reductase [MTHFR (MIM
607093)], a key enzyme in folate metabolism. One SNP
encodes the termination codon Q12X in adenosine monophos-
phate deaminase 1 [AMPD1 (MIM 102770)], and a further 20
SNPs are predicted by at least one in silico algorithm to be
deleterious (Table 2).

Kin-cohort analysis

We performed a kin-cohort analysis on the first-degree rela-
tives of cases for each of the 44 significantly associated
SNPs. The 2561 cases that genotyped successfully reported a
total of 14 704 first-degree relatives of whom 446 (3.0%)
had been diagnosed with CRC. Twenty-three of the SNPs
showed an association with CRC risk in relatives in the
same direction as that seen in the case–control analysis
(Table 1). Many of the SNPs had relatively low MAFs (i.e.
,20%), so the number of CRCs in carriers was small and
the power to verify an association limited. Nonetheless,
three of the 23 SNPs were significantly associated with
CRC risk in the kin-cohort analysis: ATM P1045R
(OR ¼ 1.86; 95% CI: 1.13–3.08), TLR1 R80T (OR ¼ 0.06;

95% CI: 0.03–0.12) and CDC6 V441I (OR ¼ 0.50; 95% CI:
0.14–0.78).

DISCUSSION

We evaluated nsSNPs on the basis that each has the capacity
to directly affect the function of expressed proteins, implying a
higher probability of being directly causally related to suscep-
tibility. There is good evidence that three of the nsSNPs ident-
ified (ATM P1054R, THBS1 N700S and MTHFR A222V)
directly affect the function of the expressed protein and for
an additional 21 of the SNPs significantly associated with
CRC risk, the substitution either produced a termination
codon or was predicted to be functionally deleterious by the
in silico algorithms PolyPhen and SIFT (i.e. classified as
‘probably damaging’ or ‘possibly damaging’ by PolyPhen
and ‘intolerant’ by SIFT). Although predictions about the
functional consequences of amino acid changes are not defini-
tive, these algorithms have been demonstrated in benchmark-
ing studies to successfully categorize 80% of amino acid
substitutions (7). One SNP AKAP9 M463I remained signifi-
cantly associated with CRC risk after stringent adjustment
for multiple testing. Although AKAP9 has been implicated
in the development of thyroid cancer by virtue of generation
of a fusion protein with BRAF (8), to our knowledge this is
the first evidence implicating AKAP9 dysfunction in CRC.

The two SNPs in ATM associated with risk of CRC, F858L
and P1054R, are predicted to be deleterious. Heterozygosity
for P1054R is associated with decreased ATM expression in
tumours (9), and cell lines from breast cancer patients harbour-
ing the linked heterozygous F858L and P1054R variants
exhibit increased radiosensitivity (10). ATM 1054R has pre-
viously been associated with an increased risk of breast and
prostate cancers (11,12). ATM is critical for regulation of
cell cycle checkpoints, and activation of ATM by DNA
damage leads to ATM-dependent phosphorylation of CHEK2.

Several lines of evidence support a role for inherited dys-
function in the ATM-CHEK2 axis in predisposition to CRC.
In our study, further support for this hypothesis is provided
by the fact that four cases were heterozygous for CHEK2
I157T compared with none among controls (P ¼ 0.052).
CHEK2 I157T is localized in a functionally important
domain of CHEK2, and the variant protein has been shown
to be defective in its ability to bind TP53 (13) and BRCA1
(14). An over-representation of CRC has been documented
in relatives of A–T patients (15) and both CHEK2 I157T
(16) and the 1100delC allele (17) (which was not assayed
for in our analysis) have been previously reported to increase
risk of CRC.

In our study, homozygosity for MTHFR 222V was associ-
ated with reduced CRC risk. MTHFR catalyses the irreversible
conversion of 5,10-methyleneTHF to 5-methylTHF.
5,10-methyleneTHF is used by thymidylate synthetase in the
methylation of dUMP to dTMP, the sole de novo source of
thymidine required for DNA synthesis and repair (18).
Reduced availability of dTMP results in misincorporation of
uracil into DNA, repair of which may lead to double-strand
DNA breaks with carcinogenic consequences (19). The
observed association between MTHFR 222V and CRC risk

Figure 3. Relationship between MAF and predicted functionality of SNPs
assayed. Values on the y-axis correspond to the proportion of nsSNPs pre-
dicted to be functional by SIFT (29) and PolyPhen (28) algorithms. For com-
parison, corresponding proportions in a series of 3009 unselected nsSNPs
abstracted from the PICS database (24) are shown.
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Table 2. Description and predicted functionality of SNPs showing significant association with risk of CRC

SNP Substitution Predicted functionalitya Geneb Gene descriptionb Gene ontologyc MIMd

rs6964587 M463I Possibly damaginge AKAP9 A kinase (PRKA) anchor protein 9 Receptor binding, signal transduction 604001
rs3206824 G335R Intolerantfg DKK3 Dickkopf homologue 3 Receptor signalling 605416
rs17602729 Q12X Stop codon AMPD1 Adenosine monophosphate deaminase 1 Nucleotide metabolism 102770
rs3829462 L356F Probably damaging LIPC Lipase, hepatic Lipid catabolism 151670
rs241419 V32I Intolerant PSMB9 Proteasome subunit, beta type, 9 Proteolysis and peptidolysis 177045
rs17632786 N700S Possibly damaging/intolerant THBS1 Thrombospondin 1 Cell adhesion, cell motility 188060
rs2297950 G102S Possibly damaging/intolerant CHIT1 Chitinase 1 Carbohydrate metabolism 600031
rs11700112 R335P Possibly damaging PAK7 p21(CDKN1A)-activated kinase 7 Protein amino acid phosphorylation 608038
rs1950902 R134K MTHFD1 Methylenetetrahydrofolate dehydrogenase Folic acid and derivative biosynthesis 172460
rs11976480 D28N Potentially damaginge/potentially intolerantfg AOAH Acyloxyacyl hydrolase Lipid metabolism 102593
rs2302465 R125H Possibly damaging/borderline BST1 Bone marrow stromal cell antigen 1 Protein catabolism, development 600387
rs1800057 P1054R Probably damaginge/intolerantfg ATM Ataxia telangiectasia mutated DNA repair, cell cycle control 607585
rs2274333 S90G Potentially damaging CA6 Carbonic anhydrase VI One-carbon compound metabolism 114780
rs240780 C1995S Probably damaging/intolerant ASCC3 Activating signal cointegrator 1 complex subunit 3 Regulation of transcription
rs956868 P1056T Potentially damaging WNK1 WNK lysine deficient protein kinase 1 Protein phosphorylation, ion transport 605232
rs5743611 R80T Probably damaging TLR1 Toll-like receptor 1 Immune cell activation 601194
rs3747517 R843H Possibly damaginge IFIH1 Interferon induced with helicase C domain 1 Regulation of apoptosis 606951
rs9438 S416C Potentially damaging DHX36 DEAH box polypeptide 36 Nucleic acid binding
rs13706 V441I Intolerant CDC6 CRC6 cell division cycle 6 homologue Cell cycle control 602627
rs1800056 F858L Possibly damaginge/potentially intolerantfg ATM Ataxia telangiectasia mutated DNA repair, cell cycle control 607585
rs1049550 R230C Intolerant ANXA11 Annexin A11 Protein binding 602572
rs2496425 F1036S FREM2 Fras1-related extracellular matrix protein 2 Cell signalling 608945
rs3817552 H506Q Probably damaging/intolerant MYBPC1 Myosin binding protein C, slow type Muscle contraction 160794
rs2295778 P41A Possibly damaging HIF1AN Hypoxia-inducible factor 1, alpha subunit inhibitor Regulation of transcription 606615
rs17470454 P272S Possibly damaging/intolerant DTNBP1 Dystrobrevin binding protein 1 Muscle development 607145
rs1800076 R75Q Possibly damaging/intolerant CFTR Cystic fibrosis transmembrance conductance regulator Protein binding 602421
rs3744581 N2195S Possibly damaging/intolerant DNAH9 Dynenin, axonemal, heavy polypeptide 9 Determination of bilateral symmetry 603330
rs2228615 A348T ICAM5 Intercellular adhesion molecule 5, telencephalin Cell–cell adhesion 601852
rs1716 R950W Intolerant ITGAE Integrin, alpha E Receptor signalling 604682
rs1377210 S185P Probably damaging AGXT2L1 Alanine-glyoxylate aminotransferase 2-like 1
rs616114 P695L Possibly damaginge MEP1B Meprin A, beta Proteolysis and peptidolysis 600389
rs17742683 R585G Probably damaginge/intolerantf MPP3 Membrane protein, palmitoylated 3 Signal transduction 601114
rs1047840 E589K EXO1 Exonuclease 1 DNA repair 606063
rs3218599 D1734H REV3L REV3-like, catalytic subunit of DNA polymerase zeta DNA repair, DNA replication 602776
rs133885 G44E Possibly damaginge MYO18B Myosin XVIIIB Nucleotide binding 607295
rs1800450 G54D Probably damaging/intolerant MBL2 Mannose-binding lectin (protein C) 2 Oxidative stress response 154545
rs2295275 C590S Probably damaginge TRERF1 Transcriptional regulating factor 1 Regulation of transcription
rs3826007 G82D Possibly damaging/potentially intolerant BCL2A1 BCL2-related protein A1 Regulation of apoptosis 601056
rs17128572 A67G Potentially damaging/intolerantfg GOLGA5 Golgi autoantigen, golgin subfamily a, 5 Receptor signalling 606918
rs17050550 A85S OGG1 8-oxoguanine DNA glycosylase DNA repair 601982
rs16937251 Q468H Possibly damaging/potentially intolerant NAV2 Neuron navigator 2 607026
rs4667591 L4210I Intolerant LRP2 Low density lipoprotein-related protein 2 Cell proliferation, protein binding 600073
rs17129219 A559T Intolerant MFI2 Antigen p97 (melanoma associated) 155750
rs1801133 A222V MTHFR Methylenetetrahydrofolate reductase Folic acid and derivative biosynthesis 607093

aFunctional predictions based on the in silico SIFT (29) (intolerant) and PolyPhen (28) (probably damaging and possibly damaging) algorithms.
bNCBI Entrez Gene.
cGene ontology.
dOnline Mendelian inheritance in man.
ePolyPhen predictions based on the alignment of fewer than six sequences.
fSIFT predictions with divergence scores .3.25.
gSIFT predictions based on the alignment of fewer than six sequences.
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is not without precedent (5). We have recently conducted a
meta-analysis of 23 previously published case–control
studies that have reported the risk of CRC associated with
homozygosity for MTHFR 222V. In this analysis of data on
over 23 000 subjects, the pooled estimate of risk was 0.82
(95% CI: 0.75–0.91; P , 0.0001) (unpublished data),
thereby supporting the risk estimate in the current analysis.
As A222V SNP generates a thermolabile enzyme, with AA
homozygotes having �30% of normal enzyme activity (20),
it is plausible that this SNP could influence CRC risk
because reduced MTHFR activity results in increased avail-
ability of 5,10-methyleneTHF for DNA synthesis.

We used the Pathway Assist programme (Stratagene, La
Jolla, CA, USA), to test whether any of the 44 associated
SNPs occur in genes in the same pathways. Several map to
genes encoding pivotal components of the DNA
damage-response and cell-signalling pathways [e.g. EXO1
(MIM 606063) and OGG1 (MIM 601982)] or interact with
ATM-TP53 [e.g. HIF1AN (MIM 606615)] and, therefore,
have biological plausibility with respect to CRC risk. More-
over, 38 of the 44 SNPs associated with risk of CRC map to
genes expressed in colonic tissue (21), whereas a further
four, MTHFD1 R134K, DHX36 S416C, CDC6 V441I and
GOLGA5 A67G, are differentially expressed in colon adeno-
carcinomas (GNF SymAtlas v1.2.4).

The availability of detailed information on first-degree rela-
tives of cases in our study allowed us to validate or refute
associations identified in the case–control analysis by a kin-
cohort analysis. Although not a formal substitute for an inde-
pendent validation set, this analysis provided support for some
loci identified in our case–control analysis such as ATM
P1045R. Provided detailed family history has been ascertained
from cases, the kin-cohort analysis provides an attractive
method of deriving additional independent information from
a conventional case–control analysis. Inferring genotypes of
relatives adopting strategies such as the marginal likelihood
approach obviates the need for relatives to have been geno-
typed. Inaccuracy in reported family histories is a theoretical
limitation of this type of analysis; however, studies have
shown that cancers such as CRC are generally reliably
reported in first-degree relatives (22). Perhaps the major limit-
ation of the kin-cohort approach as implemented here is that,
despite 14 704 relatives being analysed, risk estimates are
imprecise due to the small number of affected relatives and
power will be limited for SNPs with low MAF.

Although we have only evaluated ,5% of all validated
nsSNPs, albeit prioritized on the basis of predicted functional-
ity, our study provides evidence that inherited predisposition
to CRC is in part mediated through low penetrance alleles.
For a number of the SNPs we found to be associated with
CRC, there is no precedent in the literature and our findings
require confirmation in additional large data sets. However,
several of our observations confirm previously reported
associations, thereby strengthening inferences regarding the
novel associations we identified.

Although our study is large compared with contempora-
neous ones and for the majority of SNPs assayed our analysis
was sufficiently powerful to exclude relative risks greater than
1.5 individually, it is acknowledged that many low penetrance
alleles may confer more modest risks requiring far larger

sample sets be analysed. In order to facilitate the identification
of low penetrance alleles for CRC through analysis of nsSNPs,
we have made data from our study publicly accessible
through the following website http://www.icr.ac.uk/research/
research_sections/cancer_genetics/cancer_genetics_teams/mo
lecular_and_population_genetics/software_and_databases/index.
shtml.

MATERIALS AND METHODS

Patients and control subjects

Two thousand five hundred and seventy-five patients with
CRC, ascertained through an ongoing initiative at the Institute
of Cancer Research/Royal Marsden Hospital NHS Trust
(RMHNHST) from 1999 onwards (1474 males and 1101
females; mean age at diagnosis 59 years; SD+ 10.1), were
included in the study. Cases were ascertained through either
direct contact (n ¼ 2234) or postal invitation (n ¼ 341).
CRC was defined according to the ninth revision of the Inter-
national Classification of Diseases by codes 153–154 (23) and
all cases had pathologically proven adenocarcinoma.

A total of 2707 healthy individuals were recruited as part of
ongoing National Cancer Research Network genetic epidemio-
logical studies (1999–2004; n ¼ 1075), the Royal Marsden
Hospital Trust/Institute of Cancer Research Family History
and DNA Registry (1999–2004; n ¼ 1033) and UK Study of
Breast Cancer Genetics (1999–2004; n ¼ 599) all established
within the UK. Controls (836 males and 1871 females; mean
age 59 years; SD+ 10.9) were the spouses or unrelated
friends of patients with malignancies. None of the controls
had a personal history of malignancy at the time of ascertain-
ment. All cases and controls were British Caucasians, and
there were no obvious differences in the demography of
cases and controls in terms of place of residence within the
UK.

Blood samples were obtained with informed consent and
ethical review board approval in accordance with the tenets
of the Declaration of Helsinki. Samples were collected, pro-
cessed and stored under the same standardized protocol for
all cases and controls. DNA was extracted from samples
using conventional methodologies and quantified using Pico-
Green (Invitrogen).

Selection of candidate genes and SNPs

We have previously established a publicly accessible Pre-
dicted Impact of Coding SNPs (PICS) database of potentially
functional nsSNPs in genes with relevance to cancer biology
(24). Briefly, candidate genes were identified by interrogating
the Gene Ontology Consortium database (25), Kyoto Encyclo-
paedia of Genes and Genomes database (26), Iobion’s Inter-
action Explorer PathwayAssist Programme, National Center
for Biotechnology Information Entrez Gene database (27)
and the CancerGene database. Both keyword and gene-
pathway specific queries were performed using the following
categories: catalytic activity; cellular processes, growth and
death; development; enzyme regulator activity; folding,
sorting and degradation; ligand–receptor interaction; nucleo-
tide metabolism; physiological processes; regulation of
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biological processes; replication and repair; signal transduc-
tion and signal transducer activity; transcription and transcrip-
tion regulator activity; translation and translation regulator
activity and transporter activity. A total of 9537 validated
nsSNPs with MAF data were identified within 21 506 Locus-
Link annotated genes in NCBI dbSNP Build 123. Filtering this
list and linking it to 7080 candidate cancer genes yielded 3666
validated nsSNPs with MAF �0.01 in Caucasian populations.
The functional impact of each nsSNP was predicted using the
in silico computational tools PolyPhen (28) and SIFT (version
2.1) (29). Using the PICS database and published work on re-
sequencing of DNA repair genes (30–34), we prioritized a set
of 1467 nsSNPs for the current study on the basis of SIFT and
PolyPhen scores, indicative of deleterious consequences.
Annotated flanking sequence information for each SNP was
derived from the University of California Santa Cruz Human
Genome Browser (Assembly hg17).

SNP genotyping and data manipulation

Genotyping of samples was performed using customized Illu-
mina Sentrix Bead Arrays according to the manufacturer’s
protocols. DNA samples with GenCall scores ,0.25 at any
locus were considered ‘no calls’. A DNA sample was
deemed to have failed if it generated genotypes at fewer
than 95% of loci. A SNP was deemed to have failed if
fewer than 95% of DNA samples generated a genotype at
the locus. To ensure quality of genotyping, a series of dupli-
cate samples were genotyped and cases and controls were gen-
otyped in the same batches. Conversion of genotype data into
formats suitable for processing was performed using in-house
Perl scripts (available upon request). All other statistical
manipulations described were undertaken in S-Plus (version
7; Insightful, Com) or R (version 2.0.0).

Statistical methods

Population stratification. Genotypic frequencies in control
subjects for each SNP were tested for departure from HWE
using a x2 test or Fisher’s exact test if an expected cell
count was less than five. SNPs that violate HWE in the
control population can indicate selection bias or genotyping
errors and were removed from further analyses. To detect
and control for possible population stratification, we employed
the genomic control approach (35) using all SNPs to estimate
the stratification parameter l̂ and its associated 95% CI. The
possibility of gender differences as a source of population sub-
structure in our controls was evaluated by x2 test or Fisher’s
exact test.

Risk of CRC associated with nsSNPs. The most efficient test of
association depends on the true mode of inheritance of alleles.
Test statistics calculated by combining the heterozygotes with
the rare or common homozygotes and comparing these fre-
quencies in cases and controls are most powerful under domi-
nant and recessive modes of inheritance, respectively. We
based our analyses on the statistic x2RD, the higher of two x2

statistics obtained from dominant and recessive tests. This
test statistic is not quite as powerful as if the most efficient
test were used, but when the mode of action is not known,

this loss of power is offset by the reduction in multiple
testing. As the dominant test is strongly correlated with
co-dominant statistics, it was deemed that the additional
burden of multiple testing was not warranted. The distribution
of x2RD is non-standard, so significance levels were obtained
using a Monte Carlo simulation approach implemented in
the programming language C (source code available on
request). Risks associated with the minor allele of each SNP
were subsequently estimated by dominant or recessive odds
ratios (ORs), dependent on the maximal mode of inheritance,
using unconditional logistic regression; associated 95% CIs
were calculated in each case. Where it was not possible to cal-
culate ORs and their CIs by asymptotic methods, an exact
approach was implemented using LogXact software (Cytel
Inc., Cambridge, MA, USA). The test statistic x2RD was also
computed for each SNP within subgroups based on the
family history of CRC and age at diagnosis, together with
ORs and their associated 95% CIs. We present 95% CIs to
give an indication of the precision of the estimates;
however, these should not be used to infer global significance.
Under certain conditions, a two-stage process incorporating
estimates of pairwise interactions between significant SNPs
can yield greater power to detect association (36). To investi-
gate epistatic interactions, each pair of SNPs that displayed a
significant association at the 10% level was evaluated by
fitting a saturated logistic regression model and the log likeli-
hood ratio statistic for comparison with the main effects model
computed. This was compared against a x2 distribution with
one degree of freedom. Statistics were then adjusted for mul-
tiple testing using a Bonferroni correction.

Correction for multiple testing in association studies using a
simple Bonferroni correction is conservative due to the
assumption of independence between tests. We therefore
adopted an empirical Monte Carlo simulation approach (37)
based on 10 000 permutations, thus allowing for correlations
due to LD throughout the genome. At each iteration, case
and control labels were permuted at random and the
maximum test statistic max(x2RD) determined. The significance
level for each SNP was estimated as the proportion of permu-
tation samples with max(x2RD) larger than the observed value.

To assess the level of LD between SNPs, we calculated the
pairwise LD measure D0 between consecutive pairs of markers
throughout the genome using the expectation–maximization
algorithm to estimate two-locus haplotype frequencies. This
information was used to investigate the relationship between
haplotypes and disease status. Haplotypes were reconstructed
using a Markov chain Monte Carlo method and their frequen-
cies in case and control samples compared by permutation
testing, using the programme PHASE (38,39).

Kin-cohort analysis. We also performed a kin-cohort analysis
on the (un-genotyped) first-degree relatives of the CRC
patients for each SNP significant at the 5% level. Data on first-
degree relatives of probands were collected by questionnaire.
For all relatives, follow-up ceased at diagnosis of CRC, death,
age 80 years or completion of the interview or questionnaire
by the index case, whichever was first. When age at diagnosis
had not been accurately documented, current age or age at
death was used as a proxy for age at diagnosis. In the
kin-cohort analysis for each SNP, CRC risk in first-degree
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relatives of carriers and non-carriers, proband genotypes and
the allele frequency were used to infer the genotypes of rela-
tives and hence to estimate the risk in carriers. Age-specific
cumulative CRC distributions in first-degree relatives were
estimated using a marginal likelihood approach (40), which
has the advantage that it is robust in the presence of residual
correlation between family members.

For each SNP, carrier status of the proband was defined by
the most probable mode of inheritance for the SNP determined
from the case–control study, i.e. for dominantly inherited
SNPs, the carrier group consisted of all carriers (homozygote
or heterozygote) of the mutant allele, whereas for recessively
inherited SNPs, susceptibles were the homozygote carriers of
the mutant allele. The marginal maximum likelihood method
was implemented using an adaptation of functions created
by Nilanjan Chatterjee (National Cancer Institute, USA) in
MatLab v. 7.0.1 (MathWorks, Natick, MA, USA), which
maximize the marginal likelihood using an expectation–
maximization algorithm. Cumulative survival estimates are
generated for both carriers and non-carriers. Bootstrap esti-
mates for the hazard ratios were then computed, using 1000
resamples of the data. These estimates were used to generate
95% CIs for the hazard ratios by taking the 25th and 975th
order statistics.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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