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Only a fraction of colorectal cancer heritability is explained by 
known risk-conferring genetic variation. This study was designed 
to identify novel risk alleles in Europeans. We conducted a genome-
wide association study (GWAS) meta-analysis of colorectal cancer 
in participants from a population-based case–control study in 
Israel (n = 1616 cases, 1329 controls) and a consortium study from 
the Colon Cancer Family Registry (n = 1977 cases, 999 controls). 
We used a two-stage (discovery–replication) GWAS design, fol-
lowed by a joint meta-analysis. A combined analysis identified a 
novel susceptibility locus that reached genome-wide significance on 
chromosome 4q32.2 [rs35509282, risk allele = A (minor allele fre-
quency = 0.09); odds ratio (OR) per risk allele = 1.53; P value = 8.2 × 
10−9; nearest gene = FSTL5]. The direction of the association was 
consistent across studies. In addition, we confirmed that 14 of 29 
previously identified susceptibility variants were significantly asso-
ciated with risk of colorectal cancer in this study. Genetic varia-
tion on chromosome 4q32.2 is significantly associated with risk of 
colorectal cancer in Ashkenazi Jews and Europeans in this study.

Introduction

Colorectal cancer (CRC) remains a major source of cancer morbid-
ity and mortality worldwide. CRC ranks third with respect to age-
adjusted incidence among all cancer sites and second in terms of 
age-adjusted mortality in the USA (1). Also, it is the fourth most 
common cause of cancer death worldwide (2). Nearly 60% of CRC 
cases occur in developed regions of the world, including high-risk 

groups such as individuals of Ashkenazi Jewish descent. Comparing 
population subgroups from Israel, age-standardized incidence among 
Ashkenazi (European or American born) Jews is 41.9 per 100 000, 
strikingly higher than Sephardi (Asian or African born) Jewish, Israel-
born Jewish and Israeli non-Jewish rates (25.5, 32.8 and 10.1 per 
100 000, respectively) (3).

In addition to the well-characterized epidemiologic risk fac-
tors for CRC, including age, ethnicity, heavy alcohol use, high-fat 
diet, physical inactivity and obesity (4), inherited susceptibility is a 
major contributor to CRC risk and may help to explain the high inci-
dence experienced by founder populations such as Ashkenazi Jews. 
However, only 2–6% of all CRC cases occur as part of well-charac-
terized familial cancer syndromes driven by rare, highly penetrant, 
germline mutations (5–7).

Traditional genome-wide association studies (GWAS) lever-
age linkage disequilibrium (LD) between haplotype-tagging and/or 
imputed single nucleotide polymorphisms (SNPs) and small inser-
tions or deletions (indels) on a genotyping array with the goal of iden-
tifying associations between common genetic variants [minor allele 
frequency (MAF) ≥ 5%] and binary disease status or quantitative traits 
(8). Several GWAS of CRC risk have identified over 20 low-penetrance 
susceptibility variants (9–22). Some risk variants have been identified 
in genes encoding proteins active in pathways with existing links to 
CRC pathogenesis, such as the Wnt and transforming growth factor-
beta (TGF-β) signaling pathways (23). However, these studies have 
also identified a number of variants in novel genetic regions. Although 
the functional significance and clinical relevance of most tagged loci 
remain largely undetermined, several critical genes and regulatory 
elements have been well defined (Supplementary Table 1, available 
at Carcinogenesis Online). Similar to GWAS results from other com-
plex diseases, the variants identified thus far explain only a small 
proportion of CRC’s heritability and have limited utility for clinical 
risk prediction (24–27). Although some have argued that many rare 
variants with larger effects are the primary genetic drivers of complex 
diseases (28), it is probable that variants across the full ranges of fre-
quency and effect size contribute to disease risk (8,24,29,30). Given 
the large number of risk variants successfully identified for breast 
and prostate cancer, we hypothesized that additional common, low 
penetrance susceptibility variants for CRC remain. Detecting these 
variants requires larger sample sizes or studies in specialized samples. 
Comprehensively characterizing this risk-conferring variation could 
offer new insights into the complex biology of CRC.

With the goal of identifying novel susceptibility variants, we conducted 
a GWAS meta-analysis of case–control studies of CRC in two samples: 
Ashkenazi Jews from the Molecular Epidemiology of Colorectal Cancer 
(MECC) study and non-Hispanic whites from the Colon Cancer Family 
Registry (CFR). Further, we replicated the strongest findings of genetic 
association from the meta-analysis in an independent set of Israeli MECC 
cases and controls. Finally, we conducted a combined meta-analysis of the 
three contributing sample sets to maximize our power for detecting asso-
ciated genetic variants and to fine map a genome-wide significant finding.

Materials and methods

Study samples
The discovery meta-analysis was conducted using germline DNA from two 
separate case–control studies, the Molecular Epidemiology of CRC (MECC) 
study and the CFR. The replication dataset consisted of an independent set of 
MECC participants. Informed consent was obtained according to Institutional 
Review Board-approved protocols at Carmel Medical Center and the 
University of Southern California (HS-12-00324, HS-12-00672 and HS-08-
00378). Demographic and clinical characteristics of participants with high-
quality genotype data for both the discovery and replication study phases are 
summarized in Table I.

Abbreviations: 1000GP, 1000 Genomes Project; AJ, Ashkenazi Jewish; CFR, 
Colon Cancer Family Registry; CRC, colorectal cancer; GWAS, genome-wide 
association study; LD, linkage disequilibrium; MAF, minor allele frequency; 
MECC, Molecular Epidemiology of CRC; MSI, microsatellite instable; OR, 
odds ratio; PC, principal components; QC, quality control; Q-Q, quantile–
quantile; SNP, single nucleotide polymorphisms.
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Molecular Epidemiology of Colorectal Cancer Study
MECC is a population-based, case–control study of pathologically confirmed, 
incident cases of CRC recruited from a geographically defined region of north-
ern Israel (31). Participant recruitment began in 1998 and remains ongoing. 
Individually-matched controls with no prior history of CRC are selected from 
the source population that gave rise to cases using the Clalit Health Services 
database. Matching factors include age, sex, Jewish ethnicity (Jew versus non-
Jew) and primary clinic site. Subjects are interviewed to obtain demographic 
and clinical information, family history and dietary habits. Biospecimens 
including blood, paraffin blocks and snap-frozen tumors are also collected.

The discovery phase of this GWAS meta-analysis leverages data on 485 
Ashkenazi Jewish (AJ) cases and 498 AJ controls from MECC. Cases were 
selected for genotyping according to a specific stage at diagnosis distribution 
for a separate GWAS study of stage and prognosis. Further, the selection was 
enriched for colon (as opposed to rectal) cancer and excluded participants with 
microsatellite instable (MSI-H) tumors. The replication stage utilizes MECC 
genotypes from 1131 AJ cases and 831 AJ controls. Replication stage cases 
were unselected for cancer site, stage or MSI (Table I).

Colon Cancer Family Registry
The Colon CFR is a consortium of six centers across North America and 
Australia, organized to create a comprehensive resource for clinical and epi-
demiologic studies of CRC (19,32). The six centers include the University 
of Southern California, Fred Hutchinson Cancer Research Center, Mayo 
Clinic, Cancer Care Ontario, University of Hawaii Cancer Center and the 
University of Melbourne. The registry contains family history clinical history, 
and risk factor data on ~37 000 subjects (including nearly 10 000 probands 
and 27 000 affected or unaffected relatives and unrelated controls) (32). Phase 
I (1998–2002) focused on recruitment of incident cases of CRC via popula-
tion-based cancer registries or clinical centers as well as general population 
or proband-identified controls. Phase II recruitment (2002–2007) included 
incident probands with CRC diagnosed below 50 years of age and additional 

clinic-identified families. As described previously, those selected from Phase 
I for the study’s initial genome-wide scan (Set 1) were population-based cases 
and age- and sex-matched controls from the following three centers: Fred 
Hutchinson Cancer Research Center, Cancer Care Ontario, and Melbourne 
(33). Phase II participants selected for genotyping (Set 2)  included popula-
tion-based cases from all six study sites and same-generation family controls. 
Only Phase II cases are included in this analysis; family-based controls were 
excluded. Case selection for genotyping from both Sets 1 and 2 was enriched 
for age at onset before 50 years or a family history of CRC. All subjects self-
reported as being non-Hispanic white, and this was verified using genotype 
data. Further, controls reported no family or personal CRC history. In total, 
the discovery GWAS meta-analysis uses 1977 population-based cases from 
Phases I (n = 1180) and II (n = 797) and 999 age- and sex-matched controls 
from Phase I (Table I).

Genotyping and quality control
Germline DNA was extracted from peripheral blood samples for both MECC 
and CFR participants. MECC DNA was genotyped in two batches using the 
Illumina HumanOmni 2.5–8 BeadChip, which measures nearly 2.4 million 
SNPs and indels. Batch 1 (414 cases and 155 controls) was run at Case Western 
Reserve University for the purpose of a GWAS study of stage and prognosis, 
and batch 2 (104 cases and 376 controls) was run at the University of Michigan 
to create a balanced design of cases and matched controls. Colon CFR samples 
were genotyped across three platforms based on chip availability: the Illumina 
Human1M or Human1M-Duo (CFR Set 1) and the Illumina HumanOmni1-
Quad (CFR Set 2), each containing ~1.2 million SNPs and indels.

MECC genotype data were cleaned based on quality control (QC) metrics 
at the individual subject and SNP levels (Figure 1). Samples with >5% miss-
ing genotypes, sex mismatches (between self-reported and genotypic predicted 
sex), duplicate samples and those with excess homozygosity were identified 
and subsequently removed. SNPs with <95% call rate were excluded, and those 
inconsistent with Hardy–Weinberg equilibrium in controls were flagged for 

Table I. Demographic and clinical characteristics of genotyped participants after QC from MECC (ndiscovery = 983; nreplication = 1962) and CFR (ndiscovery = 2977) 
case–control studies

Discovery meta-analysis Replication

MECC Illumina Omni2.5M
CFR—Illumina Human 1M, 1M-Duo, 
and Omni1-Quad MECC Affymetrix Axiom 1.3M

Cases (n = 485) Controls (n = 498) Cases (n = 1977) Controls (n = 999) Cases (n = 1131) Controls (n = 831)

Age [mean (SD)] 72.0 (10.1) 72.3 (10.2) 52.7 (11.1) 59.9 (11.0) 71.3 (11.0) 73.3 (11.1)
Sex (%)
 Male 265 (54.6) 264 (53.0) 983 (49.7) 478 (47.8) 563 (49.8) 420 (50.5)
 Female 220 (45.4) 234 (47.0) 994 (50.3) 521 (52.2) 568 (50.2) 411 (49.5)
Ethnicity (%)
 Ashkenazi 476 (98.1) 496 (99.6) 0 0 1129 (99.8) 807 (97.1)
 Sephardi 0 0 0 0 0 9 (1.1)
 Ashkenazi/non-Jewish 0 0 0 0 0 1 (0.1)
 Ashkenazi/Sephardi 2 (0.4) 2 (0.4) 0 0 1 (0.1) 11 (1.3)
 Non-Jewish, Non-Arab 6 (1.2) 0 0 0 0 0
 Jewish, unknown 1 (0.2) 0 1 (0.1) 3 (0.4)
 Non-Hispanic white 0 0 1977 (66.4) 999 (33.6) 0 0
1st degree relative with CRC (%)
 Yes 65 (13.4) 41 (8.2) — — 135 (11.9) 71 (8.5)
 No 419 (86.4) 457 (91.8) — — 985 (87.1) 757 (91.1)
 Missing 1 (0.2) 0 — — 11 (1.0) 3 (0.4)
Cancer site (%)
 Left colon 273 (56.3) — 628 (31.8) — 408 (36.1) —
 Right colon 178 (36.7) — 577 (29.2) — 340 (30.1) —
 Colon (not otherwise specified) 5 (1.0) — 43 (2.2) — 45 (4.0)
 Rectum 29 (6.0) — 729 (36.9) — 296 (26.2) —
 Other 0 — 0 — 1 (0.1) —
Stage at diagnosis (%)
 I 87 (17.9) — 442 (22.4) — 161 (14.2) —
 II 184 (37.9) — 501 (25.3) — 223 (19.7) —
 III 96 (19.8) — 689 (34.9) — 197 (17.4) —
 IV 91 (18.8) — 166 (8,4) — 90 (8.0) —
 Missing 27 (5.6) — 179 (9.1) — 470 (41.6) —
MSI (%)
 Stable 393 (81.0) — 1541 (78.0) — 415 (36.7) —
 Low 92 (19.0) — 178 (9.0) — 171 (15.1) —
 High 0 — 14 (0.7) — 175 (15.5) —
 Missing 0 — 244 (12.3) — 370 (32.7) —
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review but not removed. Principal components (PC) analysis was conducted on 
~100 000 randomly selected markers (after LD-pruning) using the pcaMethods 
Bioconductor package (34) in R to identify ethnic outliers. These same prin-
cipal components were retained to adjust for confounding due to population 
stratification. Pairwise plots of principal components 1–3 on the final analysis 
dataset are in Supplementary Figure 1, available at Carcinogenesis Online.

CFR genotype data were cleaned using comparable parameters, and the 
methods applied for CFR Set 1 genotypes have been detailed elsewhere (33). 
Briefly, the QC criteria excluded samples based on call rate, sex mismatches, 
unintended duplicates, lack of concordance with previous genotype data and 
unanticipated genotype concordance or identity-by-descent with another 
sample. Principal components analysis based on a panel of ancestry informa-
tion markers was conducted using Eigenstrat (35), followed by comparison 
with HapMap II CEU participants from Utah, to identify and exclude ethnic 
outliers. SNP-level exclusions were made for markers with more than two 
alleles, no ‘rs’ identification number, poor genotype concordance in the same 
individuals across platforms and low call rate (<90%). Pairwise plots of PCs 
1–4 on the final analysis dataset are in Supplementary Figure 2, available at 
Carcinogenesis Online.

An independent set of MECC germline DNA samples were genotyped as 
part of the National Cancer Institute-sponsored Colorectal Transdisciplinary 
(CORECT) Study and served as the replication dataset for this study. These 
MECC participants had similar distributions of key demographic and clini-
cal covariates to the discovery stage MECC subjects with the exception of 
cancer site and MSI (Table I). Genotyping was performed via hybridization 
to a custom Affymetrix genome-wide platform (the Axiom® CORECT Set) 
containing ~1.3 million SNPs and indels spread across two physical geno-
typing chips (pegs). The QC and filtering pipeline resulted in a final analysis 
dataset containing 1131 cases, 831 controls and 1  230  678 genetic markers 
(Figure 2). Principal components analysis was conducted using Eigenstrat (35) 
based on a set of 2,884 ancestry information markers derived from the litera-
ture and the Illumina Infinium HumanExome BeadChip and Affymetrix Axiom 
Exome Array. Pairwise plots of PCs 1 and 2 on the final analysis dataset are in 
Supplementary Figure 3, available at Carcinogenesis Online.

Imputation
To analyze genotype data generated from four different platforms that meas-
ure different genetic variants and to increase the coverage of variation that is 
measurable across the genome, imputation of genotypes was performed for 
both autosomal and X chromosome markers. First, genotypes were prephased 
into best-guess haplotypes with SHAPEIT (SHAPEIT.v1.ESHG) to increase 
the computational efficiency of downstream steps (36). Then, IMPUTE v2.2.2 
was used to impute missing genotypes for study samples based on the cos-
mopolitan panel of reference haplotypes from Phase I of the 1000 Genomes 
Project (1000GP; March 2012 release; n = 1092) (37,38). The release contains 
more than 39 million autosomal and X chromosome SNPs, indels and struc-
tural variants. Stringent imputation quality and accuracy filters were applied 
to genotypes resulting from the imputation (info ≥ 0.7, certainty ≥ 0.9 and 
concordance ≥ 0.9 between directly measured and imputed genotypes after 

masking input genotypes (for genotyped markers only). Further, our variant 
list was restricted to those with study-specific MAF ≥ 1%. Following impu-
tation and QC, 9 009 669, 8 304 060 and 9 177 523 SNPs and indels were 
available for analysis in the MECC discovery, CFR discovery and MECC rep-
lication, respectively.

Statistical analysis—discovery GWAS meta-analysis
The discovery MECC and CFR datasets were first analyzed in a study-specific 
fashion, allowing adjustment for appropriate covariates. Then, study-specific 
results were combined using an inverse-variance-weighted, fixed-effects meta-
analysis approach. In each study, to examine the association between each 
variant and CRC risk, we specified a log-additive genetic model, where each 
variant was coded as a dosage, or the expected number of effect alleles at 
that locus. We also considered an autosomal recessive model (Supplementary 
Table 3, available at Carcinogenesis Online). We calculated beta coefficients 
and corresponding OR, standard errors, 95% confidence intervals and P val-
ues using unconditional logistic regression. For MECC, models were adjusted 
for age, sex, three PCs and genotyping batch (in the event that differential 
genotyping errors occurred across the two genotyping centers). For CFR, we 
adjusted for age, sex, four PCs and recruitment site (in three groups). For both 
MECC and CFR, higher PCs were primarily driven by outliers, so adjusting 
for more PCs was deemed unnecessary. These models were used to examine 
the OR for CRC risk associated with each additional copy of the minor allele 
(or minor allele dosage) for a given SNP, after adjusting for all covariates in 
the model.

For markers with matching identification names and/or chromosome, base 
pair and alleles across the two studies, we conducted a meta-analysis of point 
estimates and standard errors using an inverse-variance-weighted, fixed-effects 
approach. This method, implemented in METAL,  calculates a summary esti-
mate of effect for each marker through summation of inverse-variance weighted 
betas across studies, divided by the summed weights (39). A quantile–quantile 
(Q-Q) plot was generated to examine the distribution of meta-analysis P values 
compared with the distribution under the null (Figure 3, Panel A). The genomic 
control lambda associated with the observed P-value distribution was calcu-
lated to identify evidence of P-value inflation, likely due to population strati-
fication. A Manhattan plot showing P values sorted by chromosomal position 
was generated to provide a visual illustration of top association findings across 
the genome (Figure 3, Panel B). SNPs with genome-wide significant P values 
(P < 5 × 10−8) in the discovery stage were selected for replication in the second 
phase of this study (nmarker = 6). Further, to ensure that our genotyping and 
subsequent analysis was able to detect previously published risk variants, we 
examined association results for 29 available out of 30 total SNPs from 22 
independent regions known to be associated with CRC from previous studies 
(Supplementary Table 1, available at Carcinogenesis Online).

Statistical analysis and plot generation were conducted using a combination 
of PLINK v1.07 (40), R v2.15.2 and METAL (39). The P value criteria for 
genome-wide statistical significance of SNP coefficients were: (i) Discovery 
stage: P < 5 × 10−8; (ii) Replication: P < 0.05 and (iii) Combined: P < 5 × 10−8 
(41).

Replication in MECC and joint meta-analysis

To replicate our discovery meta-analysis findings, we used the same logistic 
regression analysis methods described earlier to examine the marginal associa-
tion between each marker with P < 5 × 10−8 from the MECC+CFR discov-
ery meta-analysis and CRC status in an independent set of MECC samples. 
Models were adjusted for age, sex and two PCs. Higher PCs were outlier-
driven, so additional adjustment beyond two PCs was not informative. Because 
it has been demonstrated that joint analysis of two-stage GWAS designs is 
more efficient than replication-based analysis (42), we also conducted a 
fixed-effects meta-analysis of SNPs with P  <  5  × 10−8 from the discovery 
MECC+CFR meta-analysis with the results from the MECC-based replication. 
Subsequently, for a region identified as a novel, genome-wide significant sus-
ceptibility locus, we removed the P < 5 × 10−8 discovery filter to explore asso-
ciations in the genetic vicinity in more depth through fine mapping. A regional 
plot of association results near the genome-wide significant finding were gen-
erated using LocusZoom with LD based on the 1000GP March 2012 release 
European samples (43).

Results

Discovery meta-analysis
A Q-Q plot of P values from the fixed-effects meta-analysis of study-
specific, adjusted logistic regression model results shows the rank-
ordered observed −log10(P value) plotted against the rank-ordered 
expected −log10(P value) (Figure  3, Panel A). The P values above 
the diagonal line in the upper-right quadrant of the plot demonstrate 

Fig. 1. Quality control and filtering pipeline for MECC discovery samples 
before imputation.
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that there are a number of SNPs with associations more statistically 
significant than expected by chance alone, assuming a uniform dis-
tribution of P values. Further, the associated genomic control lambda 
value of 1.033 suggests that the selected covariates and PCs provide 
reasonable control for population stratification. The Manhattan plot 
displays summary results from the meta-analysis by chromosomal 
position and highlights a peak on chromosome 4 with six variants 
in tight LD (pairwise R2 ≥ 0.975 for five SNPs in 1000GP June 2011 
Europeans) reaching genome-wide significance at P  <  5  × 10−8 
(Figure 3, Panel B).

Rs17042479 was the SNP with the most statistically significant P 
value on chromosome 4 (risk allele = G; OR per risk allele = 1.67; P 
value = 1.5 × 10−8). The directions of effect for MECC and CFR were 
consistent, with CFR exhibiting a slightly attenuated effect (Table II). 
Study-specific estimates demonstrate that the result was not heavily 
driven by either MECC or CFR findings, and the average minor allele 
frequency across studies was ~9%. This SNP was directly measured in 

the MECC discovery samples, CFR Set1 and MECC replication sam-
ples (imputed only in CFR Set 2). The SNP is located ~240 kb upstream 
of the ~800 kb gene FSTL5 (follistatin-like 5) and ~720 kb downstream 
of NAF1 [nuclear assembly factor 1 homolog (Saccharomyces cerevi-
siae)]. The complete list of six discovery stage genome-wide signifi-
cant association findings (P ≤ 5 × 10−8) between effect allele dosage and 
CRC status, visually indicated by the inflated tail of observed −log10(P 
values) in the Q-Q plot (Figure 3, Panel A) and as SNPs above the blue 
line in the Manhattan plot (Figure 3, Panel B) are summarized in Table 
II. Further, we also demonstrated that 14 out of 29 previously identified 
CRC risk alleles that were imputed with high quality and analyzed in 
this meta-analysis had nominally significant associations with P < 0.05 
(Supplementary Table 2, available at Carcinogenesis Online). Twenty 
six out of 29 known susceptibility markers had a consistent risk allele 
and direction of effect with the previously published result. The most 
statistically significant risk locus was located at chromosomal region 
8q24, as described from the same source population (9).

Fig. 2. Quality control and filtering pipeline for MECC replication samples before imputation. PC, principal component.

Fig. 3. (A) Q-Q plot and (B) Manhattan plot of −log10(P values) derived from an inverse-variance-weighted, fixed-effects meta-analysis of adjusted logistic 
regression results run on MECC and CFR discovery samples. MECC analyses were adjusted for age, sex, batch and three principal components (PCs). CFR 
analyses were adjusted for age, sex, recruitment site and four PCs; 492 866 markers had P < 0.05. In (B), each circle represents the −log10(P value) for one of 
9 516 354 SNPs plotted against its chromosomal location on the x-axis. Blue line = suggestive level for genome-wide significance at 5 × 10−7. Red line = genome-
wide significance threshold at 5 × 10−8.
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Replication and joint meta-analysis
The six genetic markers from the MECC+CFR discovery meta-analy-
sis with P < 5 × 10−8 were carried forward into this stage. Four out of 
six variants replicated in the independent set of MECC samples with 
P < 0.05 (Table II). Further, the combined meta-analysis of MECC 
discovery and CFR discovery samples together with MECC replica-
tion samples demonstrated that the region on chromosome 4q32.2 
remains statistically significant at a genome-wide threshold. In the 
combined analysis, rs35509282 was the most strongly associated 
meta-analysis finding (risk allele = A; OR per risk allele = 1.53; P 
value = 8.2 × 10−9), with the MECC replication-specific result consist-
ent in direction with a P value of 0.033 (Table II). All findings with 
P < 5 × 10−8 were located within this same region on chromosome 4, 
and the OR estimates and average allele frequencies indicate strong 
LD among all top SNPs. Because several chromosome 4 associated 
SNPs reached genome-wide significance upon replication and com-
bined meta-analysis, we removed the discovery P-value filter of <5 × 
10−8 and examined the combined three-study meta-analysis results in 
this chromosomal location. A regional LocusZoom plot summarizes 
the fine mapping that is accomplishable via 1000GP imputation. The 
association finding at 4q32.2 localizes to an ~250 kb region upstream 
of FSTL5 (Figure 4).

We also conducted colon- and rectum-specific analyses for our top 
findings. The combined discovery-replication meta-analysis effect 
sizes were comparable with the overall CRC ORs for both colon and 
rectum (data not shown). However, the sample sizes for rectal cancers 
were quite limited (MECC discovery: 456 colon, 29 rectum; CFR dis-
covery: 1248 colon, 729 rectum; MECC replication: 793 colon, 296 
rectum).

Discussion

This GWAS meta-analysis with independent replication was designed 
to identify novel, low-penetrance susceptibility variants among popu-
lations with European and Ashkenazi Jewish ancestries. In the dis-
covery meta-analysis, we identified a novel, genome-wide significant 
CRC susceptibility locus on 4q32.2 with an MAF of ~9%. To date, no 
other genome-wide significant (P < 5 × 10−8) CRC susceptibility vari-
ants have been identified on this region of chromosome 4. However, 
prior publications have identified two marginally significant loci 
associated with risk of CRC at 4q13.2 and 4q22.2 (20,44). This find-
ing was replicated in an independent set of MECC cases and con-
trols with a consistent direction of effect and P value less than 0.05. 
Evidence that known CRC risk SNPs were also identifiable with our 
study design (combining Ashkenazi Jews and non-Hispanic whites) 
increased our confidence in the validity of this novel finding. Twenty 
six of twenty nine previously published variants replicated with a 
consistent direction of effect. For those with inconsistent direction of 
effect or for those not statistically significantly associated at P < 0.05, 
the results might be attributed to modest sample size or to differences 
in LD structure between our sample and other participants studied in 
other GWAS.

The 4q32.2 region localized based on the LocusZoom plot falls 
~240 kb upstream of the FSTL5 gene and 720 kb downstream of the 
NAF1 gene. The frequencies of the most statistically significantly 
associated SNPs matched closely with their reported MAFs for 
Europeans from HapMap (CEU) according to the dbSNP database. 
Interestingly, this SNP has a MAF close to 50% for those of Asian and 
African descent in HapMap. Preliminary bioinformatic analysis based 
on ENCODE (45) data in the UCSC Genome Browser (http://genome.
ucsc.edu/cgi-bin/hgGateway) reveals that the broader region around 
the lead discovery SNP (rs17042479) may overlap with an H3K27Ac 
histone mark (a feature often located near active regulatory elements), 
a DNaseI hypersensitivity region (a chromatin accessibility feature 
common to cis-regulatory sequences), and/or a transcription factor 
binding site. Although we do not yet have experimental evidence to 
confirm a functional role of genetic variation in this region, it is pos-
sible that an intergenic SNP or the genetic element that it tags exerts a 
regulatory effect on one of the nearest genes, FSTL5 or NAF1. FSTL5 Ta
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encodes an extracellular matrix protein that interacts with metallo-
proteases and may be structurally similar to some collagen-degrading 
matrix metalloproteinases and matrix metalloproteinase inhibitor 
TIMP1 that are critical for normal physiology (46). Little is known 
about the gene’s function, but some evidence suggests potential links 
to known etiologic pathways involved in CRC development. In gen-
eral, follistatins bind activins, regulate cellular differentiation and 
neutralize TGF-β superfamily members (http://www.nlm.nih.gov/cgi/
mesh/2011/MB_cgi?mode=&term=Follistatin). The TGF-β signal-
ing pathway’s role in CRC development has been well characterized 
(47–49). NAF1 encodes a protein important for assembly of H/ACA 
human telomerase RNA (50). This chaperone protein is important 
for telomerase activity, and a previous report identified a SNP in this 
same region (4q32.2) that was associated with mean telomere length 
(51). Given the importance of telomerase and telomeres in the devel-
opment and maintenance of cancer, this gene deserves attention in 
future functional studies as a potential regulatory target of our novel 
CRC susceptibility locus (52).

We have previously published an analysis of gene expression pat-
terns in colon and rectal cancer in the MECC study. In our analysis 
of 460 colon cancers and 100 rectal cancers, microsatellite-stable 
colorectal cancers did not show major transcriptomic differences for 
tumors arising in the colon or rectum. The small but consistent differ-
ences observed were largely driven by the HOX genes (53). However, 
colon and rectal cancers do have different clinical behaviors, and 
other studies have shown differences in expression between colon and 
rectal cancers as well as right and left colon cancers (54–56).

Our study with a modest sample size reveals only this single locus 
that reaches the genome-wide significance threshold; however, it has 

not been observed as a susceptibility locus in previously published stud-
ies. Given the selection for cases with a family history of CRC within 
the CFR study, it is possible that this genome wide-signal is driven by a 
combination of a low penetrance susceptibility allele in the Ashkenazi 
Jews (MECC) and a higher penetrance, rarer effect among family 
history-positive and young age at onset non-Hispanic whites (CFR). 
Further, potential selection bias resulting from CFR case enrichment for 
younger age at onset and family history may have led to overestimates 
of effect, enabling the novel chromosome 4 locus’s detection here but 
not in previous GWAS. A similar phenomenon occurred when the pen-
etrance of BRCA1 and BRCA2 mutations for breast cancer were initially 
overestimated in studies of high-risk families (57). False-positive find-
ings also remain a threat to the interpretation of this result, even when 
setting a stringent threshold for genome-wide significance. Additional 
replication studies will help to clarify this possibility.

While this study has multiple strengths, it is also limited by some 
of the same considerations common to most GWAS studies. First, the 
sample size limited our power to detect an effect, and particularly, the 
power to examine the effects of rarer variants either directly meas-
ured on the arrays or imputed (MAF < 1%). However, it is clear that 
the combination of Ashkenazi Jewish individuals and non-Hispanic 
whites enriched for family history comprised a unique study sample 
for detection of a novel result. Second, the choice of the non-Ash-
kenazi Jewish Colon CFR as our second study sample for discovery 
may decrease the ability to detect significant variants that may be 
specific to the Ashkenazi Jewish founder population. Third, it is pos-
sible that observed findings could be a result of the winner’s curse. 
We observed a larger effect size in our discovery phase as compared 
with the replication.

Fig. 4. LocusZoom plot of regional association results for the novel 4q32.2 genome-wide significant locus (rs17042479 ± 1Mb). The x-axis represents 
chromosomal position, and the y-axis shows the −log10(P value) from the meta-analysis of MECC discovery + CFR discovery + MECC replication. Each circle 
represents one SNP’s association with CRC. Purple = index SNP. Correlation (r2) between the index SNP and each other SNP was calculated based on 1000GP 
Phase I March 2012 European samples.
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Furthermore, multiple levels of control influence the development 
of CRC, including but not limited to known epidemiologic risk fac-
tors, sequence variation, transcriptional regulation, gene expression, 
protein expression, DNA methylation and chromatin modifications. 
Here, we only focus on germline genetic variation, while environmen-
tal factors, gene–gene interaction, and gene-by-environment interac-
tions are known to play roles in the development of CRC as well. 
Interactions were not the focus here because of the prohibitively large 
samples sizes needed for their study. In addition, we are unable to 
explicitly determine functionality of SNPs identified to be associated 
with disease from the GWAS meta-analysis itself.

In summary, we provided evidence that genetic variation on 
chromosome 4q32.2 is significantly associated with risk of CRC in 
Ashkenazi Jews and other Europeans. Future directions will focus 
on determining the biological relevance of the identified variant and 
its surrounding genetic context. Fine-mapping and screening of cod-
ing regions for mutations using standard methods offer an advan-
tage to localize the most strongly associated SNPs in the area (58). 
Association studies with cis gene expression will also be critical to 
glean initial insights into the function of the genetic variation in rela-
tion to CRC development. If justified by fine mapping exercises and 
more extensive searches of ENCODE and other publicly available 
data, experimental studies on the regulatory impact of the surround-
ing region will ensue. Identification of this locus has the potential to 
provide unique insights into the underlying biology of CRC.

Supplementary material

Supplementary Tables 1–3 and Figures 1–3 can be found at http://
carcin.oxfordjournals.org/
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