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Abstract

Background & Aims—Genome-wide association studies of colorectal cancer (CRC) have
identified risk variants in 10 genomic regions. None of these studies included African Americans,
who have the highest incidence and mortality from CRC in the US. For the 10 genomic regions,
we performed an association study of Americans of African and European descent.

Methods—We genotyped 22 single nucleotide polymorphisms (SNPs) in DNA samples from
1194 patients with CRC (795 African Americans and 399 European Americans) and 1352 controls
(985 African Americans and 367 European Americans). At chromosome 8924.21 region 3, we
analyzed 6 SNPs from 1000 African American cases and 1393 controls. Association testing was
done using multivariate logistic regression controlling for ancestry, age, and sex.

Results—Sizes and directions of association for all SNPs tested in European Americans were
consistent with previously published studies, but for 9 of 22 SNPs tested in African Americans,
they were of an opposite direction. Among African Americans, the SNP rs6983267 at 8q24.21 was
not associated with CRC (odds ratio [OR]=1.18; P=0.12); instead, the 8924.21 SNP rs7014346
(OR=1.15; p=0.03) was associated with CRC in this population. At 15913.3, rs10318 was
associated with CRC in both populations. At 10p14, the opposite allele of rs10795668 was
associated with CRC in African Americans (OR=1.35; P=0.04). At 11g23.1, rs3802842 was
significantly associated with rectal cancer risk only among African Americans (OR 1.34; P=0.01);
this observation was made in previous studies. Among European Americans, SNPs at 8q24.21,
11923.1, and 16g22.1 were associated with CRC, in agreement with previous reports.
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Conclusion—There is genetic heterogeneity in CRC associations in Americans of African vs.
European descent.
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Background

Recent genome-wide association studies (GWAS) in colorectal cancer (CRC) have shown
strong evidence for common single nucleotide polymorphism (SNP) associations in a
number of genes and chromosome regions (Table 1)(1). These studies have identified
associations in regions of interesting candidate genes (SMAD7, GREM1, CDH1, BMP4,
and RHPN2) as well as relative gene deserts (on chromosomes 8¢23.3, 8q24.21, 10p14,
11g23.1, and 20p12.3). To date, SNPs in region 3 of chromosome 8g24.21 have been the
most widely replicated CRC associations. Recent work has suggested that rs6983267 in
region 3 of 8g24.21 may be the functional variant, as it displays enhancer function and
interacts with MYC (2, 3).

Two genetic models can explain CRC associations detected in recent GWAS (4). The
common disease-common variant model posits that susceptibility alleles are frequent
(frequencies >5%) and exert modest effects, whereas the common disease-rare variant
model posits that susceptibility alleles are more rare (frequencies <5%) and exert stronger
effects. If the source of an association with a gene is a rare allele, population genetic theory
suggests that, in the absence of selection, the allele will have established itself in the
population more recently than most common alleles. If the origination occurred after the
separation of two ethnic populations, then the two populations may demonstrate associations
with different SNPs in the same gene and possibly associations with different genes.
Consequently, comparisons of association results from different ethnic populations can help
distinguish these two genetic models.

While the published GWAS reports have included thousands of subjects, they have been
performed almost exclusively in individuals of European descent. Replication of genome-
wide SNPs in African Americans is an important step in elucidating the genetic mechanisms
underlying these associations. In addition, because the physical distance over which linkage
disequilibrium (LD) extends in African Americans is smaller than in European Americans,
these studies also permit more accurate fine mapping of common susceptibility alleles (5).

Determining genetic risk factors for CRC in African Americans is especially important
because this population has the highest CRC incidence and mortality rates of any US
population (6). Even when controlling for tumor stage, socioeconomic status and co-
morbidities, disparities persist between African and European Americans (7), suggesting
that biological factors including genetics and environmental exposures play a role in the
disparities. Genetic studies in CRC including sample sizes over 400 cases of African
Americans are limited. In the present study, we sought to replicate all previously reported
GWAS SNP associations, including chromosome 8q24.21 SNPs, using a large sample of
African and European Americans.

Materials and Methods

Cases and Controls

Cases and controls were obtained from the University of Chicago (UC) and the University
of North Carolina (UNC). In total, we included DNA from 1194 CRC cases (803 UC and
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391 UNC) and 1352 controls (935 UC and 417 UNC). Samples from the UC were obtained
from formalin-fixed, paraffin-embedded archived surgical specimens (h=1209) and blood
specimens (n=523). The details of sample collection from archived surgical specimens have
been validated and described previously (8). Blood samples from UC cases and controls
were also obtained prospectively in the oncology and other non-cancer clinics since 2006.
The control subjects also included individuals found to have a normal screening
colonoscopy or cancer-free individuals obtained from the UC Translational Research
Initiative in the Department of Medicine (T.R.1.D.O.M). T.R.1.D.O.M is an ongoing, large-
scale clinic-based sample repository, assembled to investigate the relationships of
biomarkers with health status, disease status, and disease progression. Subjects over the age
of 18 were recruited and consented from various UC outpatient clinics beginning in 2005.
Consented individuals had 10 cc of peripheral blood drawn and deidentified samples were
banked. We included DNA from control subjects only if they were cancer-free. The age at
time of sample collection was used as the age for each control. Cases and controls from
archived surgical specimens were matched by age, gender, and ancestry. Cases and controls
from blood samples were not matched by any clinical characteristics. Clinical characteristics
including age, gender, and ancestry were used in regression models to control for differences
between UC cases and controls.

Samples from UNC were obtained through a large-scale, population-based case-control
study of colon and rectal cancer, conducted in a 33 county area in central and eastern North
Carolina. Cases were drawn at random from all CRC cases reported to the North Carolina
Central Cancer Registry. Controls were randomly selected from North Carolina Division of
Motor Vehicle records, based on sampling probabilities within blocks defined by 5-year age
group, sex, and ancestry, using the technique of randomized recruitment (9). The details of
this study have been published previously (10). The UC and UNC studies were approved by
their respective institutional review boards, and where appropriate, subjects provided written
informed consent.

Germline DNA from normal tissue was prepared from both archived surgical specimens and
from blood specimens as described previously (8,10). A total of 22 SNPs previously
associated with CRC (1) and 100 ancestry informative markers (11) were genotyped using
the Sequenom MassARRAY platform as described previously (8). We tested for departures
from Hardy-Weinberg equilibrium (HWE) in cases and controls separately. Because all the
SNPs genotyped in the two ethnic control groups had HWE p-values > 0.01 (Supplementary
Table 1), we included all these SNPs in the statistical analysis. We note that HWE tests
yielded similar p-values in tests of genotypes obtained from DNAs prepared from archived
surgical specimens and from blood specimens. Seven additional SNPs from 8g24.21 region
3 were selected for genotyping based on a chi-square > 3.0 in African Americans in the
MEC study (12). Two of these SNPs failed HWE or quality control measures and were not
included in subsequent analyses. Genotyping quality control for all SNPs was assessed using
blinded duplicate genotyping for 24 DNA samples. A genotype concordance rate of 100%
was observed for all markers. Genotyping call rates exceeded 99.4% for all individuals
included in the analyses.

Genetic ancestry estimation

The genomes of admixed populations such as African Americans are comprised of different
genetic segments arising from different “parental” populations (e.g., West Africans and
Europeans). Genetic association studies in admixed populations can be confounded by
population stratification in which false-positive disease associations arise due to ancestry
differences in cases and controls. In order to control for such confounding, West African
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ancestry was estimated in cases and controls using genetic variants called ancestry
informative markers (AIMs). AIMs are markers selected based on their frequency
differences between populations from different geographic regions. In the present study,
“global” individual ancestry was determined for each individual using 100 AlMs selected
from regions across the entire genome to estimate West African and European ancestry (11).
Global individual ancestry (% West African and % European) was calculated from the
genotype data using the Bayesian Markov Chain Monte Carlo (MCMC) method
implemented in the program STRUCTURE 2.1 (13). STRUCTURE 2.1 assumes an
admixture model using prior population information and independent allele frequencies. The
MCMC model was run using K=3 populations (58 Europeans, 67 Native Americans, and 62
West Africans) and a burn-in length of 30,000 iterations followed by 70,000 replications.
These ancestry estimates were used as covariates in the regression models. Additional detail
on genetic association studies in admixed populations can be found in reference 14.

Statistical Analysis

Results

We tested the 22 SNPs from GWAS for association with CRC in both the combined African
American study group, individual UC and UNC African American study groups as well as
UC European Americans. We calculated odds ratios and 95% confidence intervals using
logistic regression assuming an additive effect (on the log scale) of allele dosage. We
controlled for individual admixture by including West African ancestry estimates as a
covariate in the logistic regression model. In addition, we controlled for age and gender in
the logistic regression model. For stratified association testing by anatomic site, we
considered colon cases to be cancer in the proximal to the sigmoid colon and rectal cases to
be cancer in the rectum or rectosigmoid junction. For tests of odds ratio heterogeneity, we
used the Breslow-Day test. All analyses were done using the program PLINK (15).

Measures of LD, including r2 and D’, LD plots and haplotype association analyses were
performed using Haploview (16). Clinical characteristics were compared between cases and
controls by ancestry. Two-sided t-tests were used to compare continuous variables including
age and ancestry estimates. Pearson chi-square tests of independence were used to compare
categorical variables.

The clinical characteristics of CRC cases and controls are shown in Table 2. In total, we
included 795 African American and 399 European American cases and 985 African
American and 367 European American controls. Because our study included samples from
several different studies and geographical locations, we found differences in age and gender
between African American cases and controls. Given these differences, we controlled for
age, gender, and ancestry in our association analysis.

Results of association testing for the combined and individual African American study
groups are shown in Table 3 and Supplementary Table 2, respectively. On chromosome
10p14, significant association with CRC in African Americans was detected with
rs10795668 (p=0.04). Association with CRC risk was detected with the A allele, whereas in
previous reports in Europeans association was detected with the G allele. On chromosome
15913.3, significant association was detected with rs10318 (p=0.04). On chromosome
8024.21, associations were not detected with rs6983267 or rs7837328, but a trend for
association was noted with rs7014346 (p=0.06). On chromosome 16q22.1, a trend for
association was noted with rs1862748 (p=0.07). Comparison of odds ratios for association
obtained in the combined African American study groups and the odds ratios obtained in the
European meta-analysis (1) are presented in Supplementary Table 3.
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In the UC African American study group, the strongest association signals after adjusting for
covariates were found for rs9929218 on chromosome 16¢22.1 (p=0.008), rs10318 on
chromosome 15g13.3 (p=0.03) and rs10795668 on chromosome 10p14 (p=0.05)
(Supplementary Table 2). We note that the association with CRC risk in the UC study group
at rs9929218 was with the opposite allele compared to the association in European CRC
(Table 1; reference 1). In the UNC study group, a trend for association was noted for
rs3802842 on chromosome 11g23.1 (p=0.06) and for rs1862748 on chromosome 16g22.1
(p=0.07) (Supplementary Table 2). Tests for heterogeneity are presented in Supplementary
Table 2. We note that the lowest Pyt (p=0.01) in the Table was detected at rs9929218 on
chromosome 16p22.1; however, we have no statistically significant evidence that genetic
heterogeneity between the two African American populations explains differences in odds
ratios after taking into account multiple tests.

Results of association testing for the European American study group are shown in Table 4.
On chromosome 8q24.21, a significant association with CRC in European Americans was
detected with rs7837328 (p=0.03), and trends for association were noted with the other two
8024.21 SNPs tested rs6983267 and rs7014346 (p=0.08 and 0.09, respectively). On
chromosome 11g23.1, significant association was detected for rs3802842 (p=0.02) and
rs10749971 (p=0.0002). A trend was noted for a third chromosome 11923.1 SNP
rs11213809 (p=0.09). On chromosome 16q22.1, significant association was detected with
rs1862748 (p=0.04). Trends for association were noted with rs16892766 on chromosome
8023.3 (p=0.08) and rs10411210 on chromosome 19g13.11 (p=0.07).

We also analyzed associations stratified by anatomic site (colon versus rectum). The most
significant results in the African American study group are presented in Table 5. In the
colon sub-group, we found a significant association on chromosome 10p14 (rs10795668;
p=0.01) and a trend for association on chromosome 15¢13.3 (rs10318; p=0.06). In the rectal
sub-group, we found significant associations on chromosomes 8g24.21 (rs6983267; p=0.04),
11923.1 (rs3802842; p=0.01), and 20p12.3 (rs355527; p=0.02). Complete association results
by anatomic site and ancestry are shown in Supplementary Tables 4A and 4B.

Because SNPs in 8q24.21 region 3 have exhibited associations in multiple CRC case-control
studies, we genotyped additional SNPs from the 8g24.21 region that previously had
displayed evidence of association in African Americans in the Multi-Ethnic Cohort (12).
Combining the results on six SNPs for which we had genotype information from all three
study groups (Table 6), we found that the association p-value for rs7014346 was significant
(p=0.03), and trends for association were noted for the SNPs rs12682374 (p=0.08) and
rs10808556 (p=0.09). P-values calculated for this set of SNPs conditioned on rs7014346
provided no evidence for multiple independent risk factors (data not shown). Haplotype
analysis for five 8q24.21 SNPs that formed a haplotype block showed trends for associations
in the combined analysis of African Americans, with one haplotype associated with risk
(CCGTA, p=0.06) and two haplotypes associated with protection (CCGTG and GTTCG,
p=0.07 and 0.08, respectively) (Supplementary Table 5). In European Americans, two of
these haplotypes also showed trends for association (CCGTA, p=0.08, associated with risk;
and GTTCG, p=0.06, associated with protection) (Supplementary Table 5).

Discussion

GWAS in CRC have unveiled a number of genetic associations in various candidate genes
and gene deserts (Table 1). These discoveries hold promise for elucidation of disease
pathogenesis and eventually may prove useful clinically as biomarkers for risk stratification.
However, these studies have been limited to European populations. We present here the first
study to test genetic risk factors, identified in GWAS, in a large African American and
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European American case-control study. While the association results in our European
American study group were consistent overall with the meta-analysis results (1), some of the
results in our African American study group were not consistent with the results in European
populations, pointing to differences in population structure and possibly also in the
underlying basis of genetic susceptibility.

Because patterns of LD differ between different ethnic populations, even in the absence of
an association with a particular SNP tested, other SNPs in a region could be associated with
the same common, risk-causing allele. The CRC-associated SNPs in the 8924.21 region
have been widely replicated in persons of European descent (12, 17-21), and we obtained
evidence for association with all three 8q24.21 SNPs tested (rs6983267, rs7837328, and
rs7014346) in our European American study group. However, in our African American
study group, in which we had twice the numbers of cases and controls, rs6983267 was not
significantly associated with CRC even after combining our data with data from a previously
published study of African American CRCs (12). On the other hand, we detected a
significant association with rs 7014346 (p=0.03) and trends for association with rs12682374
and rs10808556 (p=0.08 and 0.09, respectively) in the combined analysis (Table 6). The
analysis of cases stratified by site did reveal a significant association with rs6983267
confined to rectal cancer cases in African Americans (Table 5); however, we would interpret
this finding cautiously due to the small number of rectal cancer cases in the sample (Table
2).

One explanation for the 8q24.21 results is that rs7014346 is a better marker for the true risk
allele than rs6983267 in African American CRC. Whereas the correlation coefficient (r2)
between rs6983267 and rs7014346 in the European American study group is 0.55, the
correlation coefficient in the African American study group is 0.08; consequently, there is
more power to discriminate between the effects associated with these two SNPs in the
African American study group than in person of European ancestry. Although two studies
concluded that rs6983267 is a functional SNP (2, 3), we note that two more recent studies
have reached opposite conclusions about the effects of rs6983267 on MYC gene
transcription (22, 23). Overall, replication of associations on chromosome 8qg24.21 in
African Americans provides evidence that CRC associations can be shared across different
populations, possibly association with the same common, ancestral risk allele.

We also replicated an association on 15g13.3 in African American CRC (Table 3). The
15913.3 region harbors a CRC candidate gene GREM1, which is an antagonist of bone
morphogenic proteins (members of the TGF-p superfamily of growth factors)(24). Previous
linkage studies have identified this region as associated with hereditary mixed polyposis
syndrome and familial CRC (25, 26), further supporting its role in CRC pathogenesis. Our
results show that the association in African Americans is with rs10318, which localizes to
the 3" untranslated region of GREMJ, whereas in European Americans we found
association with rs4779584, which is more than 12 kb proximal to GREM1. rs4779584 and
rs10318 are more strongly correlated in persons of European ancestry (r2=0.53) than in
African Americans (r2=0), suggesting again that rs10318 may be a better marker in the
chromosome 15g13.3 region (Supplementary Figure 1). Similarly, although association with
SNPs on chromosomes 8¢23.3 and 19g13.11 in African Americans were not significant,
whilst in European Americans they were, the associations were in the same direction and the
confidence intervals were overlapping, suggesting that these SNPs are not good markers for
CRC susceptibility in African Americans. Further fine mapping studies are needed to
confirm these results.

On chromosome 11g23.1, in a gene desert, we have evidence for SNP associations in both
populations. In the combined African American study group, the association with rs3802842
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was more significant in rectal compared to colon cancer cases in African Americans (Table
5). This site-specific association was also noted in two previous studies (18, 27). In the UNC
African American study group, there was a trend with rs3802842 that was not detected in
the UC African American study group, while associations were not detected with the other
two chromosome 11g23.1 SNPs in either African American study group. There was
evidence for association with all three chromosome 11g23.1 SNPs (which are in strong LD
in Europeans) in our European American study group.

On chromosome 10p14, also in a gene desert, we found that the opposite allele—the A allele
—of rs10795668 was significantly associated with CRC risk in African Americans
compared to the G allele associated with risk in previous studies in Europeans (28). The A
allele was associated with risk in both the UC and UNC study groups, separately, but these
individual results did not reach statistical significance. Although it is possible that these
results are explained by different patterns of LD in the 10g14 region (Supplementary Figure
2), it is also possible that different, low-frequency risk-causing alleles originated in the two
ethnic populations, and these are associated with different SNPs.

On chromosome 16q22.1, where the gene for E-cadherin (CDHJ) is localized, we detected
associations in both populations. In our European American study group, the A allele of
rs1862748 was found to be a protective allele as previously reported (1). In African
Americans, we found the same allele for this SNP showed a trend for a protective
association. However, the other chromosome 16p22.1 SNP tested, rs9929218, was not
associated in African Americans. In fact, the effect was in the opposite direction, and in the
UC African American study group the confidence intervals did not overlap (compare Table
1 and Supplementary Table 2). These two chromosome 16p22.1 SNPs rs9929218 and
rs1862748 are in the same LD block in the European population, but they are not correlated
in the Yoruban population (Supplementary Figure 3). rs1862748 may be a better marker for
CRC risk than rs9929218 in African Americans, or there could be different risk alleles of
CDH1 in different populations.

We did not find evidence for association overall on chromosomes 14922.2, 18g21.1, or
20p12.3 in either population. In our sub-group analysis by anatomic site, significant
associations were noted for the two chromosome 14g22.2 SNPs in European American
rectal cancer cases and one chromsome 20p12.3 SNP in African Americans rectal cancer
cases (Supplementary Table 5). Interestingly, when comparing the odds ratios and
confidence intervals in African Americans in these regions with those reported previously in
Europeans (1), with the exception of rs12953717 on chromosome 18, we found the
associations were in opposite directions with no overlap in the confidence intervals, strongly
suggesting that these SNPs are not associated with CRC risk in African Americans. These
results do not rule out the possibility that other SNPs in these or other regions around the
genome will be found associated with CRC in African Americans.

In summary, we have replicated a number of CRC SNP associations in a large group of
African Americans and European Americans. We anticipated that estimation of effect sizes
might not be precise in our European American study group due to small sample size, but
we were surprised by the overall lack of association obtained in African Americans despite
having two times the sample size. Indeed, our results provide strong evidence that
differences in LD patterns between African and European Americans could explain the lack
of associations detected in our African Americans (e.g., the 8q24.21, 15q13.3, and possibly
other SNIPs). In addition, based on the overall lack of associations in African American
CRC, we suspect that rare, population-specific risk alleles may explain some of the
associations in CRC (e.g., the 10p14 SNP), pointing to genetic heterogeneity in
susceptibility alleles. Future fine-mapping and deep sequencing studies are needed to
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determine whether or not other SNPs can be found associated in African Americans as well
as to identify both common or rare risk-causing alleles in the associated regions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Single nucleotide polymorphisms associated with colorectal cancer in persons of European ancestry ™

t Minor §
Region (Gene) rsnumber Position (bp) allele  Allelic OR [95% CI]
8023.3 (E/IF3H) rs16892766 117630683 C 1.32[1.21,1.44]
rs11986063 117640315 T 1.29[1.19,1.40]
rs6983626 117802148 T 1.21[1.11,1.31]
8024.21 (MYO) 1s6983267 128413305 G 1.20[1.15,1.27]
17837328 128423127 A 1.17 [1.12,1.23]
rs7014346 128424792 A 1.20[1.14,1.26]
10p14 rs10795668 8701219 A 0.91 [0.86,0.96]
11g23.1 (POU2AFI)  rs11213809 111135745 A 1.20[1.14,1.26]
13802842 111171709 C 1.21[1.15,1.27]
rs 10749971 111189158 G 1.13[1.08,1.19]
14q22.2 (BMP4) s4444235 54410919 C 1.12[1.07,1.18]
rs175637 54417522 c -
15q13.3 (GREMI) s4779584 32994756 T 1.19[1.12,1.26]
rs10318 33025979 T 1.18[1.11,1.25]
16922.1 (CDH1I) rs9929218 68820946 A 0.88 [0.83,0.92]
1862748 68832943 T 0.88 [0.84,0.93]
18921.1 (SMAD?) s4939827 46453463 o 0.85[0.81,0.89]
rs12953717 46453929 T 1.19[1.13,1.25]
19q13.11 (RHPN2) rs10411210 33532300 T 0.79 [0.72,0.86]
rs7259371 33534641 A 0.86 [0.81,0.92]
20p12.3 (BMP2) 1355527 6388068 A 1.13[1.08,1.19]
1s961253 6404281 A 1.13[1.08,1.19]

*
All odds ratios shown in this table were taken from a meta-analysis of 21 of these single nucleotide polymorphisms as reported in reference 1; no
data from the present study were included.

nytogenetic chromosome position is given. In some cases, a polymorphism in the chromosomal region associated with colorectal cancer is within
the indicated gene (14922.2, 15q13.3, 16g22.1, 18g21.1, and 19¢13.11) and in other cases the polymorphism is within 200 kb of the indicated gene
(8023.3, 8g24.21, 11 g23.1, 20p12.3).

§OR, odds ratio; Cl, confidence interval.

”This additional single nucleotide polymorphism in the 14922.2 region, which was reported in reference 1, was included because it is non-
synonymous. An OR was not reported for rs17563.
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