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Aneurysmal subarachnoid hemorrhage (aSAH) is the most serious subtype of stroke. Genetic factors have
been known to play an important role in the development of intracranial aneurysm (IA), some of which further
progress to subarachnoid hemorrhage (SAH). In this study, we conducted a genome-wide association study
(GWAS) to identify common genetic variants that are associated with the risk of 1A, using 1383 aSAH subjects
and 5484 control individuals in the Japanese population. We selected 36 single-nucleotide polymorphisms
(SNPs) that showed suggestive association (P<1 x 107%) in the GWAS as well as additional 7 SNPs that
were previously reported to be associated with IA, and further genotyped an additional set of 1048 1A
cases and 7212 controls. We identified an SNP, rs6842241, near EDNRA at chromosome 4g31.22 (combined
P-value = 9.58 x 107%; odds ratio = 1.25), which was found to be significantly associated with IA.
Additionally, we successfully replicated and validated rs10757272 on CDKN2BAS at chromosome 9p21.3
(combined P-value = 1.55 x 10™7; odds ratio = 1.21) to be significantly associated with IA as previously
reported. Furthermore, we performed functional analysis with the associated genetic variants on EDNRA,
and identified two alleles of rs6841581 that have different binding affinities to a nuclear protein(s). The tran-
scriptional activity of the susceptible allele of this variant was significantly lower than the other, suggesting
that this functional variant might affect the expression of EDNRA and subsequently result in the IA suscep-
tibility. Identification of genetic variants on EDNRA is of clinical significance probably due to its role in vessel
hemodynamic stress. Our findings should contribute to a better understanding of physiopathology of IA.

INTRODUCTION

Intracranial aneurysms (IAs) are balloon-like dilations of the
intracranial arterial wall in the brain. Rupture of IA causes
subarachnoid hemorrhage (SAH), a serious subtype of
stroke, which leads to fatality in ~50% of the cases and
results in significant disability in 30% of the cases (1). The
age- and sex-adjusted annual incidence and mortality rates
of SAH were 23 and 9 per 100 000 for all ages, respectively,

in Japan (1). The annual rupture risk of IA in Japan is relatively
high at ~2.7% (2). The incidence of SAH is particularly higher
in Finland and Japan than in the rest of the world (1,3-5).
Both environmental and genetic factors are known to be
involved in the development of 1A, and several studies have indi-
cated that hypertension, hypercholesterolemia, cigarette smoking
and female gender are risk factors for IA (6—10). Various
Mendelian hereditary connective tissue disorders such as
autosomal dominant polycystic kidney disease (11) and
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type-IV Ehlers—Danlos syndrome (12) are the inherited condi-
tions that increase the risk of IA. Additionally, a positive
family history for IA is considered to be an important risk
factor, as the incidence of harboring IA for individuals who
have at least two affected first-degree relatives was reported to
range from 6 to 10% (6,13,14). With the high incidence of
familial IA, several susceptible loci which include chromosomes
1p34.3—p36.13 (15), 7q11 (16), 19q13.3 (17) and Xp22 (18)
were successfully identified to be linked to familial IA through
the linkage analysis. All this evidence has strongly implied the
role of genetic factors contributing to the physiopathology of IAs.

Since there is no clear symptom of IA, identification of risk
factors, particularly genetic risk factors, that lead to an
increase in the risk of the formation and rupture of IA,
which result in aneurysmal subarachnoid hemorrhage
(aSAH), is critically essential. With the current advances in
biotechnology, it is now feasible to identify common genetic
variants that are associated with polygenic diseases by
means of genome-wide high-density SNP array. Two genome-
wide association studies (GWAS) of multiple European popu-
lations have successfully identified common variants located
on chromosomes 8ql2.1, 9p21.3, 10q24.32, 13ql13.1 and
18q11.2 that are associated with IA. Notably, these associated
loci were successfully replicated in the Japanese population
(19,20). Because of the complex linkage disequilibrium (LD)
structures across different populations and potential inter-
action between genetic variants and environment factors, it
is well known that the effect size of common genetic variants
associated with the disease varies among different populations.
Although a GWAS of TA in the Japanese population was
reported previously, the association was not conclusive due
to the lack of validation analysis as well as the insufficient
statistical power of the study (21). Hence, we conducted an
independent GWAS of IA with a larger samples size for the
identification of genetic variants associated with IA in the
Japanese population.

RESULTS

To identify genetic variants associated with susceptibility to
TA in the Japanese population, we performed a GWAS,
using 1383 aSAH patients and 5484 control (Supplementary
Material, Table S1) subjects, with Illumina OmniExpress
BeadChip Kits that contained 733202 SNPs. After quality
check of the SNP genotyping data, a total of 565 149 auto-
somal SNPs were used for association analysis (Supplemen-
tary Material, Table S2).

Principal component analysis (PCA) revealed that all the
subjects participating in this study were clustered in the
Asian population (Supplementary Material, Fig. S1). The
detailed PCA analysis on the basis of the genotype information
from the cases and controls classified the sample populations
mostly into two major clusters consisting of the Ryuukyu
cluster (southern islands of Japan) and the Hondo cluster
(mainland cluster) (Supplementary Material, Fig. S2). To
avoid influences of population substructure in the sample
populations as well as age and gender biases, the association
study was performed by logistic regression analysis with asso-
ciated eigenvectors, age and gender as covariates.
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A quantile—quantile (Q—Q) plot for this GWAS based on
565149 SNPs is shown in Supplementary Material, Figure
S3. The genomic inflation factor (Agc) of the test statistic in
this study was 1.055. Since it is known that the Agc value
increases with an increase of the sample size, we calculated
the Agc value adjusted to a sample size of 1000—which was
1.031, indicating a low possibility of false-positive association
by population stratification. We subsequently applied the
genomic control method to adjust the P-values and used the
adjusted P-values (Pgc) for further analysis. The Manhattan
plot shown in Figure 1 indicated no SNP to have achieved
genome-wide significance level with the threshold at a Pgc
value of <5 x 107%,

Six SNPs (rs10958409, rs9298506, rs1333040, rs11191514,
rs1980781 and rs11661542) on chromosomes 8ql1.23,
9p21.3,10g24.32, 13q13.1 and 18q11.2, which were previously
reported to be associated with IA in the European population,
showed nominal association with P-values from 4.50 x 102
to 9.52 x 107> (Supplementary Material, Table S3). On
chromosome 9p21.3, although the previously reported SNP,
rs1333040, revealed a P-value of 3.79 x 1072, we identified
another SNP, rs10757272, on this locus that showed stronger
association with IA with a P-value of 7.75 x 10~*. However,
we observed no association with P-values of >0.05 for the
five SNPs (rs7542311, 1s358345, rs4628172, rs6461176,
r510217224) that were previously indicated in the GWAS in
the Japanese population (Supplementary Material, Table S3).

To further validate a possible genetic variant(s) associated
with TA, we selected a total of 64 SNPs showing suggestive
association (Pge<< 1 x 107%) with IA. After excluding SNPs
that possess LD coefficient () of >0.8 within each LD
block, we performed a replication study of 36 SNPs, using
an independent set of samples consisting of 1048 IA patients
and 7212 controls. In addition, we further analyzed seven
previously reported SNPs, 1s10958409, 19298506,
rs1333040, rs11191514, 1s1980781 rs11661542 and
rs10757272, that showed nominal association (P-value of
<0.05) with IA in our first stage.

Among 43 SNPs in the replication study, two SNPs
(rs6842241 on 4q31.22, rs10757272 on 9p21.3) were success-
fully replicated with Bonferroni-corrected P-value of
<1.16 x 1073 (0.05/43 independent tests) at the replication
phase as shown in Table 1 and Supplementary Material,
Table S4. The association of these two SNPs with IA was
statistically significant, considering strict multiple testing with
the Bonferroni correction. After evaluating the combined asso-
ciation of the discovery GWAS and replication stage using
weighted inverse-variance meta-analysis, we identified an
SNP, 1s6842241, to have achieved the genome-wide significant
level of association with IA in the Japanese population, yielding
a combined P-value of 9.58 x 10™° (OR = 1.25; 95% CI =
1.16—1.34) without any significant heterogeneity (P for
heterogeneity = 0.606 with I~ = 0.0%). This SNP is located
within the regulatory region of the EDNRA gene on the chromo-
some locus 4q31.22. We also identified another EDNRA intronic
SNP, rs17612742 (r*= 0.99 with rs6842241), from the GWAS
to be significantly associated with IA. Imputation analysis of
this locus identified two additional SNPs, rs6841581 and
rs1878406, with an r>-value of >0.8 showing similar levels
of association with rs6842241 (Fig. 2A).
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Figure 1. Manhattan plot of the GWAS of aSAH. A plot that utilized genomic-control adjustment P-values after eigenvectors, age and gender correction for 565

149 autosomal SNPs against their respective position on each chromosome.

Among the previously reported candidate loci (8q11.23,
9p21.3, 10q24.32, 13q13.1 and 18q11.2) associated with IA,
the SNPs, 151333040 and rs10757272 (#*=0.57 with
1r$1333040), within the CDKN2BAS gene on a 9p21.3 region
were replicated their significant association with IA in the Japa-
nese population. In this study, rs10757272 revealed a combined
P-value of 1.55 x 1077 (OR = 1.21; 95% CI = 1.13—1.30)
(Table 1). The other SNP, rs1333040, on the same locus was
also successfully replicated, but the effect of this variant was
less significant with a P-value of 5.56 x 107> (OR = 1.16,
95% CI=1.09-1.25) than r1s10757272 (Supplementary
Material, Table S4). Imputation analysis on the 9p21.3 region
indicated that most of the strongly associated SNPs were
located at the 3’ end of CDKN2BAS (Fig. 2B).

After adjustment for known IA risk factors, which included
smoking and hypertension, the association of rs6842241 and
rs10757272 with IA remained strong (2.40 x 10™°, OR =
1.26, 95% CI=1.17-1.36; 132 x 1075, OR = 1.23, 95%
CI = 1.24-1.33) (Supplementary Material, Table S5).

Among the SNPs that were previously reported, rs11191514
on 10q24.32 and rs1980781 on 13q13.1 revealed less signifi-
cant association with [A in the Japanese population; the
combined analysis of the two stages showed a P-value of
9.68 x 107> (OR=1.17, 95% CI=1.09-1.26) for
1s11191514 on 10q24.32 and 9.20 x 107> (OR = 1.17, 95%
CI = 1.09-1.26) for rs1980781 on 13q13.1.

Although the SNP rs671 located in ALDH2 on chromosome
12q24.12 was marginally replicated with a P-value of 5.56 x
1077, the meta-analysis combining the two stages revealed
stronger association with a P-value of 2.63 x 107° (OR =
1.24, 95% CI=1.15-1.34). Owing to the functional
relevance of this locus to IA, this SNP was considered to be
significant in the susceptibility to IA in the Japanese popula-
tion (Table 1).

Identification of novel genetic variants on the EDNRA gene
revealed important insights into IA pathogenesis because of
the biological function of this gene. Hence, we further investi-
gated the role of genetic variants in the transcriptional level or
the protein function. We identified four SNPs in an intron
(rs17612742), or an upstream (rs6841581, 1878406 and
rs6842241) of EDNRA to be significantly associated with TA
through GWAS and imputation analysis. To examine the
effect of these SNPs on the transcription, we performed electro-
phoretic mobility shift assays (EMSAs) and identified allelic
differences in the binding affinity of a nuclear protein(s) from
HEK293 cells, using the oligonucleotides corresponding to
each allele of rs6841581 and rs1878406. The bands correspond-
ing to the susceptible alleles G for rs6841581 and C for
rs1878406 appeared to be strong, but those for protective
alleles A and T appeared to be weak or undetectable
(Fig. 3A). The different binding affinity between the two
alleles for rs6841581 and those for rs1878406 were confirmed
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Table 1. Association analysis of SNPs on chromosomes 4, 9 and 12 with 1A
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by the competition assay in which non-labeled oligonucleotides
were added at different concentrations; the increase of the non-
labeled oligonucleotides inhibited the binding of the labeled oli-
gonucleotides in a dose-dependent manner (Fig. 3B).

To identify whether these SNPs could affect the transcrip-
tional activity of EDNRA, we performed reporter assays by
inserting either of the oligonucleotides corresponding to the
two alleles at the two SNP loci into luciferase-expressing
vectors. Plasmids containing the susceptible allele G for the
SNP 156841581, which showed higher binding affinity to the
nuclear protein(s), revealed significantly lower luciferase
activity than the non-susceptible allele A (Fig. 3C), although
no difference between the alleles was observed for the SNP
rs1878406. It is notable that the non-susceptible allele A for
rs6841581 revealed no enhancer activity in comparison with
the mock (empty) vector, but plasmids containing the suscep-
tible allele G revealed the suppressive effect on the activity
(Fig. 3C). Taking together, our findings from the EMSA and
reporter assays suggest that the 5’ flanking region including
the SNP rs6841581 on EDNRA might function as a transcrip-
tional repressor and that this SNP is likely to be a functional
variant conferring IA susceptibility.

DISCUSSION

To identify genetic variants associated with IA in the Japanese
population, we performed a GWAS and a replication study
with a total of 2431 aSAH/IA subjects and 12 696 control indi-
viduals. Among the identified SNPs, we did not observe
significant differences in odds ratio (risk) between the aSAH
patients in the discovery GWAS phase and the IA patients
in the replication stage, indicating that the identified SNPs
are likely to be associated with the risk of A development.
The SNP rs6842241, which is located 1.25 kb upstream from
the EDNRA gene encoding endothelin receptor A, revealed the
most significant association with the combined P-value of
9.58 x 10~°. Identification of this genetic variant in the regula-
tory region of EDNRA is clinically interesting since
endothelin-1 (EDN-1) and its receptors, EDNRA and
EDNRB, have been known to play a significant role in IA patho-
physiology. EDN-1 is a potent vasoconstrictor produced by the
endothelial cells in the vasculature system. The effect of EDN-1
is mediated by two major receptor subtypes, EDNRA and
EDNRB, which activate a G-protein(s) and their second
messenger system. EDNRA is located predominantly on
vascular smooth muscle cells of the cerebrovascular system
(22) and mediates vasoconstriction and proliferation (23).
Accumulated evidence strongly implies that the EDN-1/
EDNRA and EDNRB pathways are critically important to
maintain the balance of vasoconstriction and vasodilatation in
response to the hemodynamic stress. Previous reports suggested
correlation of the elevated level of EDN-1 in the cerebrospinal
fluid and plasma in patients with aSAH having persistent cere-
bral vasospasm (24,25). Interestingly, EDNRA variants were
previously shown to be associated with a few cerebrovascular
diseases including migraine (26), myocardiac infarction
(27,28) and cystic fibrosis pulmonary disease (29). Further-
more, EDNRA variants were also associated with essential
hypertension (30) and it is overexpressed in the arteries of
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Figure 2. Regional association plots of two associated chromosome loci with IA after imputation analysis at 4q31 (A) and 9p21 (B) regions. The association of
marker SNP is marked by a purple diamond before and after additional replication samples. SNPs from the GWAS are plotted as circles; imputed SNPs are
plotted as crosses. The color intensity reflects the extent of LD with the marker SNP: red (+* > 0.8), orange (0.6 < > < 0.8), green (0.4 < 72 < 0.6), light
blue (0.2 < r* < 0.4) and dark blue (+* < 0.2). Purplish blue lines represent local recombination rate. The SNP position is based on NCBI build 37.

hypertensive patients (31). The other three genes that reside at
the same locus on chromosome 4q31.22 are PRMT10 with an
unknown function; TMEM184C, which is a possible tumor
suppressor that may play some role in cell growth (32); and
ARHGAPI0, which is a Rho GTPase-activating protein 10
which stabilizes PAK and stimulates cell death (33).

With strong biological evidence for the role of EDNRA in
IA pathogenesis, we carried out functional analysis of the
identified SNPs from the GWAS and imputation analyses. It
is well known that SNPs located in the transcriptional regula-
tory regions such as promoter and enhancer regions could
affect the expression levels of the gene product through alter-
ation of the binding affinity to a specific transcription factor(s)
(34). The results of the EMSA and reporter assays indicated
that the susceptible allele G of rs6841581 has higher affinity
to the specific transcription factor(s) that might repress the
transcriptional activity of EDNRA, compared with the non-
susceptible allele A. We observed a different binding affinity
to a nuclear protein(s) between the two alleles of rs1878406,
and the reporter assay revealed no effect on the transcriptional
activity between them. We suspect it might reflect that the
31 bp oligonucleotides may not be long enough to cover the
enhancer- or repressor-binding regions. The other possibility
is that a nuclear protein bound to this region has no stronger
effect on the transcriptional regulation.

For SNPs on chromosome 9p21.3, we successfully validated
the association of this locus with IA as reported previously.
We identified a stronger association of an SNP, rs10757272
(combined P=1.55x10"7), with IA than the SNP,
rs1333040 (combined P = 5.56 x 10™°), that was previously
identified in the study of the European population. Interest-
ingly, the SNP 1510757272 was also shown to be associated
with coronary artery disease (CAD) and platelet reactivity (a

potential mechanism for increased vascular disease) in the
European population (35,36). This finding suggests that
rs10757272 or SNPs that are in high LD with it might be a
common genetic risk factor(s) for multiple cardiovascular dis-
orders. SNPs on a chromosome 9p21.3 region, which consist
of p151NK4” , pl 6"™VK4 and CDKN2BAS, have been indicated
to be associated with several atherosclerotic vascular diseases
such as CADs (37-39), stroke (40), myocardial infarction
(38), abdominal aortic aneurysm (41) and IA (20). A recent
study revealed that targeted deletion of the 9p21 CAD risk
interval in a mouse model resulted in severely attenuated
expression of two CDKN2BASs’ neighboring tumor-
suppressor genes, pI5V5* and p16™%**_ which subsequently
affects the CAD progression by altering the dynamics of
vascular cell proliferation (42). The findings of multiple
vascular diseases associated with this locus have provided a
new direction for the pathogenesis of these diseases.

Finally, although the association of rs671 (combined P =
2.63 x 107%) on the ALDH2 gene was marginally replicated
in this study, the association of this locus remained to be of
interest in the Japanese population. 4LDH?2 belongs to the alde-
hyde dehydrogenase 2 family (mitochondrial), which is the
second enzyme of the major oxidative pathway of alcohol
metabolism. rs671 in this gene is the functional variant
(Glu504Lys), and an A allele results in the inactivation of
ALDH2, inducing ‘alcohol flush’. The allelic frequency of this
variant is uniquely high in the Asian population. In this study,
the variant rs671A allele seemed to act as a protective allele,
suggesting that individuals with the A allele might drink less
amount of alcohol, which would result in the reduction of 1A
risk. Since alcohol drinking has been consistently indicated as
one of the risk factors for IA, further validation of the association
on this locus would be of medical importance.
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Figure 3. Functional analysis of SNPs at the EDNRA locus. (A) EMSA screening for variants associated with the binding of a nuclear protein(s) from nuclear
extracts of HEK293 cells. The susceptible alleles G and C for rs6841581 and rs1878406, respectively, formed DNA—protein complexes, as pointed with arrows.
(B) The specific interaction of labeled oligonucieotides corresponding to alleles G and C was completed in a dose-dependent manner using an unlabeled oligo-
nucleotide with the G and C alleles, but not oligonucleotides corresponding to the A and T alleles of rs6841581 and rs1878406, respectively. (C) Differences in
the transcriptional activity between the susceptible and non-susceptible alleles of rs6841581 and rs1878406 measured by dual-luciferase reporter assay. The
values of the relative luciferase activity are shown with standard deviation after normalization with internal control renilla luciferase activity. The relative
luciferase activity of the susceptible genotype G of rs6841581 was significantly lower than that of the non-susceptible allele A and mock (empty) vector

(P < 0.0001, Student’s #-test).

In conclusion, by a large-scale GWAS, we successfully
identified two genomic loci, EDNRA (4q31.22) and
CDKN2BAS (9p21.3), to be significantly associated with 1A
in the Japanese population. Owing to the complexity of detect-
ing IA in the general population, the associations of genetic
variants have not just served as a promising prediction tool
to identify individuals who have a higher risk of 1A, but
have also provided a better understanding of the disease patho-
genesis which subsequently leads to the development of clin-
ical intervention for IA.

MATERIALS AND METHODS
Study population

All DNA samples for this study were recruited from the
Biobank Japan Project that began in 2003 (http://biobankjp.
org). The Biobank Japan Project has a collaborative network

of 66 hospitals throughout Japan to collect DNAs and serum
samples from nearly 300 000 cases with any of the 47 diseases
we assigned. One of the major aims of this project was to iden-
tify common genetic variants that confer risk to common dis-
eases, including metabolic diseases and cancers. As a
discovery step of this study, we selected 1383 patients regis-
tered as aneurysmal SAH (aSAH) cases, which is caused by
the rupture of IA. We selected aSAH patients for the discovery
screening because aSAH is a severe form of IA in which the
disease-associated variants are likely to be enriched. We veri-
fied the association results of the first set by utilizing an inde-
pendent set of samples consisting of 1048 IA patients.
Identification of IA in the case samples was done using com-
puterized tomography angiogram, magnetic resonance angio-
gram or cerebral digital subtraction angiogram. We included
5484 and 7212 controls consisting of healthy volunteers
from Midosuji Rotary Club, Osaka, Japan, Health Science
Research Resource Bank and individuals in the Biobank
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Japan who were registered not to have SAH/IA in the
discovery and replication stages, respectively. The detailed
demographic and clinical parameters of cases and controls
are summarized in Supplementary Material, Table S1. Partici-
pants of this study provided written inform consent and this
project was approved by the ethical committee from the Insti-
tute of Medical Sciences, the University of Tokyo and RIKEN
Center of Genomic Medicine.

Genotyping and quality control

For the GWAS discovery stage, we genotyped both case and
control samples using Illumina OmniExpress BeadChip that
contained a total of 733202 SNPs. We performed standard
SNP quality control by excluding SNPs with a call rate of
<0.99, those devxated from the Hardy—Weinberg equilibrium
(P < 1.0 x 107%), non-polymorphic ones and those on the X
chromosome. The cluster plots of top 100 SNPs that revealed
the strongest association with aSAH were checked by visual
observation to exclude SNPs with ambiguous patterns. The
number of excluded SNPs in each quality control process is
summarized in Supplementary Material, Table S2. We utilized
the identity-by-state method to evaluate cryptic relatedness for
each sample; samples that possess an average estimate value
of >1.7 were eliminated from subsequent analyses. Addition-
ally, we examined population stratification by principal
component analysis (PCA) using the EIGENSTRAT software
v2.0 (http://genepath.med.harvard.edu/~reich/Software.htm).
We first performed PCA, utilizing four populations in the
HapMap database, which included Europeans (represented
by Caucasian from UTAH, CEU), Africans (represented by
Yoruba from Ibadan, YRI) and East Asians (represented by
Japanese from Tokyo, JPT, and Han Chinese from Beijing,
CHB) as reference populations for PCA. The top two principal
components were utilized to produce a scatter plot for the
identification of outliers who did not belong to the Asian
cluster. To further investigate the population substructure in
the sample population, we performed PCA using the genotype
information of the case and control subjects in this study. The
Q-Q plot that was generated between observed P-values
against expected P-values and inflation factor (A) values
were used to evaluate the potential population substructure.
Manbhattan plot of the study was plotted using Haploview
4.1 (43).

For a replication study, a total of 36 SNPs that showed
suggestive assocxanon with IA in the Japanese population
(Pge< 1.0 x 107%) as well as 7 SNPs that were previously
reported to be associated with TA (19,20) were selected for
further evaluation with an independent set of 1048 IA cases
and 7212 controls. We genotyped the cases with the
multiplex-PCR Invader assay (44) and the control samples
with [llumina OmniExpress BeadChip Kits. SNPs with a call
rate of <99% and those that were deviated from the
Hardy—Weinberg equilibrium (P < 0.05) were excluded for
further analysis.

Statistical analysis

The case—control association was evaluated using logistic
regression analysis with associated eigenvectors, age and

gender as covariates in the discovery (GWAS) and replication
phases of this study. The P-values obtained from the discovery
phase were subsequently corrected using the genomic control
method (45), and the corrected P-values were used. for further
analysis. Meta-analysis for the combined analysis of discovery
and replication phases was performed using the weighted
inverse-variance method implemented in the METAL soft-
ware  (http://www.sph.umich.edu/csg/abecasis/Metal/index.
html). P-values for the hcterogenexty test are evaluated with
Cochran’s Q statistic and /7 statistic (46).

After the identification of candidate loci to be possibly asso-
ciated with 1A, imputation of the missing genotypes was per-
formed with MACH 1.0 (http://www.sph.umich.edu/csg/abeca
sissMACH/index.html). For imputation analysis, we included
SNPs that were located <500 kb upstream or downstream of
the marker SNP except SNPs that had a low genotyping rate
(<99%) showed dewatlons from Hardy—Weinberg equilib-
rium (<1.0 x 107% or had an MAF of <0.01. Genotype
information from the Phase III HapMap database was used
as reference. Using the MACH version 1.0 program, we esti-
mated haplotypes, map crossover and error rates using 50
iterations of the Markov chain Monte Carlo algorlthm
For imputation quality control, we excluded SNPs with 2
values of <C0.3. Regional association plots were generated
using Locus Zoom (https://statgen.sph.umich.eduw/locuszoom/
genform.php?type=yourdata).

Cell line

A human embryonic kidney cell line, HEK293, was purchased
from the American Type Culture Collection (ATCC, Rock-
ville, MD, USA). HEK293 cells were grown in Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA, USA;
ATCC) supplemented with 10% bovine serum (GIBCO) and
1% antibiotic/antimycotic solution (Sigma—Aldrich St Louis,
MO, USA). The cells were maintained at 37°C in atmospheres
of humidified air with 5% CO..

Electrophoretic mobility shift assay

A nuclear fraction of HEK293 cells was extracted using
NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Scientific). Thirty-one base pairs of sense and anti-
sense oligonucleotides corresponding to the genomic sequence
which contained the SNPs of interest (rs6841581, 1517612742,
rs1878406 and rs6842241) were synthesized (Supplementary
Material, Table S6) and labeled with the DIG Gel Shift kit,
second generation (Roche), according to the manufacturer’s
protocol. The reaction was started with pre-incubation of
labeled oligonucleotide with poly[d(I-C)] and poly-L-lysine,
and 10 pg of nuclear extract from HEK293, for 20 min at
25°C. For a competition assay, S5-fold, 25-fold or 50-fold
excess of unlabeled oligonucleotide was added to nuclear
extracts before adding the either of DIG-labeled probes. The
protein—DNA complex was separated by electrophoresis on
a 6% non-denaturing polyacrylamide gel with 0.5x Tris—
borate EDTA buffer and transferred onto a nylon membrane.
The protein complexes were visualized by autoradiography.
All EMSAs were repeated twice to check for reproducibility.
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Dual-luciferase reporter assays

To construct luciferase reporter plasmids containing the SNPs
of interest (rs684 1581 and rs1878406), Smal and Bg/II restric-
tion enzyme sites were added to the 31 bp oligonucleotides
that were used as a probe in the EMSA assay and either of
the annealed double-stranded oligonucleotides was inserted
into the upstream of the luciferase reporter gene in the
pGL3 promoter (Promega). The sequences of the constructs
were verified using the ABI3730 Genetic Analyzer (Applied
Biosystems). After 24 h incubation of HEK293 cells (2 x
10% on a 12-well plate, the cells were co-transfected with
400 ng of each reporter construct and 8 ng of the internal
control pRL-TK (renilla luciferase), using the FuGene 6 trans-
fection reagent (Roche). After 48 h incubation, the cells were
lysed in passive lysis buffer and luciferase activities were mea-
sured using the Dual-Luciferase Reporter Assay System
(Promega). The results were normalized by renilla luciferase
activity.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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A genome-wide association study identifies locus
at 10922 associated with clinical outcomes

of adjuvant tamoxifen therapy for breast

cancer patients in Japanese
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Although many association studies of polymorphisms in candidate genes with the clinical outcomes of
breast cancer patients receiving adjuvant tamoxifen therapy have been reported, genetic factors determining
individual response to tamoxifen are not fully understood. To identify genetic polymorphisms associated
with clinical outcomes of patients with tamoxifen treatment, we conducted a genome-wide association
study (GWAS). We studied 462 Japanese patients with hormone receptor-positive, invasive breast cancer re-
ceiving adjuvant tamoxifen therapy. Of them, 240 patients were analyzed by genome-wide genotyping using
the lllumina Human610-Quad BeadChips, and two independent sets of 105 and 117 cases were used for rep-
lication studies. In the GWAS, we detected significant associations with recurrence-free survival at 15 single-
nucleotide polymorphisms (SNPs) on nine chromosomal loci (1p31, 141, 5q33, 7p11, 10g22, 12q13, 13q22,
18q12 and 19p13) that satisfied a genome-wide significant threshold (log-rank P = 2.87 x 107°-9.41 x
107%). Among them, rs10509373 in C10orf11 gene on 1022 was significantly associated with recurrence-
free survival in the replication study (log-rank P = 2.02 x 10™%) and a combined analysis indicated a strong
association of this SNP with recurrence-free survival in breast cancer patients treated with tamoxifen (log-
rank P = 1.26 x 107'°). Hazard ratio per C allele of rs10509373 was 4.51 [95% confidence interval (Cl),
2.72-7.51; P = 6.29 x 10~°]. In a combined analysis of rs10509373 genotype with previously identified genet-
ic makers, CYP2D6 and ABCC2, the number of risk alleles of these three genes had cumulative effects on re-
currence-free survival among 345 patients receiving tamoxifen monotherapy (log-rank P = 2.28 x 107 '?),
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In conclusion, we identified a novel locus associated with recurrence-free survival in Japanese breast cancer

patients receiving adjuvant tamoxifen therapy.

INTRODUCTION

Tamoxifen has been the gold standard for endocrine treatment
of patients with estrogen receptor (ER)-positive breast cancers.
However, 30-50% of patients with adjuvant tamoxifen
therapy experience relapse and subsequently die of the
disease (1,2), indicating individual differences in responsive-
ness to tamoxifen.

Tamoxifen is metabolized to the highly active metabolites,
4-hydroxytamoxifen and 4-hydroxy-N-desmethyltamoxifen
(endoxifen). It is reported that these metabolites are the
active therapeutic moieties, having 100-fold greater affinity
to ER and 30-100-fold greater potency in suppressing
estrogen-dependent cell proliferation than those of tamoxifen
(3-5). Inter-individual differences in the formation and elim-
ination of these active metabolites could be one of the import-
ant factors affecting variability in the response to tamoxifen.
Most previous reports focused on the genes involved in the
pharmacokinetics of tamoxifen and its metabolites seek
genetic variations which determine the individual response
to tamoxifen. Genetic polymorphisms of cytochrome P450
2D6 (CYP2D6), which is the key enzyme responsible for the
generation of endoxifen, is thought to be the most promising
predictor of plasma concentration of endoxifen and clinical ef-
ficacy of tamoxifen in breast cancer patients (6—14). Schroth
et al. (15) recently reported outstanding results in 1325
breast cancer patients, providing sufficiently powered evi-
dence for an association between CYP2D6 genotype and clin-
ical outcomes in patients treated with tamoxifen in the
adjuvant setting. Besides CYP2D6, several genes, such as
CYP2C19, CYP3A5, sulfotransferase 1Al (SULTIAI), UDP-
glucuronosyltransferase 2B15 (UGT2B15) and ATP-binding
cassette sub-family C member 2 (4BCC?2), were reported as
possible candidates associated with the clinical outcomes of
tamoxifen therapy (7,10,14,16); however, associations of
these candidate genes have not yet been sufficiently validated.
Therefore, individual differences in responsiveness to tamoxi-
fen still remain, even if the effects of genetic polymorphisms
of CYP2D6 were considered, suggesting the existence of other
genetic factor(s).

In this study, to identify responsible loci for the clinical out-
comes of tamoxifen therapy, we performed a genome-wide as-
sociation study (GWAS) by genotyping over 610 000
single-nucleotide polymorphisms (SNPs) and identified the
novel locus containing chromosome 10 open-reading frame
11 (Cl0orfll) gene associated with recurrence-free survival
in the breast cancer patients treated with tamoxifen.

RESULTS
Patient characteristics

We recruited 462 Japanese patients with breast cancer receiv-
ing adjuvant tamoxifen therapy. Table 1 summarizes the char-
acteristics of all of these patients who were pathologically

diagnosed to have a hormone receptor-positive, invasive
breast cancer. Their median age at the time of surgery was
51 years old (range, 27—84 years), the median follow-up
period was 6.8 years (range, 0.6—23.5 years) and the median
tamoxifen treatment period was 4.8 years (range, 0.6—6.3
years). Among the characteristics listed in Table 1, tumor
size and nodal status showed significant associations with
the recurrence-free survival [P = 0.000215; hazard ratio
(HR), 1.71; 95% confidence interval (CI), 1.29-2.27; and
P =0.0138; HR, 1.83; 95% CI, 1.14-3.09, respectively] in
the Cox proportional hazards analysis, whereas the other
factors were not associated with recurrence-free survival (Sup-
plementary Material, Table S1).

Genome-wide association and replication studies

We conducted a GWAS of recurrence-free survival of 240
Japanese patients with breast cancer who received tamoxifen
monotherapy using [llumina Human610-Quad BeadChips.
After the standard quality control, association analysis was
performed for 470 796 SNPs by the trend log-rank test. We
generated a quantile—quantile plot (Supplementary Material,
Fig. S1) and obtained the genomic control inflation factor
(Age) of 1.023, indicating a low possibility of false-positive
associations resulting from population stratification. We
detected significant associations with recurrence-free survival
at 15 SNPs in nine genetic regions (1p31, 1q41, 5q33, 7pl1,
10922, 12q13, 13922, 18ql2 and 19p13) that satisfied a
genome-wide significant threshold of P < 1.06 x 1077
(Fig. 1). To further validate the results of GWAS, we
carried out a replication study using an independent 105
breast cancer patients. We genotyped 9 of the 15 SNPs
because 6 of them were highly linked to another SNP (+2 >
0.80; Supplementary Material, Table S2). We found that
rs10509373 in C10orfl1 gene on 10q22 was significantly asso-
ciated with recurrence-free survival in the replication stage
(log-rank P = 4.18 x 10~ * Table 2 and Fig. 2). The associa-
tions of the other SNPs were not replicated (Supplementary
Material, Table S2). Furthermore, a combined result of the
GWAS and first replication study strongly suggested an asso-
ciation of this locus with recurrence-free survival in breast
cancer patients treated with tamoxifen (log-rank P = 2.19 x
10719, We also genotyped rs10509373 using additional 117
samples, which include the patients receiving tamoxifen after
chemotherapy and observed a significant association (log-rank
P=1.86 x 1072). A combined P-value of all samples was
2.19 x 1071, suggesting the significant association with
recurrence-free survival in breast cancer patients treated with
tamoxifen (Fig. 2 and Supplementary Material, Table S3). In
Cox proportional hazards analysis, ClOorfll genotype
(rs10509373) was an independent indicator of the recurrence-
free survival after adjustment for tumor size and nodal status
(P=6.28 % 1078; Table 2). The adjusted HRs of rs10509373
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Table 1. Characteristics of patients
Characteristic No. of patients (%)
GWAS First replication Second replication Total
No. 240 105 117 462
Age at surgery (years)
Median 51 50 48 51
Range 31-83 35-84 27-71 27-84
Follow-up (years)
Median 72 52 ) 6.2 6.8
Range 1.1-23.5 0.6-19.3 1.0-155 0.6-23.5
Tamoxifen treatment (years)
Median 4.9 4.0 4.7 4.8
Range 1.0-6.1 0.6-6.0 0.7-6.3 0.6-6.3
Menopausal status
Pre-menopause 101 (42.1) 40 (38.1) 75 (64.1) 216 (46.8)
Post-menopause 131 (54.6) 40 (38.1) 35(29.9) 206 (44.6)
Unknown 8(3.3) 25 (23.8) 7 (6.0) 40 (8.7)
Tumor size (cm)
<2 138 (57.5) 57 (54.3) 48 (41.0) 243 (52.6)
2.1-5 92 (38.3) 34 (32.4) 56 (47.9) 182 (39.4)
>5 1(0.4) 2(1.9) 12 (10.3) 15 (3.2)
Unknown 9 (3.3) 12 (11.4) 1(0.9) 22 (4.8)
Nodal status
Negative 193 (80.4) 88 (83.8) 74 (63.2) 355 (76.8)
Positive 44 (18.3) 13 (12.4) 41 (35.0) 98 (21.2)
Unknown 3(1.3) 4(3.8) 2(1.7) 9(1.9)
ER status
Positive 173 (72.1) 87 (82.9) 98 (83.8) 358 (77.5)
Negative 24 (10.0) 2(1.9) 12 (10.3) 38 (8.2)
Unknown 43 (17.9) 16 (15.2) 7 (6.0) 66 (14.3)
PR status
Positive 167 (69.6) 77 (73.3) 87 (74.9) 331 (71.6)
Negative 28 (11.7) 11 (10.5) 22 (18.8) 61 (13.2)
Unknown 45 (18.8) 17 (16.2) 8(6.8) 70 (15.2)
Her-2
Positive® 3(1.3) 5(4.8) 6 (5.1) 14 (3.0)
Negative 82 (34.2) 28 (26.7) 60 (51.3) 170 (36.8)
Unknown 155 (64.6) 72 (68.6) 51 (43.6) 278 (60.2)
Treatment
Tamoxifen alone 240 (100.0) 105 (100.0) 0(0.0) 345 (76.7)
Tamoxifen + AC or EC 0 (0.0) 0(0.0) 41 (35.0) 41 (8.9)
Tamoxifen + CMF 0(0.0) 0 (0.0) 32(274) 32 (6.9)
Tamoxifen + other chemotherapies 0 (0.0) 0(0.0) 44 (37.6) 44 (9.5)
Events
No event 210 (87.5) 89 (84.8) 98 (55.4) 397 (85.9)
Locoregional events 9(3.8) 0 (0.0) 0 (0.0 9(1.9)
Distant metastasis events 12 (5.0) 15 (14.3) 17 9.6) 44 (9.5)
Contralateral breast events 9 (3.8) 1(1.0) 2(1.1) 12 2.6)

AC, adriamycin + cyclophosphamide; EC, epirubicin + cyclophosphamide; CMF, cyclophosphamide -+ methotrexate + S-fluorouracil.

Score of 3+ in immunohistochemistry.

C allele was 4.51 (95% CI, 2.72—7.51), suggesting that C allele
was a risk allele for breast cancer recurrence.

To further identify SNPs associated with recurrence-free
survival in patients receiving tamoxifen therapy, we geno-
typed 130 tag SNPs for fine mapping on chromosome 10g22
(Chr. 10: 77.35-78.70 Mb) where the most significant associ-
ation with the recurrence-free survival was observed (Fig. 3
and Supplementary Material, Table S4). Although no SNPs
showed a stronger association than the landmark SNP,
rs10509373, fine mapping of this region indicated that a
172-kb linkage disequilibrium (LD) block (77.67—77.84 Mb)
including C10orf11 was likely to contain the genetic variant(s)

associated with recurrence-free survival in patients receiving
tamoxifen therapy.

Combination analysis with previously identified gene loci

As we previously identified significant associations of
CYP2D6 and ABCC2 153740065 genotypes with recurrence-
free survival in patients treated with tamoxifen among the
patients receiving tamoxifen monotherapy (Supplementary
Material, Table S5) (7), we investigated a combined effect
of C10orf11 genotype in addition to CYP2D6 and ABCC2 gen-
otypes on the recurrence-free survival by classifying the 345
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Figure 1. Results of the GWAS. Manhattan plot showing the —log;(-transformed P-value of SNPs in the GWAS for 240 Japanese patients with breast cancer
receiving tamoxifen monotherapy. The red line indicates the genome-wide significance level (P = 1.06 x 1077).

Table 2. Association analysis of r1s10509373 in C10orf11 with recurrence-free survival in breast cancer patients receiving tamoxifen therapy

SNP Chr  Chr Allele Study set Risk allele  Log-rank P  Univariate Multivariate”
location®  (risk) frequency
Event No HR (95% CI)° P-value HR (95% CI)° P value
event
1510509373 10 77827578 T/C (C) GWAS 0.117 0.021 5.19 x 10™% 7.70 (3.25-18.22) 3.41 x 107® 9.64 (3.85-24.12) 1.29 x 107¢
First replication 0.094 0.017 4.18 x 10™* 7.93 (2.06-30.58) 2.65 x 10™> 5.96 (1.49-23.86) 1.17 x 1072
GWAS + first ~ 0.109 0.020 2.19 x 107'° 7.34 (3.58—14.98) 4.90 x 10™* 9.18 (1.39-22.62) 6.07 x 107°
replication
Second 0.132 0.036 1.86 x 1072 2.72(1.13-6.53) 2.53 x 1072 2.92 (1.14-7.49) 2.55 x 1072
replication
Combined 0.114 0.027 2.02 x 107* 321 (1.65-6.22) 5.67 x 10™* 3.20 (1.53-6.69) 1.97 x 107>
replications
Combined all ~ 0.115 0.024 1.26 x 107'° 4.51 (2.72-7.51) 6.29 x 107° 4.53 (2.62-7.83) 6.28 x 107°

Chr, chromosome; CI, confidence interval; GWAS, genome-wide association study.

“Based on NCBI 36 genome assembly.
Adjusted for tumor size and nodal status.
°HR per one allele.

patients into 6 groups (0, 1, 2, 3, 4 and 5 risk allele groups)
according to the number of risk alleles of the three genes.
Kaplan—Meier analysis revealed the number of risk alleles
of these three genes to have cumulative effects on recurrence-
free survival (log-rank P = 2.24 x 10™'%; Fig. 4). In the Cox
proportional hazards analysis of 345 patients, the CYP2D6
and ABCC2 genotypes showed similar associations with
recurrence-free survival to those in previous analysis of 282
patients (P=1.99 x 10~* and 8.51 x 107*, respectively;
Supplementary Material, Table S6) (7). In the multivariate
analysis, 1s10509373 in C10orf11 still showed a significant as-
sociation even after adjustment of CYP2D6 and ABCC2 geno-
types in addition to tumor size and nodal status (P = 4.74 x
1077; Supplementary Material, Table S6), indicating that
rs10509373 is an independent risk factor of breast cancer re-
currence. Furthermore, combined analysis of Cl0Oorfll,
CYP2D6 and ABCC?2 revealed that genotypes of the three
genes have cumulative effects on recurrence-free survival
(P =228 x 107'%), and adjusted HR for risk of recurrence
computed for patients carrying three or more risk alleles
increased from 6.51-fold (three risk alleles) to 119.51-fold
(five risk alleles) compared with those carrying one risk
allele (Supplementary Material, Table S6). In the subgroup

analysis of menopausal status, we identified the significant
associations in both subgroups of pre- and postmenopausal
patients, although the stronger association was observed in
postmenopausal group than in the premenopausal patients
(Supplementary Material, Table S7).

DISCUSSION

This study represents the first GWAS which attempts to iden-
tify genetic variants associated with clinical outcomes of tam-
oxifen therapy and successfully revealed that a marker SNP,
rs10509373, on chromosome 10q22 was significantly asso-
ciated with recurrence-free survival in 462 Japanese patients
with breast cancer receiving tamoxifen monotherapy. Further-
more, combined analysis of this SNP with previously identi-
fied predictors, CYP2D6 and ABCC2, revealed that the
number of risk alleles of the three genes have cumulative
effects on recurrence-free survival in tamoxifen-treated
breast cancer patients.

The most significantly associated SNP in this study,
1s10509373 (combined P = 1.26 x 107'%), is located in a
172-kb LD block which contains the 3’ region of CI0orf11
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Figure 2. Kaplan—Meier estimates of recurrence-free survival for C10orf11 rs10509373 genotype in 240 patients genotyped in the genome-wide association
study (A), in 105 patients genotyped in the first replication study (B), in 117 patients genotyped in the second replication study (C) and in 462 patients in

the combination analysis (D).

gene. The fine mapping of this region indicated that a peak as-
sociation was located in intron 5 of C10orfl1 gene, suggesting
that CI0orf11 is likely to be a causative gene to determine the
clinical outcomes of breast cancer patients treated with tam-
oxifen. Because no associated SNPs were found in exon
region by re-sequencing of C/0orf11 (Supplementary Mater-
ial, Table S8), a genetic variant(s) within this LD block
might alter ClOorfll transcriptional activity. C10orfll
protein, comprising 198 amino acids, is predicted to contain
leucine-rich repeat domain and to have the capacity of
protein binding in the SMART database (http://smart.em
bl-heidelberg.de/), although no report has clarified its function.
It is reported that CIOorfIl region overlaps with ultracon-
served elements (UCEs), perfectly constrained elements
between the human, mouse and rat genomes (17—19). Their
functional roles have not been completely elucidated yet;
however, UCEs are thought to possess some essential func-
tional properties. It is reported that paired box 2, encoded by
PAX2 gene on 10q24, which regulates ERBB2 transcription
and is involved in acquiring tamoxifen resistance (20), and
special AT-rich sequence-binding protein-1 encoded by
SATBI gene on 3p23, which delineates epigenetic modifica-
tion and is associated with breast tumor growth and metastasis
(21), are located in the UCE-rich regions (17). We further

examined the association of pharmacokinetic data with
Cl0orfl1 genotype; however, no significant difference was
observed between C/Oorfll genotype and plasma levels of
endoxifen and 4-hydroxytamoxifen in 98 breast cancer
patients taking 20 mg/day tamoxifen (Supplementary Mater-
ial, Fig. S2). According to our gene expression database
(in-house), the C10orfll transcript is expressed in breast
cancer cells in clinical tissues. We examined the effects of
rs10509373 on the expression levels of C10orf11 in peripheral
blood mononuclear cells and brain using a public database
SNPExpress (22). However, no significant associations were
observed (P = 0.63 and 0.93, respectively) possibly because
of the quite low expression of C10orfl1 in these tissues. The
association of ClOorfll genotype was significant in the
second replication samples, which include the patients receiv-
ing tamoxifen alone after chemotherapy (Table 2); however,
neither CYP2D6 nor ABCC2 genotypes were significantly
associated with clinical outcomes in the second replication
samples as shown in our previous study (Supplementary
Material, Table S5) (23). These lines of evidence might
suggest that C10orfl1 is involved in acquiring tamoxifen re-
sistance or determining the characteristics of breast cancer, al-
though further functional analysis will be needed to clarify the
biological mechanisms which could have effects on the
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Figure 3. Association mapping and LD map of 10q22. Blue diamond dots represent —logo-transformed P-values of SNPs genotyped by Illumina Human610-
Quad BeadChips in the GWAS, and red diamond dots show —log,¢-transformed P-values of the SNPs of fine mapping. Arrows indicate the position of known
genes. The I'-based LD map (MAF > 0.10) is drawn using genotype data of 240 patients with breast cancer enrolled in the GWAS.
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Figure 4. Combined effects of C10orf11, CYP2D6 and ABCC2 genotypes on
clinical outcomes of tamoxifen monotherapy. Kaplan—Meier estimates of
recurrence-free survival rate for combined effects of CZ0orf11 rs10509373,
CYP2D6 and ABCC?2 rs3740065 genotypes. The 345 patients receiving tam-
oxifen monotherapy were classified into six groups (0, 1, 2, 3, 4 and 5 risk
allele groups) based on the number of risk alleles of these three genes.

clinical outcomes of breast cancer patients receiving tamoxi-
fen therapy.

Several research groups focused on the genes involved in
the pharmacokinetics of tamoxifen or its metabolites have
investigated genetic variants of CYP2Cl19, CYP3A45,
UGT2B15 and SULTIAI as candidate genes associated with
clinical outcomes of tamoxifen therapy (7,10,14,16). In our
GWAS, no SNP in these candidate genes showed significant
association with recurrence-free survival in patients treated
with tamoxifen (log-rank P =3.14 x 1072-9.90 x 1071,
According to the previous reports, the effect sizes of the
above candidate genes were not so large, indicating that the
sample size used in our study might not have enough power
to detect associations of the SNPs with the tamoxifen efficacy.

Another group hypothesized that non-genomic steroid signal-
ing and cross-talk with growth factor signaling pathways
may contribute to the clinical outcomes of the patients
treated with tamoxifen and reported that 7C2/ promoter poly-
morphism was significantly associated with an unfavorable
tamoxifen treatment outcome; however, no significant associ-
ation was observed at SNPs in 7C2/ gene in our GWAS
(log-rank P =1.19 x 107'-9.98 x 10™") (24). The P-values
of the SNPs in the ESRI, ESR2 and PGR genes, which
encode ERa, ERB and progesterone receptor (PR), respective-
ly, ranged from 1.33 x 1072 to 9.88 x 10", indicating no
significant association.

In conclusion, our GWAS using 462 Japanese patients with
breast cancer identified a new locus, containing the C10orf11
gene, associated with the clinical outcomes of breast cancer
patients treated with tamoxifen. These findings provide new
insights into personalized selection of hormonal therapy for
the patients with breast cancer. However, large-scale replica-
tion study and further functional analysis are required to
verify our results and to clarify their biological mechanisms
which have effects on the clinical outcomes of patients receiv-
ing tamoxifen therapy.

MATERIALS AND METHODS
Patients

A total of 462 patients with primary breast cancer (including
the 282 patients reported previously (6,7)) were recruited at
Shikoku-*10 collaborative group (Tokushima Breast Care
Clinic, Yamakawa Breast Clinic, Shikoku Cancer Center,
Kochi University Hospital, and Itoh Surgery and Breast
Clinic), Kansai Rosai Hospital, Sapporo Breast Surgical
Clinic and Sapporo Medical University Hospital. Of them,
240 patients who were recruited from September 2007 to Sep-
tember 2008 were used for a GWAS analysis, and the remain-
ing 105 patients who were recruited from October 2008 to
January 2010 were analyzed in a first replication study. All
patients were Japanese women pathologically diagnosed with

€102 ‘17 Areniqaq uo (yd[/VTIAL) AVisIaAtuf) [ed1pajy otoddeg je /Si0'sjeunolpiogxo-3wy//:dny woiy papeojumo



ER-positive and/or PR-positive, invasive breast cancer who
received adjuvant tamoxifen monotherapy without any other
treatments after surgical treatment between 1986 and 2008.
In addition, we analyzed 117 patients who had been treated
with tamoxifen monotherapy after receiving chemotherapy
as the second replication set (23). Data on primary breast
cancer diagnosis or recurrence were confirmed from patients’
medical record. Patients without recurrence were censored at
the date of the last consultation. Recurrence-free survival
time was defined as the time from surgical treatment to diag-
nosis of the recurrence of a breast cancer (locoregional, distant
metastasis and contralateral breast events) or death. Patients
received tamoxifen 20 mg/day for 5 years; tamoxifen was
stopped at the time a recurrence was identified. ER and PR
status were evaluated by enzyme immunoassay or immunohis-
tochemistry. The cut-off for human epidermal growth factor
receptor 2 overexpression was defined as 3+ immunohisto-
chemical staining (25). Nodal status was determined according
to the International Union against Cancer tumor-node-metastasis
classification. This study was approved by the Institutional
Review Board in the Institute of Medical Science, The
University of Tokyo (Tokyo, Japan), and written informed
consent was obtained from all patients.

Genotyping and quality control

Genomic DNA was extracted from peripheral blood (n = 424)
or frozen breast tissue (» = 38) using Qiagen DNA Extraction
Kit (Qiagen, Valencia, CA, USA). In the GWAS, 240 patients
were genotyped using the Illumina Human610-Quad Bead-
Chip (Illumina, San Diego, CA, USA). Quality control of
SNPs was achieved by excluding SNPs with low call rate
(<99%) and SNPs with Hardy—Weinberg equilibrium
P-value <1.0 x 107°. SNPs with a minor allele frequency
(MAF) <0.01 were also excluded from further analysis. A
total of 470 796 SNPs passed the filters and were further ana-
lyzed. We used multiplex polymerase chain reaction-based
Invader Assay (Third Wave Technologies, Madison, WI,
USA) on ABI PRISM 7900HT (Applied Biosystems, Foster
City, CA, USA) for the replication study and fine mapping
(26). For fine mapping, tag SNPs were selected from the
HapMap phase II JPT data (http://www.hapmap.org/) (27)
with the following criteria: a pairwise 72> 0.80 and an
MAF > 0.01 using Haploview software (28).

Genotyping of CYP2D6 and ABCC2 rs3740065 was per-
formed using real-time Invader (Third Wave Technologies)
and TagMan assays (Applied Biosystems) as described previ-
ously (7,29,30). To evaluate the effects of CYP2D6 alleles, we
defined all of the decreased and null alleles (including *4, *J,
*10, *14, *21 and *41, and gene-duplication alleles, *10—*10
and *36—*36) as allele J”, and alleles of */ and duplicated
*]—*1 as allele ‘wt’ as described previously (7).

Statistical analysis

Recurrence-free survival curves were estimated using the
Kaplan—Meier method. Statistical significance of a relation-
ship between clinical outcomes and genetic polymorphism
was assessed by the trend log-rank test. The value of Agc
was calculated from the median of the trend log-rank test
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statistics (31). Cox proportional hazards analysis was used to
identify significant prognostic clinical factors and to test for
an independent contribution of genetic factors to recurrence-
free survival. To examine potential confounding, age was
treated as a continuous variable, tumor size was treated as
an ordinal variable, and the other covariates were treated as
categorical variables. Genotypes were analyzed by assigning
an ordinal score to each genotype (0 for homozygous
non-risk alleles, 1 for heterozygous risk alleles and 2 for
homozygous risk alleles). Combination effects were investi-
gated by adding up the number of risk alleles of CYP2D6,
ABCC2 and ClI0orfll genes. All polymorphisms evaluated
in this study were tested for deviation from Hardy—Weinberg
equilibrium with the use of a y*-test. Statistical tests provided
two-sided P-values, and a significance level of P < 0.05 was
used. We used a significance level of P < 1.06 x 1077 (0.05
of 470796) in the GWAS and 5.56 x 107> (0.05 of 9) in
the replication study to adjust multiple testing by the strict
Bonferroni correction. Statistical analyses were carried out
using SPSS (version 17.0, SPSS, Chicago, IL, USA) and the
R statistical environment version 2.9.2 (http://www.r-project.
org/).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at AMG online.
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