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Confirmation of ALDH2 as a Major Locus of Drinking
Behavior and of Its Variants Regulating Multiple

Metabolic Phenotypes in a Japanese Population
Fumihiko Takeuchi, PhD; Masato Isono, PhD; Toru Nabika, MD; Tomohiro Katsuya, MD;
Takao Sugiyama, MD; Shuhei Yamaguchi, MD; Shotai Kobayashi, MD; Toshio Ogihara, MD;
Yukio Yamori, MD; Akihiro Fujioka, MD; Norihiro Kato, MD

Background: Normative alcohol use (or drinking behavior) influences the risk of cardiovascular disease in a
multi-faceted manner. To identify susceptibility gene variants for drinking behavior, a 2-staged genome-wide asso-
ciation study was performed in a Japanese population.

Methods and Results: In the stage-1 scan, 733 cases and 729 controls were genotyped with 456,827 SNP
markers. The associated loci without redundancy of linkage disequilibrium were further examined in the stage-2
general population panel comprising 2,794 drinkers (=once per week), 1,521 chance drinkers (<once per week),
and 1,351 non-drinkers. Along with genome-wide exploration, we aimed to replicate the trait association of a can-
didate gene SNP previously reported (rs1229984 in ADH1B). A cluster of 12 SNPs on 12q24 were found to sig-
nificantly (P<5x10-8) associate with drinking behavior in stage 1, among which rs671 (a Glu-to-Lys substitution
at position 504) in the ALDH2 gene showed the strongest association (odds ratio (OR)=0.16, P=3.6x10-2!! in the
joint analysis). The association was also replicated for rs1229984 (OR=1.20, P<3.6x10-%). Furthermore, ALDH2
504Lys was associated with several metabolic traits, eg, lower levels of high-density lipoprotein cholesterol and
liver enzymes—AST, ALT, and yGTP—by interacting with alcohol intake.

Conclusions: Our results confirm ALDH2 as a major locus regulating drinking behavior in the Japanese, indi-
cating that the ALDH2 504Lys variant exerts pleiotropic effects on risk factors of cardiovascular disease among

ORIGINAL ARTICLE

Molecular Cardiology

drinkers. (CircJ 2011;75: 911-918)

Key Words: Alcohol; ALDH2; Asians; Genetic susceptibility; Genome-wide association study

Icohol consumption, a lifestyle factor prevalent glob-
ally, has been suggested to be relevant to athero-
sclerotic risk factors, such as hypertension, obesity,

dyslipidemia, and diabetes.! Epidemiological studies have
demonstrated that moderate alcohol intake lowers the risk of
cardiovascular disease in a multi-faceted manner;2? for exam-
ple, mild to moderate alcohol consumption has a favorable
influence on high-density lipoprotein cholesterol (HDL-C)
level? and glucose metabolism,* whereas it causes hyperten-
sion® and hyper-triglyceridemia,® on the other hand.

Both environmental and genetic factors are assumed to con-
tribute to inter-individual differences in alcohol consumption.”
Here, alcohol drinking ‘behavior’ can be broadly dichoto-
mized in alcoholism (or alcohol dependence) and normative
alcohol use. As alcohol dependence constitutes a substantial
health and economic burden, much effort has been directed
to clarify its pathogenesis. In this line, a genome-wide asso-
ciation (GWA) study has been recently performed for alco-
hol dependence besides test of candidate genes (eg, those
involved in GABAergic function) in populations of European
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GWA study
panel

Number of subjects (M/F) 830/632
Age, year 66.3+8.0
BMI, kg/m? 23.5+3.3
AST, IU/L NA
ALT, IULL 24.4+22.1
YGTP, IUL 34.61+63.1
Triglycerides, mg/dl 122.3+71.4
LDL-C, mg/di 122.4+31.4
HDL-C, mg/dl 60.1+16.8
% of dyslipidemia treatment 57.5
Uric acid, mg/di 54+1.3
% of gout treatment 6.1
FPG, mmol/L 5.38+0.62
% of diabetes treatment 30.8
SBP, mmHg 133.5+19.8
DBP, mmHg 76.6x11.9
% of hypertension treatment 47.8
Smoking behavior

Non smoker, % 55.8

Past smoker, % 11.6

Current smoker, % 32.7
ALDH2 rs671 genotype

%GG/%AG/%AA 56.0/37.6/6.4

Amaghsa i Study pahe
Drinker Chance drinker Non-drinker
2,206/588 703/818 475/876
49.8+11.7 44.3+12.9 51.5+12.4
28.2+2.9 22.7+3.4 22.7+3.4
25.4+12.5 21.618.7 22.3+9.7
26.2+19.5 22.6+18.9 21.6+16.5
38.0+47.6 18.4+19.6 16.6+13.8
123.1£100.5 100.6+66.0 101.7+62.9
120.0+31.2 122.7+31.5 130.8+30.5
62.9+17.9 62.3+17.3 63.2+17.8
27 2.7 44
5.7x1.4 4.9+1.3 4.7+1.2
2.3 1.0 0.3
5.5%1.1 5.2+0.9 5.3+1.1
6.5 4.6 5.2
127.8+17.3 119.9+16.1 123.3+17.1
78.4+10.8 72.8+104 74.6+10.6
11.8 6.1 9.3
42.0 64.4 72,6
13.9 6.7 46
44,0 28.9 228
72.7/27.1/0.2 55.8/42.8/1.5 23.1/52.7/24.3

Values are means+SD unless otherwise indicated.

In the Amagasaki Study panel, drinkers are defined as those who take alcoholic beverages >once a week, and chance
drinkers are those who take alcoholic beverages <once a week.

GWA, genome-wide association; BMI, body mass index; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-den-
sity lipoprotein cholesterol; FPG, fasting plasma glucose; SBP, systolic blood pressure; DBP, diastolic blood pressure.

descent.® From a public health viewpoint, however, we should
give an equivalent degree of attention to normative alcohol
use.

Ethanol acts in areas of the brain and on signaling cascades
that are evolutionarily conserved among mammals. It has
been shown in rodents that low level of responses to alcohol,
which appear to increase the risk for lifetime alcohol depen-
dence in humans, are genetically determined in part. Rats
selectively bred for alcohol preference and non-preference
have been used for studying the behavioral and molecular
basis of alcohol drinking.!® Biological mechanisms that are
assumed to serve to promote and maintain a high alcohol
drinking behavior are: (1) increased potency of low-dose
alcohol as a reinforcer; (2) weaker aversion to the pharma-
cological effects of moderate/high doses of alcohol; and (3)
rapid induction of tolerance to the aversive effects of alcohol
with repeated bouts of voluntary alcohol drinking.

Apart from several candidate genes involved in ethanol and
acetaldehyde metabolism,!'-!4 genetic susceptibility to norma-
tive alcohol use has not been widely explored. Therefore, in
the present study, we performed a GWA study to identify sus-
ceptibility loci for alcohol drinking behavior in a Japanese
population, followed by examination of their relevance to
metabolic trait levels.!

Methods

Study Populations
We first performed GWA scan for alcohol drinking behavior

using the genotype data on 1,462 Japanese samples (Table 1),
which are part of our ongoing GWA study of cardiometabolic
disorders among the Japanese as previously reported.!6 Then,
we examined the association signals in a general population,
known as the Amagasaki Study, as described elsewhere.!!
Briefly, to investigate lifestyle factors and genetic suscepti-
bility to cardiovascular disease and its risk factor traits, we
enrolled individuals who sought medical assessment from
September 2002 to August 2003 at the Amagasaki Health
Medical Foundation. The participants were included if they
were over 18 years of age and had full clinical examination
data, along with a completed questionnaire on their lifestyle.
Among those enrolled in this prospective cohort study, 5,666
subjects (3,384 men/2,282 women) were used for the present
association study.

Drinking behavior was assessed on the basis of the life-
style questionnaire self-administered by the subjects. Alcohol
consumption was classified into 2 categories: ever-drinkers
(ie, ex-drinkers and current drinkers) and non-drinkers. Also,
according to the current status and frequency of drinking, the
subjects in the Amagasaki Study panel were categorized into
3 groups: non-drinker (n=1,351), chance drinker (less than
once in a week, n=1,521) and drinker (equal to or more than
once in a week, n=2,794). Since no strict distinction could be
made by definition between chance drinkers and (habitual)
drinkers, we arbitrarily defined habitual drinkers as above-
mentioned in the present study, according to the national sur-
vey conducted in 2003 (http://www.e-healthnet.mhlw.go.jp/
(in Japanese, accessed on 9 Feb 2011). For chance drinkers and
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drinkers, alcohol intake was self-reported as the usual amounts
that were denoted in terms of servings of sake (1 gou (180ml)
of Japanese rice wine is considered equal to 22 g of ethanol).
In addition, for part of drinkers (n=1,741), more detailed
information was available on the type of alcoholic beverages
consumed, the weekly frequency of alcohol consumption, and
the usual amount of alcohol consumed per day; 1 gou of sake
was defined as equivalent to 500 ml of beer, 2/3 gou of sho-
chu, 2 single whiskeys, or 240ml of wine. Based on the type
and amount of beverage consumed, we calculated the total
units (in gou) of ethanol for the weekly intake as a measure of
alcohol intake in the quantitative analysis (Figure S1). The
blood samples were collected during a visit to measure glu-
cose, lipid, liver enzyme, and uric acid concentrations using
standard techniques. Blood pressure was measured using an
automatic sphygmomanometer in the sitting position after at
least 5-min of rest. Smoking habits were classified into 3 cate-
gories: current smokers, past-smokers, and non-smokers.

All participants from these different studies provided
written informed consent, and the local ethics committees
approved the protocols.

SNP Genotyping and Quality Control

In the GWA scan, genotyping was performed with the
Infinium HumanHap550 BeadArray (Illumina), which inter-
rogated 555,352 SNPs (Data S1). Data cleaning and analysis
were performed using PLINK software!” as described else-
where.!® Population stratification was checked by multidi-
mensional scaling analysis of the pair-wise distance between
samples, measured over all SNPs (Data S1). The lambda
value for the genomic control'® was 1.01, indicating the ab-
sence of systematic confounding, such as population stratifi-
cation, in the GWA study panel (Data S1).

After the GWA scan, 2 additional SNPs, rs671 in ALDH2
and rs1229984 in ADHIB, were chosen for genotyping with
the TagMan assay (Applied Biosystems) as previously de-
scribed?® in the GWA study (stage 1) panel. Here, rs671 and
rs1229984 were added to the GWA scan because of their
positional (rs671 on 12q24) and physiological (ALDH2 and
ADH1B) candidacy. Although we had tested these 2 SNPs as
part of 10 candidate SNP loci with relation to drinking be-
havior and the sensitivity to pressor effects of alcohol in our
previous candidate gene approach,!! we re-evaluated them via
genome-wide exploration and newly examined the pleiotropic
effects on metabolic traits (in the Amagasaki Study panel)
using the refined (or extended) clinical/epidemiological data
in the present study. Beside the 2 SNPs, 2 SNPs—rs10774610
and rs1725236—showing significant (P<5x10-%) or sugges-
tive (P<5x10-7) evidence of association in the GWA scan
were taken forward to replication analysis in the Amagasaki
Study (stage 2) panel. The genotype distribution of all tested
SNPs was in Hardy —Weinberg equilibrium (P>0.001). We
obtained successful genotyping call rates of >99% for the
whole characterized sample.

Statistical Analysis

SNP Association Analysis A joint analysis strategy,?! ie,
a staged design in which part of the available samples are
genotyped on a large number of SNP markers in stage 1, and
part of these markers are later followed up by genotyping
them on the remaining samples in stage 2, was adopted in the
present study. The SNPs were tested for the association with
alcohol drinking behavior (ever-drinkers vs. non-drinkers) in
the GWA study panel (stage 1; 733 cases and 729 controls)
and in the combined panel (stage 1+2; 4,780 cases and 1,940

Chance drinkers

GG (n=842)

P value Estimate*

0.377
0.784
0.999
0.264

0.486

0.213

; Non-drinkers

AG (n=754)

GG (n=2,021)

AG (n=646)

P value Estimate*

0.184
0.468
0.226
0.686
0.005
0.284
0.922
0.947
0.089
0.394

0.597

AG (n=705)

Estimate* s.e.m.

rs671 genotype GG (n=309)

P value

P value Estimate* s.e.m.

8.5E-04 -0.42
0.050

4.5E-31
0.107

1.2E-07

2.6E-08
0.021

0.310

s.e.m.

P value Estimate*

0.034

0.071

s.e.m.

s.e.m.

Estimate*

Tested trait

AST, IUL

0.346

4.5E-07

0.45
0.63
0.70
3.33
224
1.14
0.09
0.04
1.05
0.67

0.23

0.41
0.57
0.63
3.03
2.03
1.04
0.08
0.03
0.95
0.61
0.21

1.40
1.13
9.19
4.93
-10.78

0.45
0.63
0.71
3.37
2.26
1.16
0.09
0.04
1.05
0.67

0.23

-0.93
-1.09
-0.70

0.24

-1.62
-0.29

0.43
0.60
0.67
3.19
2.14
1.10
0.09
0.04
1.00
0.64
0.22

-0.56

0.44
0.61
0.68
3.24
217

-0.38
0.16
0.00
3.63

0

-2.88
3.08
1.01

-8.99
4.38
0.11

-0.03

-0.80

-0.43

ALT, IUL

4.1E-05

0.298
0.942
0.473
0.800
0.396
0.296
0.001
0.053

0.079

0.82
-1.26

0
-5.96

0

YGTP, IUL
Triglycerides, mg/dl

0.759
5.9E-05

1.52
-1.36
-0.05
-0.05

LDL-C, mg/di

1.9E-04

6.03
0.19
0.03

1.04

2.

1.18

-0.01

1.1
0.09
0.04

HDL-C, mg/di

0.201

-0.08
-0.04

-3.41

0.586
0.140
0.180
0.609

0.259

0

Uric acid, mg/dl
FPG, mmolL
SBP, mmHg

0.389
0.446

0.216

0.00

-1.71

-0.55

0.277

1.02
0.65
0.22

-1.37
-0.33
-0.25
Results for GG and AG genotype classes are shown for each category of drinking staus.

0.83
-0.61

5.9E-04

0.080

10

-1.30

-0.40

DBP, mmHg
BMI, kg/m?

0.008

—0.36

-0.12
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*Effects of rs671 genotype and alcohol drinking for the individual genotype classes are shown by the estimated changes with GG homozygote in the non-drinkers used as a reference group, after adjust-

ment for sex, age and BMI.
Abbreviations see in Table 1.
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Tested trait ALDH2 rs671 [AG vs. GG] ALDH2 rs671 [AG vs. GG]
with adjustment for alcohol w/o adjustment for alcohol
B SE P value B SE P value
AST, IUL -1.25 0.36 2.7E-04 -1.60 0.35 2.2E-06
ALT, IULL -3.14 0.48 5.5E-13 -3.20 0.47 6.4E-14
YGTP, IUL -2.92 0567 1.0E-08 -3.81 0.58 3.1E-14
Triglycerides, mg/dl 0.45 2.58 0.861 -0.98 2.54 0.694
LDL-C, mg/di 1.28 1.70 0.453 2.50 1.68 0.136
HDL-C, mg/dl -2.03 0.87 0.017 -2.79 0.86 8.5E-04
Uric acid, mg/d! -0.04 0.07 0.639 -0.06 0.07 0.410
FPG, mmol/L -0.06 0.03 0.027 -0.07 0.03 0.016
SBP, mmHg -0.62 0.78 0.428 -1.45 0.77 0.062
DBP, mmHg -0.45 0.51 0.378 -0.97 0.50 0.054

Linear regression analysis was performed using drinkers (n=1,741) with sufficient information on weekly alcohol
intake (‘gou’ per week) after adjustment for sex, age and BMI.

For the individual traits, subjects who took treatment for the corresponding disorder are not included in the analysis.
As for triglycerides and FPG, subjects who did not keep fasting condition (>6h) at the examination are not included

(n=3 and n=8 for triglycerides and FPG, respectively).
Abbreviations see in Table 1.
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Figure 1. Manhattan plot of GWA study for alcohol drinking behavior.

controls) by logistic regression analysis after adjustment for
sex, age (GWA study and Amagasaki Study panels) and enrol-
ment site (GWA study panel only). To combine the associa-
tion results from the 2 panels, we used the inverse variance
method (Table S1).

Positive Selection in the 12924 Region Near ALDH2
While the present GWA study identified strong associations
at several SNP loci in a >0.8-Mb interval on 12q24, they
became no more significant after adjustment for rs671. Since
a previous European GWA study on hematological traits
claimed significant evidence for signatures of natural selec-
tion in the corresponding region on 12q24,22 we hypothesized
that a long-range, evolutionarily derived haplotype, upon
which effect alleles (A of rs671 with effect toward moderation
of alcohol intake) could lie, arose from a positive selection in
the Japanese. To test this hypothesis, we performed haplo-
type-based tests?® in the 12q24 region near ALDH?2.

Effect Estimates of rs671 Genotype on Metabolic Traits
We performed multiple regression analysis to test the effects
of ALDH? rs671 genotype (AG vs. GG) on metabolic traits
with adjustment for drinking status, sex and smoking habits
as covariates (Table S2). Further, we evaluated the effects
of ALDH? rs671 genotype on metabolic traits in 2 ways: by
treating drinkers as a category (Table 2); and by quantita-
tive adjustment for weekly alcohol intake among drinkers

(Table 3). To adjust for skewness in the distribution, AST,
ALT, yGTP, triglycerides and HDL-C were log-transformed
before regression analysis; the effect size estimates were then
re-transformed to the original units.

Results

Characteristics of participants in the present study are sum-
marized in Table 1. In the general population (Amagasaki
Study) panel, there were various differences among 3 groups
classified by drinking behavior. Chance drinkers were signifi-
cantly (P<0.05) younger than both drinkers and non-drinkers.
Concentrations of serum liver enzymes (AST, ALT, and
yGTP) and triglyceride were significantly higher in drinkers
than in chance drinkers and non-drinkers. However, low-den-
sity lipoprotein cholesterol (LDL-C) levels were significantly
lower in both drinkers and chance drinkers than in non-
drinkers. Despite some differences in the ratio of people under
treatment, concentrations of serum uric acid, plasma glucose,
and blood pressure tended to be higher in drinkers as com-
pared to those in non-drinkers. Apart from such inter-group
differences in objective variables, smoking behavior largely
differed among the 3 groups, party due to the increased ratio
of men to women in drinkers.

In the genome-wide exploration (stage 1), there was a

Circulation Journal Vol.75, April 2011
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Figure 2. Plots of alcohol drinking behavior association in a 12924 region near the ALDH2 locus. All genotyped SNPs in the
current Japanese GWA scan are plotted with their —log1o (P values) for alcohol drinking behavior against chromosome positions
(in Mb). SNPs attaining genome-wide significance (P<5x10-2) are colored in red.
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single prominent peak on 12q24 (Figure 1); the strongest
evidence of association with drinking behavior was identified
for rs671 in ALDH?2 (odds ratio (OR)=0.31, P=1.8x10-%0)
among significant association signals (a total 12 SNPs show-
ing P<5x10-8), which all clustered in the 12q24 region
(Figure 2 and Table S3). With the genotype data adjusted
for rs671, most of the association signals became no more
significant apart from 2 SNPs, rs10774610 and rs11065774
(12=0.97 between the SNPs), at which a borderline (P<0.05)
level of association remained. In the joint analysis (stage 1+
2), these associations were proven not to be independent
of rs671 (Table S1). Besides, although a SNP, rs1725236,
showed suggestive (P<5x10-7) association in stage-1 GWA
scan, we could not verify it in the joint analysis. Instead, we
could replicate a nominally significant association (OR=1.20,
P=3.6x10* in the joint analysis) at rs1229984 in ADHIB, a
candidate gene SNP previously reported (Table S1).11,2425

On 12q24, rs671 was found to be in strong linkage disequi-
librium with rs3782886 in BRAP (r2=0.87). These 2 SNPs
and 6 other SNPs (rs11066001, rs11066015, rs4646776,
rs11066132, rs2074356, and rs11066280) are polymorphic
only in East Asians and they constituted the evolutionarily
derived haplotype from the HapMap data. A long-range hap-
lotype (>0.7 Mb estimated from these 8 SNPs) was hypoth-
esized to have arisen from a positive selection specific to
East Asians; this was supported by the slower decreases in
extended haplotype homozygosity26 for the derived alleles
than the ancestral alleles in the 12q24 region (Data S1 and
Figure S2). Thereafter, we focused on rs671 because (1) it
had the strongest association signal among the SNPs tested
in stage-1 GWA scan, (2) the association of other individual
SNPs did not remain significant when conditioning on rs671,
and (3) there had been substantial evidence supporting the
functional importance of rs671 (regarding the enzyme activ-
ity of ALDH2) in ethanol metabolism.

We then verified genetic impacts of rs671 on drinking be-

havior using Amagasaki Study samples in 2 analytical proce-
dures, ie, categorical (or drinking status) and quantitative (in
tertiles) classifications. According to drinking status—non-
drinker, chance drinker, and drinker—genotype distribution
of rs671 significantly differed in both sexes (eg, P=2x10-219
for men and P=2x10-72 for women, non-drinker vs. drinker)
(Figure 3a). Those with AA homozygote of rs671 are non-
drinkers (n=325) except for 5 drinkers and 22 chance drinkers,
according to the definition of drinking status in the present
study. When drinkers (2,206 men and 588 women) were fur-
ther categorized into 3 tertiles according to the amount of
alcohol intake, clear stepwise increases in the G (alcohol tol-
erant-type)-allele frequency were observed in men (75% to
90%; eg, P=1x10-15, 1st vs. 3rd tertile) and women (85% to
94%; eg, P=0.018, 1st vs. 3rd tertile) (Figure 3b). Also, such
a correlation between allele/genotype of rs671 and the amount
of alcohol intake could be detected when the drinkers were
more quantitatively grouped into 5 strata (Figure S3).

In the context of gene—environment interaction, we inves-
tigated genetic effects of rs671 for a series of metabolic traits
in 2 ways. First, when we treated drinkers as a single category,
there were significant inter-genotype (GG vs. AG) differences
in concentrations of serum liver enzymes—AST, ALT, and
yGTP-by interacting with alcohol intake (Table S2). Of note
is the fact that, as compared to GG-homozygous non-drinkers
(Table 2 and Figure S4), ALT concentrations were signifi-
cantly (P<0.05) increased among GG-homozygous drinkers
and significantly (P=4.5%10-7) decreased among AG-hetero-
zygous drinkers; diastolic blood pressure was significantly
(P=5.9x10*) increased among GG-homozygous drinkers but
did not significantly change among AG-heterozygous drinkers.
There were no significant inter-genotype (GG vs. AG) dif-
ferences in BMI despite its potential interaction with alcohol
intake (Table 2 and Table S2). Next, when we focused on
drinkers to consider the effect of individual alcohol intake,
inter-genotype (GG vs. AG) differences were still significant
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a S GG AG AA
Drinking ale (n=3384) B Female (n=2282)
behavior 0 02 04 06 08 1 0 02 04 06 08 1

]P 3x1067
Chance
drinker
:]P=3x1043 ]P 7x10
b
Male (n=2206) Female (n=588)
Alcohol
intale 0 02 04 06 08 1 (? 0.12 0.|4 0.'6 0.18 1

2nd tertile

. P =5x103

G A
Figure 3. Genotype and allele frequency distributions of ALDH2 rs671 according to drinking status (a) and the amount of alco-
hol intake among drinkers (b), respectively. Subjects were categorized into 3 tertiles according to the alcohol intake in (b).
P-values were calculated with Cochran-Armitage trend test (a) or Fisher's exact test (b). In the comparison between 1st and

3rd tertiles of female drinkers (b), nominally significant (P=0.018) difference was observed. In the comparison between 1st+2nd
tertiles and 3rd tertile, significant difference was detected by Fisher's exact test: P=4.1x10-1° (male) and P=0.03 (female).

were R
- ]P 4x107

(P=2.7x10"*to 5.5x10-13 after adjustment for alcohol intake)
in concentrations of serum liver enzymes and also marginally
significant (P<0.05) in levels of serum HDL-C and plasma
glucose (Table 3).

Discussion

The present study has confirmed ALDH2 as a major locus
regulating drinking behavior in the Japanese population. This
is the first GWA study published to date, which investigates
genetic susceptibility to normative alcohol use. Although it
did not attain statistical significance in the exploration stage,
the association was also replicated for a candidate gene SNP,
rs1229984 (in ADHIB), as previously reported.!425 This
indicates the presence of susceptibility genes other than
ALDH? with relatively modest effects on drinking behavior.
Important findings in our study came from the systematic
examination of the association of ALDH2 with cardiovascu-
lar risk factors related to alcohol intake. Notably, our results
have revealed that rs671 (in ALDH?) exerts substantial genetic
impacts not only on drinking behavior but also on several
alcohol-related metabolic traits including HDL-C and liver
enzymes, at least in part, independently of the amount of
alcohol intake among drinkers.

A number of previous studies have reported the relevance

of ALDH2 to the risk of developing alcoholism in East
Asians.?”?8 Flushing and discomfort, such as headache and
nausea, occur in many individuals of East Asian ancestry
after drinking even small amounts of ethanol. This has been
known to be related to a functional variant in the ALDH2
gene (ALDH2 504Lys), a substitution of the Glu at codon
position 504 with Lys,? which corresponds to the A-allele of
rs671. This variant allele acts as a dominant negative with the
heterozygote having considerably reduced enzyme activity
and the homozygote having no activity. The major metabolic
pathway for ethanol is degradation by ADH (alcohol dehydro-
genase) enzymes to an intermediate metabolite, acetaldehyde,
followed by its degradation to acetate by ALDH (aldehyde
dehydrogenase) enzymes. There are 2 major ALDH isozymes
in the liver: cytosolic ALDH1 and mitochondrial ALDH2.
The reduced activity of ALDH2 can lead to increase in the
transient concentrations of the toxic acetaldehyde after drink-
ing, thereby protecting the individuals with the ALDH2
504Lys variant(s) from heavy drinking.

Besides the identification of ALDH2 504Lys as a major
genetic determinant of drinking behavior in the Japanese via
genome-wide exploration, the present study has provided
insights into metabolic functions of ALDH2 504Lys among
the variant carriers (principally AG heterozygote of rs671)
of drinkers. In epidemiological studies, most of the apparent

Circulation Journal Vol.75, April 2011



ALDH2 Variants and Drinking Behavior in Japanese

917

benefit of moderate alcohol consumption on the risk of coro-
nary artery disease (or myocardial infarction) has been attrib-
uted to an increase in HDL-C levels.>33! In accordance with
the previous study by Nakamura et al,> HDL-C concentrations
were significantly lower in the AG heterozygotes than the
wild-type form homozygotes (GG) among drinkers (Table 3);
this association was more prominent in heavier drinkers (3=
-3.92mg/dl, AG vs. GG in the upper tertile; Table S4) and
in men (Table S5). Since female drinkers tend to have a
moderate amount of alcohol consumption (Figure S1), the
observed sexual dimorphism could be explained by a dose-
dependent interaction between ALDH2 rs671 and HDL-C
concentrations. Another Japanese study3? reported the asso-
ciation between ALDH?2 504Lys and low HDL-C concentra-
tions among non-drinkers; while there was the same direction
of association (3=-1.36mg/dl, AG vs. GG), the estimated
effects of ALDH2 rs671 genotype for HDL-C concentrations
did not reach a nominal significance level in the present
study (Table 2 and Table S6). In contrast to HDL-C levels,
LDL-C levels were significantly decreased among drinkers
as compared to non-drinkers in the general population panel,
in accordance with the previous report in the Japanese.3
That is, LDL-C levels were significantly higher in those with
AG heterozygote than those with GG homozygote only
among chance drinkers (3=4.01 mg/dl, P=0.012; Table S6),
whereas this genotype—trait association was less prominent
among drinkers (Tables 2,3). There were no significant dif-
ferences in triglyceride concentrations between the rs671
genotype classes. Thus, despite the relatively modest strength
of association, the ALDH2 504Lys variant confers overall
genetic effects on lipid profile in the direction for atherogene-
sis; ie, a decrease in HDL-C levels and an increase in LDL-C
levels. This may account for, at least in part, a potential bio-
logical link between ALDH2 and cardiac ischemia as reported
by Chen et al,> who identified ALDH2 as an enzyme whose
activation correlated with reduced ischemic heart damage in
rodent models.

It has to be noted that, although statistical significance
appeared to be borderline, blood pressure was lower in those
with AG heterozygote than those with GG homozygote
among chance drinkers (8=-1.70mmHg for systolic blood
pressure, AG vs. GG (P=0.018); Table S6), in accordance
with our previous report.!! Among non-drinkers, or drinkers
stratified by the amount of alcohol intake, the genetic effect
on blood pressure was not statistically significant (Tables S4,
S6). Our data cannot provide sufficient evidence supporting
the notion that this locus differently exerts pressor effects
between heavy drinkers and non-heavy drinkers (data not
shown). Moreover, we found that concentrations of serum
liver enzymes (in particular, ALT) were significantly lower
in those with AG heterozygote than those with GG homozy-
gote among drinkers (Tables 2,3). This association remains
highly significant among drinkers after adjustment for alco-
hol intake (Table 3); it is highly significant (P=3.2x10-6 to
4.3x10-'%) for all 3 parameters in men and significant (P=
9.8x10*) only for yGTP in women (Table S5). The find-
ings of sexual dimorphism could be related to differences in
the average amount of alcohol consumption between men and
women (Figure S1). These ‘protective’ effects on liver tissue
(or fatty liver disease) are in good agreement with a previous
study in Japanese male workers* and the study of Aldh2
knockout mice.* Taken together, ALDH2 504Lys might exert
some genetic effects on metabolic traits other than lipids in
the direction against atherogenesis. Further investigation is
warranted to clarify such pleiotropic or bi-directional func-

tions of ALDH2 504Lys among drinkers.

Several studies including ours (Figure S2)738 have sup-
ported the hypothesis that positive selection has operated on
ALDH?2 504Lys; however, conclusive results have not been
obtained thus far, partly due to the current methodological
limitations.* The restricted geographic distribution and high
frequency of the physiologically important ALDH2 504Lys
allele in East Asia has been of longstanding interest to human
population geneticists. Additional information on genomic
structure will be available from the ongoing 1,000 genomes
project (http:/www.1000genomes.org/; accessed on 9 Feb
2011) and helps to resolve this debated issue.

There are some limitations in the present study with regard
to study design and data interpretation. We attempted to ex-
plore genetic factors influencing alcohol drinking behavior
in normative alcohol use. Although we used the total units of
ethanol for the weekly intake as a measure of alcohol intake
in the quantitative analysis, this indicator of drinking behavior
seems to be rather subjective, eg, the frequency of drinking on
weekdays can be largely influenced by factors other than
alcohol tolerance. In the general population, drinking be-
havior (or alcohol preference) is supposed to be defined by a
combination of factors including genetic and environmental
factors. That is, besides age and sex, a number of socio-eco-
nomic factors such as occupation, place of residence, income,
and lifestyle, the information of which is unavailable in the
present study, exert some effects on the individual drinking
behavior. Further, comprehensive multivariate analysis in-
cluding the non-genetic factors as covariates is warranted to
evaluate the relative contribution of alcohol intolerance, which
is substantially defined by the ALDH2 504Lys allele, to the
inter-individual variation in drinking behavior.

In summary, the present GWA study has identified the
ALDH?2 504Lys allele and haplotype as a major determi-
nant of genetic susceptibility to normative alcohol use in the
Japanese. People with ALDH2 504Lys homozygote cannot
tolerate the aversive effects of alcohol in principle. Those
with heterozygote genotype are also less likely to become
drinkers; once they regularly drink some amounts of alcohol,
bi-directional influences of the variant on atherogenesis will
be brought about with relation to cardiovascular disease.
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Blood Pressure and Hypertension Are Associated With 7
Loci in the Japanese Population

Fumihiko Takeuchi, PhD; Masato Isono, PhD; Tomohiro Katsuya, MD, PhD;

Ken Yamamoto, MD, PhD; Mitsuhiro Yokota, MD, PhD; Takao Sugiyama, MD, PhD;
Toru Nabika, MD, PhD; Akihiro Fujioka, MD; Keizo Ohnaka, MD, PhD; Hiroyuki Asano, MD;
Yukio Yamori, MD, PhD; Shuhei Yamaguchi, MD, PhD; Shotai Kobayashi, MD, PhD;
Ryoichi Takayanagi, MD, PhD; Toshio Ogihara, MD, PhD; Norihiro Kato, MD, DPhil

Background—Two consortium-based genome-wide association studies have recently identified robust and significant
associations of common variants with systolic and diastolic blood pressures in populations of European descent,
warranting further investigation in populations of non-European descent.

Methods and Results—We examined the associations at 27 loci reported by the genome-wide association studies on
Europeans in a screening panel of Japanese subjects (n=1526) and chose 11 loci showing association signals (1-tailed
test in the screening, P<0.3) for an extensive replication study with a follow-up panel of 3 Japanese general-population
cohorts (n =24 300). Significant associations were replicated for 7 loci—CASZI, MTHFR, ITGA9, FGFS5, CYPI7Al-
CNNM2, ATP2B1, and CSK-ULK3—with any or all of these 3 traits: systolic blood pressure (P=1.4X10" 4 10 0.05),
diastolic blood pressure (P=1.9X10"'2 to 0.05), and hypertension (P=2.0X10"'* to 0.006; odds ratio, 1.10 to 1.29).
The strongest association was observed for FGF5. In the whole study panel, the variance (R®) for blood pressure
explained by the 7 single-nucleotide polymorphism loci was calculated to be R*=0.003 for male and 0.006 for female
participants. Stratified analysis implied the potential presence of a gene-age-sex interaction, although it did not reach a
conclusive level of statistical significance after adjustment for multiple testing.

Conclusions—We have confirmed 7 loci associated with blood pressure and/or hypertension in the Japanese. These
loci can guide fine-mapping efforts to pinpoint causal variants and causal genes with the integration of multiethnic
results. (Circulation. 2010;121:2302-2309.)

Key Words: blood pressure m genes m genetics m hypertension

ypertension affects one third of the adult population

worldwide and is a major risk factor of cardiovascular
disease.’ Even within the normal range, increases in blood
pressure are associated with the risk of death from vascular
diseases such as stroke and ischemic heart disease.? Although
lifestyle influences (eg, excess salt and alcohol intake and
lack of exercise) are known to increase blood pressure and the
risk of developing hypertension, a substantial contribution of
genetic factors to the overall disease pathogenesis has been
documented by a number of epidemiological studies.># De-
spite considerable efforts to study the molecular genetics of

hypertension, the inherently complex nature has hampered
progress in elucidating the involved genes.

Clinical Perspective on p 2309

The recent advent of genome-wide association (GWA) stud-
ies has enabled identification of common variants associated
with common diseases and traits.> Several GWA studies have
thus far found loci associated with hypertension or blood
pressure, few of which have attained genome-wide significance
levels (eg, P<5X 107®).6 Therefore, blood pressure variation in
the general population is assumably due to multiple variants with
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Table 1. Clinical Characteristics of the Study Sample
SBP (SD), DBP (SD), BMI (SD), Antihypertensive
Study n Women, % Age (SD), y mm Hg mm Hg kg/m? HTN, % Therapy, %
Stage 1: screening in GWA study
sample
Total subjects examined 1526 43.1 66.1(8.0) 134.1 (20.3) 76.8 (12.0) 23.5(3.3) 52.7 38.2
Cases for screening 403 370 63.3 (7.5) 149.0 (20.3) 85.3(13.0) 24.8(3.9) 100 747
Controls for screening 452 51.0 64.4(7.1) 115.4(10.5) 69.0 (8.2) 22.2 (2.7) 0 0
Stage 2: follow-up
2a: replication study
Population cohort
Amagasaki Study* 5745 40.2 48.8 (12.6) 124.3(18.1) 75.9(11.6) 23.0(3.2 234 9.7
Case-control panelf
Cases for follow-up 1750 40.0 58.9(11.2) 157.1 (19.6) 96.3(11.3) 245(3.4) 100 735
Controls for follow-up 1776 441 60.8 (8.6) 117.9(12.1) 73.5(8.6) 224(2.8) 0 0
2b: replication study
Population cohort
Fukuoka Cohort Study 12 569 549 62.6 (6.8) 138.9(21.2) 83.9(11.7) 23.1(3.0) 57.9 23.9
KING Study 3975 56.9 63.6 (6.6) 132.3(19.8) 76.9(11.2) 229(3.0 434 243
Case-control panel
Cases for follow-up 1544 499 56.2 (2.7) 153.2 (20.6) 94.7 (12.6) 241 (3.3 100 56.9
Controls for follow-up 5055 67.4 60.8 (6.4) 115.7 (9.2) 72.0 (7.4 21.9(2.7) 0 0

HTN indicates hypertension.

*Part of the Amagasaki Study samples (n=414) are included in the GWA study panel.
tin the stage-2a case-control study panel, 204 cases and 897 controls were derived from the Amagasaki Study panel; the remaining subjects were enrolled

independently.

small effects; very large study samples are needed to provide
definitive evidence of the principal hypertension-susceptibility
gene(s).

Furthermore, meta-analysis of multiple GWA studies can
facilitate detection of the variants with modest effects. With
regard to hypertension, 2 consortia, the Cohorts for Heart and
Aging Research in Genome Epidemiology Consortium¢ and the
Global Blood Pressure Genetics consortium,” have been formed
to conduct meta-analyses of GWA studies in populations of
~30000 individuals of European descent in each, with
follow-up analysis using genotypes from large cohorts (>80 000
samples when combined). These large-scale analyses have
identified 13 loci showing genome-wide significant association
with systolic (SBP) and diastolic (DBP) blood pressures and/or
hypertension, together with a number of other loci showing
suggestive association.

Given the appreciable ethnic differences in the clinical pre-
sentation of hypertension between populations of European and
non-European ancestry,? it is essential to test the genetic asso-
ciations previously identified for Europeans in the other popu-
lations. We therefore conducted a cross-population comparison
of susceptibility loci in a Japanese population. We also examined
the influences of sex, age, and obesity on the strength of genetic
association with blood pressure and/or hypertension to validate a
complex interplay of genes and these nongenetic factors as
previously reported in Europeans.*9:10

Methods

Study Populations
Detailed characteristics of the subjects analyzed in each stage of the
study are described in the online-only Data Supplement and Table 1.

Our genetic studies for blood pressure and hypertension were
originally organized as part of an ongoing GWA study for cardiomet-
abolic disorders among Japanese subjects; the multistage design is
summarized in Figure 1. In stage 1 of the GWA scan, 1526 Japanese
samples were genotyped with 456 825 single-nucleotide polymor-
phism (SNP) markers. From the loci reported for Europeans,57 those
showing a tendency for association (P<<0.3 by 1-tailed test in stage
1) were chosen for genotyping in a replication (stage 2a) panel
involving 5745 Japanese subjects (hereafter called the Amagasaki
cohort) consecutively enrolled in a population-based setting as
described elsewhere!! and 2425 subjects primarily recruited for the
case-control study (1750 cases and 1776 controls) in stage 2a.
Subsequently, the loci showing a significant association (P<0.05 in
stage 2a) were tested in another replication (stage 2b) panel com-
prising 2 cohorts of 12 569 and 3975 subjects (hereafter called the
Fukuoka cohort and the Kita-Nagoya Genomic Epidemiology
[KING] Study cohort, respectively) randomly selected from the
Japanese general population.'? From the stage 2b panel, 1544 cases
and 5055 controls were further chosen for case-control comparison.
All participants from these studies provided written informed con-
sent, and the local ethics committees approved the protocols.

Blood pressure levels were classified according to the Japanese
Society of Hypertension Guidelines for the Management of Hyper-
tension (JSH2009) as described elsewhere.!® Cases were enrolled
from clinical practices or annual medical checkups at medical
institutions and university hospitals in accordance with the uniformly
defined criteria. These criteria included (1) SBP =160 mm Hg
and/or DBP =100 mm Hg for untreated subjects (grade II and IIT
hypertension in JSH2009); (2) receiving long-term antihypertensive
treatments; (3) no secondary form of hypertension as evaluated by an
extensive workup that included serum creatinine and electrolytes,
chest radiography, ECG, urinalysis, and other hematologic screening
tests; and (4) age of onset =60 years. Normotensive controls were
defined as follows: SBP <130 mm Hg and DBP <85 mm Hg
without antihypertensive treatments (normal blood pressure in
JSH2009) and age =50 years.
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Figure 1. Flowchart summarizing the multistage design of the present study. Part of the Amagasaki Study samples (n=414) are included in
the GWA study panel. In the stage 2a case-control study panel, 204 cases and 897 controls were derived from the Amagasaki Study panel,
whereas the remaining subjects were independently enrolled. In stages 1 and 2b, the case-control study panel was derived from the quanti-
tative trait analysis panel of the same stage. Thus, a total of 25 826 unrelated Japanese subjects (23 401 samples from the quantitative trait
analysis panels in all stages plus 2425 samples independently enrolled in the stage 2a case-control study) were used for the entire study. In
transitions from stage 2a to stage 2b and from stage 2b to final analysis (involving all stage panels), different cutoff levels were set for
genome-wide (GW) —significant and GW-suggestive loci reported in the original GWA studies of Europeans.8”

SNP Genotyping and Quality Control

In the stage 1 GWA scan, genotyping was performed with the
Infinium HumanHap550 BeadArray (Illumina, San Diego, Calif),
interrogating 555 352 SNPs (online-only Data Supplement). Data
cleaning and analysis were performed with PLINK as described
elsewhere.!* Population stratification was checked by multidimen-
sional scaling analysis of the pairwise distance between samples
measured over all SNPs (online-only Data Supplement). The A value
for the genomic control was 1.00 to 1.02, indicating the absence of
systematic confounding such as population stratification in the GWA
study samples (see text and Figure I in the online-only Data
Supplement).

In the replication study, samples were genotyped with the TagMan
assay for 11 SNPs from 11 unique loci previously identified in
Europeans.5” These included CASZI (rs880315), MTHFR
(rs17367504), ITGA9 (rs155524), MDSI (rs448378), FGF5
(rs16998073), EFCABI (rs1910252), CACNB2 (rs11014166),
CYPI7A1-CNNM2 (rs12413409), PLEKHA7 (rs406890), ATP2B1
(rs2681472), and CSK-ULK3 (rs1378942). The genotypic distribu-
tion of all tested SNPs was in Hardy-Weinberg equilibrium

(P>1073). We obtained successful genotyping call rates of >99%
for the whole characterized sample.

Statistical Analyses

SNP Association Analysis

The SNPs were tested for associations with blood pressure and
hypertension with linear regression analysis and the Cochran-
Armitage trend test, respectively. In the linear regression models, we
adjusted continuous SBP and DBP for age, age?, and body mass
index (BMI) separately by sex (all panels) and the sample enrollment
site (GWA study panel only). For the individuals receiving antihy-
pertensive therapies, blood pressure was imputed by adding 15 and
10 mm Hg for SBP and DBP, respectively.”!> For the replication
study of candidate SNP loci, we set in the stage 1 screening a
significance level of P<<0.3 (1-tailed) for the trait(s) that could be
claimed by the original GWA studies at the individual loci based on
the power calculation (Figure II and Table I in the online-only Data
Supplement). In stages 2a and 2b, 1-tailed values of P<<0.05 were
considered statistically significant for the loci previously shown to
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Table 2. Blood Pressure Association at 7 Loci Showing Association Signals in the Japanese
Japanese
European Descent, Heterogeneity,
SBP DBP 95% Cl), mm H Pt
Risk/Nonrisk Al . :
SNP Chr  Nearby Gene(s) Allele* B (95% Cl), mm Hg P B (95% Cl), mm Hg P SBP DBP SBP  DBP
13880315 1 CASZ1 (v 1.08(0.70-1.46)  2.2x10"%  0.79(0.56-1.01)  4.9x10~'2 053(0.29-0.77) 0.30(0.10-0.50) 0.14 0.007
1517367504 1 MTHFR AG 0.65 (0.07-1.24) 0.03 0.34(—0.01-069)  0.05 0.85(0.63-1.07) 050(0.26-0.74) 0.15 0.28
rs155524 3 ITGA9 G/A 0.48 (0.00-0.97) 0.05 0.26 (—0.03-0.55)  0.07 056 (0.25-0.87) 0.32(0.14-0.50) 041 053
1516998073 4 FGF5 TA 1.51 (1.12-1.89) 31107 0.82(0.59-1.05) 1.9%107'2 0,65(0.43-0.87) 0.50(0.40-0.60) 0.01 0.7
rs12413409 10  CYP17A1-CNNM2 G/A 1.58(1.18-1.98)  14x10™ 0.76(0.53-1.000  29x107' 1.16(0.92-1.40) 0.56(0.27-0.85) 0.93 0.1
152681472 12 ATP2B1 AG 0.99(062-1.35)  15x1077  043(021-064)  1.2x10~* 0.85(0.60-1.10) 0.50(0.34-0.66) 055 028
151378942 15 CSK-ULK3 C/A 0.44 (—0.01-0.89) 0.05 0.35(0.09-0.62) 0009  048(0.30-0.66) 0.43(0.35-0.51) 044 0.30

Results for European-descent populations were drawn from the studies by Levy et al® and Newton-Cheh et al.” Two-tailed P values are shown.
*Alleles are nominated as those in dbSNP Build 130 mapped on the positive strand of Human Genome Build 36.3. Designation of risk allele is the same as that

previously reported in Europeans.

1The Cochran Q test for heterogeneity of per-allele effect on blood pressure standardized in each population.

have genome-wide significant (P<5X107%) association in Europe-
ans; for an association to be considered significant, it had to involve
the same risk allele as that reported in Europeans and was accord-
ingly assessed with the 1-tailed test. Otherwise, a significance level
was set at 1-tailed value of P<<0.05 after adjustment for multiple
testing with the Bonferroni correction. For the quantitative trait
analysis, the genetic effects estimated in each of the multistage
Japanese panels were combined by using the inverse variance
method, except for a few types of analyses mostly of gene-age-sex
interaction, for which the subject data from 3 population cohorts
were combined after calibrating intercohort differences in blood
pressure. For the case-control study, cases and controls were pooled
from multistage panels (online-only Data Supplement). We used
PLINK, the R software, and the rmeta and meta packages to test for
the associations.

Assessment of the Cumulative Effect of Risk Variants

We assessed the cumulative effect of multiple SNPs by using a blood
pressure risk score,® which was a weighted sum across the SNPs
(separately for SBP and DBP) combining the (3 coefficients and
doses of the risk alleles. To illustrate a trend by grouping the
individuals, the blood pressure risk score was rounded to 1 mm Hg
for SBP (groups =—3 to =3) and 0.5 mm Hg for DBP (groups
=-—1.5 to =1.5), with each risk score representing deviations from
the study mean. Within a risk score group, we calculated the mean
and 95% confidence interval (CI) of empirical blood pressure.

The multilocus risk of hypertension for an individual was assessed
as the sum of doses of the risk alleles weighted by the logarithm of
the odds ratio (OR) at the SNPs. We simulated a population with
20% prevalence by using bootstrap sampling. The prevalence was
drawn from the National Health and Nutrition Survey, Japan 2006
(survey data are available at http://www-bm.mhlw.go.jp/houdou/
2008/04/dL/h0430—2c.pdf [in Japanese]). In this simulated popula-
tion, we arranged the individuals in order of their multilocus risk,
sorted them into 20 equal-sized groups (5% in each), and calculated
the actual proportion of hypertensive subjects in each group. The
mean and 95% CI of the group-wise prevalence were estimated on
the basis of 1000 bootstrap sampling trials.

Test of Ethnic Diversity and Interaction With Sex, Age,
and BMI

The per-allele effect size, B, of an SNP on blood pressure was
compared between the ethnic groups and among the subgroups
stratified by sex, age, and BMI. Blood pressure was standardized as
a z score within each ethnic group before cross-population compar-
ison. The interaction of effect estimates with ethnicity (Japanese
versus European) and with sex, age, and BMI was analyzed by the
Cochran Q test and ANOVA, respectively (online-only Data Sup-
plement). To collectively assess the proportion of variance for blood

pressure explained by an SNP, risk score, or BMI, we calculated the
coefficient of determination (R?).

Results
Screening of GWA Data

We found no significant association by genome-wide explo-
ration in the Japanese (Figure III in the online-only Data
Supplement). Using the stage 1 GWA data set, we then
examined association signals at 27 unique loci for which
significant or suggestive evidence of association was previ-
ously reported by 2 GWA meta-analyses of Europeans.5’
Although no individual locus had strong statistical signifi-
cance, the SNP markers from 11 (of 27) loci showed a
tendency for association (1-tailed test, P<<0.3) in the direction
concordant with that previously reported for Europeans (Ta-
bles II and III in the online-only Data Supplement).

Replication of Selected SNPs in the Japanese

In the follow-up study (stages 2a and 2b), we tested blood
pressure and hypertension associations with 11 SNP loci
selected via the stage 1 screening. First, in the Amagasaki
cohort panel (n=5745), we found significant (P<<0.05) asso-
ciations of 5 SNPs with DBP and/or SBP (Table IV in the
online-only Data Supplement). In the stage 2a case-control
panel, significant associations with hypertension were de-
tected for 6 SNPs: 4 of the SNPs replicated for the blood
pressure association plus rs155524 (ITGA9) and rs1378942
(CSK-ULK3). These were further genotyped in the Fukuoka
Cohort Study panel (n=12 569) and the KING Study panel
(n=3975), and the genetic associations were confirmed for 7
SNP loci (P<0.05): CASZI (rs880315), MTHFR
(rs17367504), ITGA9 (rs155524), FGF5 (rs16998073),
CYP17A1-CNNM?2 (rs12413409), ATP2B1 (rs2681472), and
CSK-ULK3 (rs1378942) (Tables 2 and 3 and Table IV in the
online-only Data Supplement). Here, 1-tailed P<0.0125
(0.05/4) was considered significant for 4 (of 11) typed SNP
loci, CASZI, ITGA9, MDSI, and EFCABI, which showed
suggestive association in Europeans. Despite modest interco-
hort fluctuations in the strength of association, the genetic
associations were appreciably reproducible across all stages
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Table 3. Hypertension Association at 7 Loci Showing Association Signals in the Japanese

Japanese
L European Descent

SNP ID Chr Position Nearby Gene(s)  Risk/Nonrisk Allele* Cases  Controls OR (95% CI) P RAF OR (95% CI) Heterogeneity, Pt
rs880315 1 10719453 CASZ1 or 0.696 0660 1.18(1.11-1.26) 3.0x1077 0.36 1.09(1.05-1.14) 0.04
17367504 1 11785 365 MTHFR AG 0.897 0.895 1.05 (0.95-1.16) 0.32 0.84 1.12(1.08-1.16) 0.23
5155524 3 37537 145 ITGA9 G/A 0173 0.156 1.13(1.04-1.22) 0.005 0.38 1.08(1.04-1.13) 0.41
rs16998073 4 81541520 FGF5 T/A 0333 0287 1.29(1.21-1.37) 20x107* 021 1.10(1.07-1.13) 1.1x10°8
rs12413409 10 104709086 CYP17A1-CNNM2 G/A 0.758  0.724 1.22(1.14-1.31)  7.7x107° 091 1.16(1.11-1.21) 0.20
rs2681472 12 88533 090 ATP2B1 AG 0640 0.617 1.10 (1.04-1.17) 0.002 083 1.16(1.12-1.21) 017
rs1378942 15 72864420 CSK-ULK3 C/A 0810 0795  1.11(1.03-1.20) 0.006 0.36 1.10(1.08-1.13) 0.79

RAF indicates risk allele frequency. SNP association was adjusted for BMI and sex with logistic regression. Two-tailed P values are shown. Results for
European-descent populations were drawn from the studies by Levy et al® and Newton-Cheh et al.”

*Alleles are nominated as those in dbSNP Build 130 mapped on the positive strand of Human Genome Build 36.3. Designation of risk allele is the same as that
previously reported in Europeans.

1The Woolf test of heterogeneity for OR in Japanese and European-decent populations.

and different population cohorts in the Japanese (Table IV for these loci were significantly larger in the Japanese than in
and Figure IV in the online-only Data Supplement). Europeans (Tables 2 and 3 and Figure VA and VB in the
online-only Data Supplement).

Ethnic Heterogeneity in Effect Sizes

Of 27 candidate loci, the direction of association was con- Cumulative Effect of 7 Associated Loci

cordant at 37% (10 of 27) and inverted at 19% (5 of 27) Despite the small value of explained variance (R?) at each risk
across the 3 traits between 2 ethnic groups (Table II in the locus, knowledge about multiple-risk loci would allow iden-
online-only Data Supplement). Moreover, of 13 loci that tification of individuals with accumulated genetic risk.!'

attained genome-wide significance levels in Europeans, as- Therefore, we calculated empirical blood pressure levels with
sociation was robustly replicated at 38% (5 of 13), was not the study subjects categorized according to their blood
reproducible at 54% (7 of 13) with an average power of >0.5, pressure risk scores. Across the risk score groups, the mean
and was not assessable at 8% (1 of 13; no polymorphism level of SBP and DBP increased significantly in a stepwise
detected for SNPs at SH2B3) in the Japanese. Thus, the real fashion in the Japanese (Figure 2A; P< 10~ for each trend).
rate of positive (true positive plus false negative) seems to be We also investigated the combined risk of hypertension on
between 5 of 13 and 9 of 13 for the reported genome-wide the basis of 7 associated loci by analysis of the resampled data
significant loci. set. We thus found a 1.9-fold variation in hypertension

Among the 7 loci replicated in the whole study panel, there prevalence from the lowest to the highest estimated risk
was significant (P<<0.05) interethnic heterogeneity for groups for the combination of 7 associated loci in our study

rs880315 (CASZI) and rs16998073 (FGF5). The effect sizes (Figure 2B).
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Figure 2. Estimation of the SBP and DBP risk scores (A) and the increase in hypertension (HT) risk (B) from the combination of the 7
variants replicated in this study. A, The mean (solid circles) and 95% CI (whiskers) were plotted. The sample sizes for each risk score
group are shown by the shaded bars. The P values for the associations of the risk scores were highly significant: 2.9x10737 (SBP vs
SBP risk score), 6.0x10~34 (DBP vs DBP risk score). B, We used cases and controls with complete data from all stages of our study
(n=10811) and simulated a population with 20% prevalence. In this population, we arranged the individuals in order of their multilocus
risk, sorted them into 20 equal-sized groups, and calculated the actual prevalence in each group. The mean and 95% ClI of the group-
wise prevalence were then plotted.
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Factors Modulating Genetic Associations
To estimate the impacts of risk factor variables on blood
pressure variance in the Japanese, we first performed linear
regression analysis with the stage 2a (Amagasaki Study)
panel (Table V in the online-only Data Supplement). Sex was
found to be a principal predictor of blood pressure
(P<1072%); hence, the subjects were analyzed separately by
sex. In both sexes, age and age” were ranked in the first place
(R*=0.108 to 0.162) and BMI was in the second place
(R*=0.095 to 0.118) consistently for SBP and DBP. When
the subjects were categorized into 5 age classes (30 to 39, 40
to 49, 50 to 59, 60 to 69, and 70 to 79 years), the mean blood
pressure increased and the blood pressure distribution within
an age class approached the normal distribution with advanc-
ing age in both sexes (Figure VI in the online-only Data
Supplement). Besides sex, age, and BMI, although modest in
the explained variance (R?), alcohol intake and smoking
correlated with blood pressure increase (R*=0.002 to 0.015)
and decrease (R2=0.003 to 0.012), respectively, in the studied
population (Table V in the online-only Data Supplement).
We calculated R? for blood pressure explained by BMI and
that explained by the risk score on combining the 7 SNP data
within each age class separately by sex on the basis of the
results for the 3 population cohorts (online-only Data Sup-
plement). In both sexes, BMI contributed to blood pressure
variance to a larger extent at 30 to 49 years of age than at =50
and years of age. The cumulative genetic effects (represented
by 7 SNPs) were almost unchanged throughout the age
classes in women, whereas they were the highest at 40 to 49
years of age and tended to decrease with age (in particular,
R*<0.0001 at 70 to 79 years of age) in men (Figure 3 and
Figure VII in the online-only Data Supplement). There was a
difference in the cumulative genetic effects on DBP at =70
years of age between the sexes (P=0.046, not adjusted for
multiple comparisons; Table VI in the online-only Data
Supplement). We then examined the modulation of genetic
associations by sex, age, and BMI but obtained no conclusive
evidence of interaction after the correction of multiple testing
(see text and Tables VI through VIII in the online-only Data
Supplement).

Discussion
By this multistaged replication study involving a total of
25826 Japanese subjects, we have confirmed genetic associ-
ations at 7 loci with blood pressure and/or hypertension in a

= 7s |=

Age

each age class separately by sex.

population of non-European ancestry. In addition to 5 (of 7)
loci—FGF5, MTHFR, CYP17A1-CNNM2, ATP2BI, and
CSK-ULK3—that have genome-wide significance in Europe-
ans, our study replicated 2 loci, CASZ! and ITGA9, for which
suggestive evidence of association was previously reported.5’
Most of the replicated variants were associated concordantly
with both blood pressure traits (SBP and DBP) and dichoto-
mous hypertension, except for MTHFR and ITGA9, for which
either blood pressure or hypertension association was rather
pronounced in the Japanese (Tables 2 and 3 and Figure VA
and VB in the online-only Data Supplement). Furthermore,
despite the small number of SNP loci described here (7 SNPs)
and the small proportion of blood pressure variation ex-
plained by these SNPs (R?>=0.005), the conjoint effect of
multiple risk alleles on blood pressure levels and hyperten-
sion is sufficient to increase the cardiovascular risk (Figure
2A and 2B). Moreover, while examining the impacts of
confounding factors on the genetic associations with blood
pressure and/or hypertension, we detected a trend for male-
specific interactions between age and the genetic associa-
tions; ie, the SNP-blood pressure association is influenced by
age in a sex-specific manner, at least for the loci tested in the
present study (Figure 3). Although the interaction has not
been proven to be statistically significant, this seems to be in
good agreement with the previous studies,*° which docu-
mented the modulation of genetic effects on blood pressure
by sex and age.

There is substantial overlap of common genetic variants
influencing blood pressure and the risk of hypertension
between the Japanese (or East Asians) and Europeans,
whereas some ethnic heterogeneity is likely to exist in the
effect sizes for each risk allele. In the Japanese, the strongest
association was observed for FGFS5. Although this locus
shows a robust and significant association in Europeans,” we
detected significant cross-population heterogeneity (P=0.01
for SBP) in the strength of association with blood pressure;
the SBP and DBP effects (on the SD scale) were >1.4 times
larger in the Japanese than in Europeans (Figure VA in the
online-only Data Supplement). Furthermore, the OR for
hypertension significantly differed at FGF5 between the
populations (OR, 1.29 and 1.10 in the Japanese and Europe-
ans, respectively; Figure VB in the online-only Data Supple-
ment). Despite a less conserved linkage disequilibrium block
in the Japanese than in Europeans near rs16998073 (3.4 kb
upstream of FGF5 on 4q21; Figure VIII in the online-only
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Data Supplement), we could still detect strong association
signals at this locus across the 3 Japanese cohorts (Figure IV
in the online-only Data Supplement). The FGFS5 gene itself is
a promising candidate because it encodes a member of the
fibroblast growth factor family, and the protein (fibroblast
growth factor 5) is noted for its effects in promoting angio-
genesis in the heart.16

Similarly, significant cross-population heterogeneity was
observed at CASZ]. Although suggestive evidence of associ-
ation with SBP has been identified at this locus in Europeans
(8=0.53 and P=4.8x1075)5 the genetic association was
stronger for all 3 traits in the Japanese (B=1.08 and
P=2.2X10"8 for SBP, =0.79 and P=4.9x10~'? for DBP,
OR=1.18 and P=3.0Xx10"7 for hypertension; Tables 2 and
3). The associated SNP, rs880315, is located in the intron of
the CASZI gene. Although little is known about its molecular
function, CASZ1 (encoding the castor homolog 1, zinc finger)
is reportedly a cell survival gene that controls apoptosis and
tumor formation.!” One mechanism linking CASZ! to vascu-
lar or heart dysfunction would be inflammatory responses
involving cell adhesion, permeability, and apoptosis.

Genetic associations were confirmed at 5 other loci—
MTHFR, CYPI7AI-CNNM2, ATP2Bl, CSK-ULK3, and
ITGA9—in the Japanese, with some interethnic fluctuation in
the effect sizes. On the other hand, several candidate loci
previously reported by GWA studies of Europeans®”’ did not
pass our stage | screening. This could reflect the limited
power to detect the modest effect size (average power=0.62
in the stage 1 panel; Table I in the online-only Data
Supplement) and/or the lack of (or weaker) association
among the Japanese subjects due partly to differences in
linkage disequilibrium patterns between the ethnic groups.

The strengths of the present study are that we used 3
independent cohorts of the Japanese population; that the
study subjects were enrolled from regions of Japan with no
strong population stratification'8; and that the subjects totaled
25 826 (49.7% female), belonging to a wide range of age
groups (18 to 97 years). In the population at large, blood
pressure (in particular, SBP) tends to increase and the
prevalence of hypertension becomes higher with advancing
age, when prominent sex differences are widely recogniz-
able.’ When we examined modulation of SNP-blood pres-
sure association by sex and age (Figure 3 and Table VI in the
online-only Data Supplement), we unexpectedly found that
R for blood pressure, explained by a combination of SNPs or
by an individual SNP, fluctuates with age in a sex-specific
manner. The possibility of this gene-age-sex interaction is
worthy of note but should be carefully interpreted because it
has not attained a conclusive level of statistical significance
after adjustment for multiple testing. For both SBP and DBP,
R? explained by the 7 SNPs was highest at 40 to 49 years of
age, when R? explained by BMI was also the highest, and
tended to decrease at older ages in men but was almost stable
in women. Older subjects are more likely to have hyperten-
sion and to be taking antihypertensive drugs than younger
adults. While analyzing blood pressure, we adjusted for the
use of antihypertensive therapy by adding 15 and 10 mm Hg
to SBP and DBP, respectively, as has been carried out by
previous studies to reduce bias and to improve statistical

power.”!> It is possible that SBP and DBP measures thus
imputed as quantitative traits incorporate some bias in the
older age groups, thereby leading to underestimation of R
This speculation, however, cannot explain the sexual dimor-
phism detected in the possible interactions of the genetic
associations with age. That is, considering that age-related
changes in R? explained by BMI were similarly observable in
both sexes, the male-specific fluctuations in R? explained by
the 7 SNPs cannot be attributed to simple bias in blood
pressure and warrant further investigation,

We acknowledge that there are several limitations in the
present study. Although we recruited a major part of the study
subjects (stages 2a and 2b) from 3 cohorts of the Japanese
population, there is some intercohort diversity in the range of
age and treatment profiles (Table 1). Given the appreciable
influence of age on the genetic association and the potential
age-related bias in adjustment for the use of antihypertensive
therapy, these factors could reduce the power of detecting the
association of genetic variants with modest effects. In this
respect, larger sample sizes (particularly in the stage 1
screening) are required to thoroughly examine modest asso-
ciations at the loci previously identified by the GWA studies
of Europeans$? in the Japanese; the power calculation is
given in Figure II and Table I and explained in the text of the
online-only Data Supplement. Moreover, because cause-and-
effect relationships cannot be inferred by cross-sectional
studies, longitudinal studies need to be performed to validate
sex- and age-specific modulation of blood pressure associa-
tions and to clarify the underlying mechanisms,

Conclusions
We have confirmed that 7 loci are associated with blood
pressure and/or hypertension in the Japanese. These loci can
guide our fine-mapping efforts to pinpoint causal variants and
causal genes with the integration of multiethnic results.
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CLINICAL PERSPECTIVE

A substantial contribution of genetic factors to hypertension or high blood pressure has been documented by a number of
epidemiological studies. However, identifying common variants affecting blood pressure using genome-wide association studies
has proved challenging compared with the success of genome-wide association studies of other common diseases. Recently, 2
consortium-based genome-wide association studies have successfully identified robust and significant associations of common
variants with systolic and diastolic blood pressures in populations of European descent, warranting further investigation in
populations of non-European descent. In the present study, we examined the associations at 27 loci reported by the genome-wide
association studies on Europeans in a screening panel of Japanese subjects (n=1526) and chose 11 loci showing association
signals (1-tailed test in the screening, P<<0.3) for an extensive replication study with a follow-up panel of 3 Japanese general
population cohorts (n =24 300). Significant associations were replicated for 7 loci—CASZ1, MTHFR, ITGA9, FGF5,
CYP17AI-CNNM2, ATP2BI, and CSK-ULK3—with any or all of the following 3 traits: systolic blood pressure (P=1.4X10"4
to 0.05), diastolic blood pressure (P=1.9%10""2 to 0.05), and hypertension (P=2.0X10""* to 0.006; odds ratio, 1.10 to 1.29).
Besides confirming the association at 7 loci in the Japanese, we have detected the potential presence of gene-age-sex interactions,
emphasizing the importance of such interactions in the molecular approach to hypertension genetics.




