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遺伝子変異と体質: 例1

• ALDH2, アルデヒド脱水素酵素2 
遺伝子

• 変異
– c.1510G>A (p.Glu504Lys) rs671
– ALDH2*2アリル

• 変異ホモ接合
– 酵素活性ない
– お酒が飲めない

• 変異ヘテロ接合
– ALHD2(4量体)活性が1/16
– お酒を飲むと赤くなる

エタノール

↓

アセトアルデヒド→毒性

↓ALDH2

酢酸



遺伝子型と飲酒行動

Figure 3
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遺伝子変異と体質: 例2

• HBB, ヘモグロビンβ遺伝子
• 変異

– c.20A>T (p.Glu7Val) rs334
– βSアリル

• 変異ホモ接合
– ヘモグロビンが凝集
– 赤血球が鎌状になる
– 赤血球が壊され貧血に

• 変異ヘテロ接合
– 貧血ない
– マラリア原虫に感染しにくい

Jorde et al. Medical Genetics 4th ed, Fig. 3-8



遺伝子変異と病気：
疾患感受性遺伝子とは？

• 遺伝子の型により、病気の罹り易さ（感受性）が変わる遺伝子
– dystrophin (DMD; Xp21.1)

• 変異による短いタンパク質 → Duchenne 型筋ジストロフィー

– ABO (9q34.2)
• O型 → 静脈血栓塞栓症に罹りにくい (OR=0.33)

• 疾患感受性遺伝子を見つける意義
– 病気の仕組みの解明

– 創薬のターゲットになる

– 個人の発症予測・至適治療法の選択（個別化医療）

• 疾患感受性遺伝子がそもそも存在するか？
– 疾患感受性の素因は、遺伝と環境

– 家族集積性から遺伝が占める割合（遺伝率）が分かる
• 糖尿病 0.5

• 身長 0.8

• こういうのをごっそり見つけよう→ゲノムワイド関連解析



関連解析のコンセプト

• ゲノム変異と疾患
– 生体階層構造の両端に離れている

– 関連をゲノムワイドに検定するのが、
ゲノムワイド関連解析（GWAS）

– 統計的関連が、ヒトでの因果関係
を示唆する

– 中間は、ブラックボックスとしてよい

– 遺伝統計学は疾患解明・治療法開
発の強力な手段の一つ

• ゲノム変異
– 安価に大規模に測定できるように
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ゲノムワイド関連解析（GWAS）
• 3万個の遺伝子を網羅的に調べ、疾患感受性遺伝子を統

計的に絞り込む
– 全ての遺伝子型について、疾患との相関を調べる

• 罹患者はA型が多い、健常者はB型が多い

• 目標: ありふれた（頻度 ≥5%）の一塩基多型（SNP）の全て
について、ありふれた疾患との関連を検定する

• 全ゲノム配列決定は、多数の人ではまだできない
– 染色体上で近傍のSNPsは相関しており（連鎖不平衡）、冗長なものを

省いて、約106 SNPs をタイピングできるマイクロアレイを使う

– マイクロアレイに搭載されてないSNPの情報は推測(imputation)でき
る

• 約106 回の多重検定を行うので、擬陽性を抑えるために、
有意水準を 0.05/106 = 5x10-8 と厳しくしないといけない

• 検出力を上げるためには、罹患者・健常者を数千人タイピ
ングする必要がある

ゲノムワイド
に網羅的に
調べる
↓
有意水準を
厳しくする
↓
多数のサン
プルが必要



SNPsの相関（連鎖不平衡）

• 染色体19
番の200kb
の領域中
の108 
SNPs

• 日本人45
人（染色体
90本）にお
ける遺伝子
型



飲酒行動のGWAS

• 飲む 733名、飲まない 729名

• ALDH2 rs671 でオッズ比0.31、P=1.8x10-30
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Takeuchi et al. (2011) Circ J 75:911



マラリア感受性のGWAS

• 重症マラリア5000名、一般集団7000名

Band et al. (2013) PLoS Genet 9:e1003509

HBB



GWASの成功

Welter et al. NAR (2014) 42:D1001
2007年頃から普及

http://www.ebi.ac.uk/gwas/



The interactive GWAS diagram is a 

visualization of all SNP-trait 
associations with P <5 × 10−8, 

mapped to the SNP's cytogenetic 

band. 

http://www.ebi.ac.uk/gwas/diagram#

Welter et al. NAR (2014) 42:D1001

GWASの成功



数式のスライドをいくつか...



SNPと形質の関連の検定
• i番目の人のSNP 遺伝子型を xi = 0, 1, 2

– 例、アリルがA/Cのとき、0 (CC), 1 (AC), 2 
(AA)

• 連続形質との関連の検定
– i番目の人の形質の値を yi （例、血圧）
– 線形回帰

• 誤差 ei ~ Normal(0, s2)
• 帰無仮説： b = 0

• 疾患との関連の検定
– i番目の人の表現型を yi = 1（罹患）, 0（健常）
– ロジスティック回帰

• yi ~ Bernoulli(pi)
• 帰無仮説： b = 0

• 尤度を最大化する を求める

€ 

log
pi

1− pi
= α + β xi

yi =α +βxi +εi

€ 

ˆ α , ˆ β 



関連検定の検出力
• y の分散は、x で説明される部分（SR）と残差平方和（SE）に分解できる

• 検定に用いる統計量 SR/{SE/(N-2)} は
– 関連が無いとき（帰無仮説）は F1,N-2分布に従う
– 関連が有るとき（対立仮説）は非心度パラメータ N R2/{1-R2} の F1,N-2

分布に従う
• 連続形質 y の分散のうち、SNP遺伝子型 x で説明される割合を R2 とする

（決定係数）。これは相関係数の二乗。
• N はサンプルの人数

• 有意水準 5x10-8 のもとで、検出力が 80% となるのは、非心度パラメータが
約40のとき
– R2=0.1 なら N=360
– R2=0.01 なら N=4000（例、日本人での糖尿病に対する KCNQ1）
– R2=0.005 なら N=8000（例、同じく CDKAL1）
– R2=0.001 なら N=40000
– ざっくり N≒40/R2

è弱い関連を検出するには多数のサンプルが必要
è複数のGWASをメタ解析しよう！

€ 

yi − y ( )2

i=1

N
∑ = ˆ α + ˆ β xi − y ( )

2

i=1

N
∑ + yi − ˆ α − ˆ β xi( )

2

i=1

N
∑

= SR + SE



GWASのメタ解析
• 連続形質yiは、例えば血圧

• 個別GWASで、SNPの効果を推測
– i番目の人のSNP遺伝子型を xi = 0, 1, 2
– i番目の人の連続形質の値を yi
– 誤差 ei ~ Normal(0, s2)
– 連続形質に対するSNPの効果 b を線形回帰で推定

• 複数GWASで推定された効果をメタ解析で統合
– ｊ番目の研究における効果の推定値が bj 、標準誤差

が sj
– 1/sj

2 で重み付けした平均

– 全体での効果の推定値 b 、標準誤差が s
– メタ解析では、個人情報（遺伝型、形質）は不要
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Number of Loci against Sample Size

Visscher et al. (2012) AJHG 90:7

GWASの大規模化による検出力向上

to a doubling of the number of associated variants discov-
ered. The proportion of genetic variation explained by
significantly associated SNPs is usually low (typically less
than 10%) for many complex traits, but for diseases such
as CD and multiple sclerosis (MS [MIM 126200]), and for
quantitative traits such as height and lipid traits, between
10% and 20% of genetic variance has been accounted for
(Table 1). In comparison to the pre-GWAS era, the propor-
tion of genetic variation accounted for by newly discov-
ered variants that are segregating in the population is large.
It is clear that for most complex traits that have been

investigated by GWAS, multiple identified loci have
genome-wide statistical significance, and thus it is likely
that there are (many) other loci that have not been identi-
fied because of a lack of statistical significance (false nega-
tives). Recently, researchers have developed and applied
methods to quantify the proportion of phenotypic varia-
tion that is tagged when one considers all SNPs simulta-
neously.12–14 These methods focus on estimation rather
than hypothesis testing and do not suffer from false
negatives caused by small effect sizes.15 Whole-genome
approaches to estimating genetic variation have shown
that approximately one-third to one-half of additive
genetic variation in the population is being tagged when
all GWAS SNPs are considered simultaneously.12–14 This
is a surprisingly large proportion given that evolutionary
theory predicts that most variants affecting disease risk
ought to be found at a low frequency in the population
if they affect fitness,16,17 and such risk variants would
not be in sufficient LD with the common SNPs to be
detected in GWASs.

Autoimmune Diseases

We concentrate on seven auto-immune diseases, anky-
losing spondylitis (AS [MIM 106300]), rheumatoid arthritis
(RA [MIM 180300), systemic lupus erythematosus (SLE

[MIM 152700]), and type 1 diabetes (T1D [MIM 222100]),
MS, CD, and UC. Table 2 summarizes the number of genes
that have been identified for these diseases. Across these
diseases, 19 loci (mainly related to human leukocyte
antigen) were known prior to 2007, and 277 have been
discovered from 2007 onward. The total of 277 includes
multiple counts of loci that have been implicated across a
number of diseases; such loci include BLK (MIM 191305),
TNFAIP3 (MIM 191163) and CD40 (MIM 109535).
Inflammatory bowel disease (IBD, not to be confused

here with identity by descent) is thought to arise from
dysregulation of intestinal homeostasis.18 GWASs of IBD
(CD and UC) have been highly successful in terms of
the number of loci identified (99 nonoverlapping loci in

Figure 1. GWAS Discoveries over Time
Data obtained from the Published GWAS Catalog (see Web
Resources). Only the top SNPs representing loci with association
p values < 5 3 10!8 are included, and so that multiple counting
is avoided, SNPs identified for the same traits with LD r2 > 0.8 esti-
mated from the entire HapMap samples are excluded.

Figure 2. Increase in Number of Loci Identified as a Function of
Experimental Sample Size
(A) Selected quantitative traits.
(B) Selected diseases.
The coordinates are on the log scale. The complex traits were
selected with the criteria that there were at least three GWAS
papers published on each in journals with a 2010–2011 journal
impact factor>9 (e.g.,Nature,Nature Genetics, the American Journal
of Human Genetics, and PLoS Genetics) and that at least one paper
contained more than ten genome-wide significant loci. These
traits are a representative selection among all complex traits that
fulfilled these criteria.

The American Journal of Human Genetics 90, 7–24, January 13, 2012 11



さらなる大規模化で疾患感受性遺伝子が
もっと見つかりそう

• 身長・BMIについては、1000人ゲノムでimputeできる多型で、
遺伝率のほとんどを説明できる

• 多型はほぼ網羅している。より低頻度まで調べなくてよい

• ありふれた形質について効率的なのは、恐らく、resequence
するより、アレイでタイピングしてサンプル数を増やす
è 検出力を上げて関連が弱い遺伝子も見つける

形質 imputeされた多型
で説明できる分散

家族研究で推定さ
れる遺伝率

身長 56% 60–70%

体重 27% 30–40%

1114 VOLUME 47 | NUMBER 10 | OCTOBER 2015 NATURE GENETICS

We propose a method (GREML-LDMS) to estimate heritability 
for human complex traits in unrelated individuals using whole-
genome sequencing data. We demonstrate using simulations 
based on whole-genome sequencing data that ~97% and 
~68% of variation at common and rare variants, respectively, 
can be captured by imputation. Using the GREML-LDMS 
method, we estimate from 44,126 unrelated individuals that 
all ~17 million imputed variants explain 56% (standard error 
(s.e.) = 2.3%) of variance for height and 27% (s.e. = 2.5%) of 
variance for body mass index (BMI), and we find evidence that 
height- and BMI-associated variants have been under natural 
selection. Considering the imperfect tagging of imputation and 
potential overestimation of heritability from previous family-
based studies, heritability is likely to be 60–70% for height 
and 30–40% for BMI. Therefore, the missing heritability is 
small for both traits. For further discovery of genes associated 
with complex traits, a study design with SNP arrays followed 
by imputation is more cost-effective than whole-genome 
sequencing at current prices.

Genome-wide association studies (GWAS) have identified thousands 
of genetic variants associated with hundreds of human complex traits 
and diseases1. However, genome-wide significant SNPs often explain 
only a small proportion of the heritability estimated from family-
based studies, in the so-called ‘missing heritability’ problem2. Recent 
studies have shown that the total variance explained by all common 
SNPs is a large proportion of the heritability for complex traits and 
diseases3,4. This implies that much of the missing heritability is due to 
variants whose effects are too small to reach the level of genome-wide 
significance. This conclusion is supported by recent findings that com-
plex traits and diseases such as height, BMI, age at menarche, inflam-
matory bowel diseases and schizophrenia are influenced by hundreds 
or even thousands of genetic variants of small effect5–9. Nevertheless, 

the genetic variance accounted for by all common SNPs is still less 
than that expected from family-based studies, and there has not 
been a consensus explanation for the missing heritability problem2.  
There are three major hypotheses. The first hypothesis is that missing 
heritability is largely due to rare variants of large effect, which are 
neither on the currently available commercial SNP arrays nor well 
tagged by the SNPs on the arrays. Here we define rare variants as 
variants with a minor allele frequency (MAF) of 0.01. To genotype 
rare variants with reasonably high accuracy, whole-genome sequenc-
ing with sufficiently high coverage in a large sample is required. The 
second hypothesis is that the majority of heritability is attributable  
to common variants (MAF >0.01) of small effect, such that many  
variants are not detected at the level of genome-wide significance; 
most of these common variants are either well tagged by genotyped 
SNPs through linkage disequilibrium (LD) or can be imputed with 
reasonably high accuracy from whole-genome sequencing reference  
panels. If the second hypothesis is true, increasing sample size  
will be more important than extending variant coverage for con-
tinued progress in genetic association studies. The third hypothesis 
is that heritability estimates from family-based studies are biased 
upward, as a result, for instance, of shared environmental effects.  
Therefore, quantifying the relative contributions of rare and com-
mon variants to trait variation is critical to inform the design of 
future experiments and to disentangle the genetic architecture of 
complex traits and diseases. In this study, we seek to quantify the 
proportion of variation at common and rare sequence variants that 
can be captured by SNP array genotyping followed by imputation, 
and we subsequently estimate the proportion of phenotypic variance 
for the model complex traits height and BMI that can be explained 
by all imputed variants.

RESULTS
Unbiased estimate of heritability using whole-genome 
sequence data
Let hWGS

2  denote the narrow-sense heritability (h2) for a complex 
trait captured by the sequence variants from whole-genome sequenc-
ing and h1KGP2  denote the heritability captured by all variants from 

Genetic variance estimation with imputed variants finds 
negligible missing heritability for human height and body 
mass index
Jian Yang1,2,24, Andrew Bakshi1, Zhihong Zhu1, Gibran Hemani1,3, Anna A E Vinkhuyzen1, Sang Hong Lee1,4, 
Matthew R Robinson1, John R B Perry5, Ilja M Nolte6, Jana V van Vliet-Ostaptchouk6,7, Harold Snieder6,  
The LifeLines Cohort Study8, Tonu Esko9–12, Lili Milani9, Reedik Mägi9, Andres Metspalu9,13, Anders Hamsten14,  
Patrik K E Magnusson15, Nancy L Pedersen15, Erik Ingelsson16,17, Nicole Soranzo18,19, Matthew C Keller20,21, 
Naomi R Wray1, Michael E Goddard22,23 & Peter M Visscher1,2,24

A full list of affiliations appears at the end of the paper.
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iGEN-BPコンソーシアム

Kato et al. (2015) Nat Genet 47:1282

血圧に関する

多人種大規模GWAS



（高）血圧の大規模GWAS

Study Publication 人数
ゲノムワイド有
意なSNPsの数

新規SNPs
の数

WTCCC Nature	
447:661,	2007

英国人5000 0 0

Global	
BPgen

Nat	Genet	
41:666,	2009

欧米人34433	+	追試 8 8

CHARGE Nat	Genet	
41:677,	2009

欧米人29136	+	追試 8 8

AGEN-
BP

Nat	Genet	
43:531,	2011

東アジア人19608	+	追試 7(+2) 5

ICBP Nature	
478:103,	2011

欧米人69395	+	追試 29 16

iGEN-BP Nat	Genet	
47:1282,	2015

東アジア人31516	+	欧米人
35352	+ 南アジア人33126	
+	追試

35 12



結果概要

• 血圧の大規模・多人種ゲノムワイド関連解析
を行い、12の新規関連遺伝子座を同定した

• 血圧関連SNPsの多くで、SNPと関連するCpG
サイトが近傍にあった

• 血圧関連SNPsはおしなべて、CpGサイトと関
連する傾向があった

– SNP→DNAメチル化→血圧の機序が示唆される



方法: discovery 3人種10万人 + 追試20万人

2.1M
SNPs



新規の遺伝子座は緑色、赤色は追試データも合わせたもの

新規のもの 12 カ所を含む、計 52 遺伝子座を同定・確認

GWASで見つかった血圧関連遺伝子座



多人種を利用した、原因変異の絞り込み

• 人種ごとに
連鎖不平
衡のパター
ンが異なる
の

• 多人種を
組み合わ
せて、原因
変異を絞り
込める



方法：SNPと関連するCpGサイトの探索

• ゲノムワイド有意な35遺伝子座（うち新規12）の
各々で、P値最小の「標識SNP」を選出

• 標識SNPの近傍1MbのCpGサイトで、メチル化度
と標識SNP遺伝子型が関連するものを探索
– DNAメチル化450Kアレイを使用

– 有意水準 P < 3.8 x 10-6（多重検定補正 P<0.05）

– discovery: 1904名（南アジア人）

à 28 SNPs に有意に関連するCpGサイト有り

SNPとCpG（P値最小）の距離は1kb〜244kb

– replication: 4780名（欧米人、南アジア人）

à 全て再現される



SBP関連遺伝子座
• SNP-血圧形質との遺伝

的関連 (●)

• 標識SNP-CpG siteとの関
連 (●)
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SNP reached P < 0.05 in replication testing or P < 1 × 10−9 in com-
bined analysis with the discovery data (Supplementary Table 6).

Candidate sequence variants and genes at new loci
Taking advantage of trans-ancestry differences in linkage disequi-
librium (LD), we used MANTRA and varLD21,22 to narrow the 99% 
credible SNP sets and facilitate future efforts to identify the causal 
variants underlying blood pressure variability (Supplementary  
Figs. 7 and 8, and Supplementary Table 9).

Next, we searched for genetic variants at the newly identified blood 
pressure loci that might influence protein coding or gene transcrip-
tion and that were in high LD (r2 >0.8) with sentinel blood pressure  
SNPs. We identified SNPs that were nonsynonymous (n = 9) or  
splicing variants (n = 2) and/or were present in regulatory regions 
(including transcription factor binding sites, promoter and enhancer 
regions, DNase I hypersensitivity sites, regulatory motifs and CpG 
islands; n = 825; Supplementary Table 10) (refs. 23,24).

Analysis of coding variation and gene regulatory signatures 
(Supplementary Tables 10 and 11) identified 20 genes as possible 
candidates underlying the associations with blood pressure at the 
newly identified loci (Table 1). Current knowledge on gene function 
for all 20 candidates is summarized in Supplementary Table 12.

Association of sentinel SNPs with DNA methylation
We investigated the relationships of the sentinel blood pres-
sure SNPs with local DNA methylation (within 1 Mb of each 
SNP) in 1,904 South Asians with whole-genome methylation data 
available (peripheral blood; Illumina HumanMethylation450 
BeadChip (450K) array; Supplementary Table 13). We found a  
~2-fold enrichment for association between sequence variation and 
DNA methylation in comparison with expectations under the null 
hypothesis (P = 0.01; Supplementary Fig. 9). Twenty-eight of the  
35 sentinel blood pressure SNPs were associated with one or more 
methylation markers at P < 3.8 × 10−6 (P < 0.05 after Bonferroni  
correction for the 13,275 SNP-CpG association tests; Supplementary 
Table 14); the 28 leading CpG sites (the CpG sites with the lowest  

P value for association with each sentinel blood pressure SNP) are sum-
marized in Table 2. All 28 leading CpG sites showed replication in fur-
ther testing among 4,780 European and South Asian samples (P < 0.05  
and consistent direction of effect; Supplementary Table 15). Regional 
plots of DNA methylation are shown in Figures 1–4. There was little 

Table 1 Genetic loci newly identified to be associated with blood pressure
Sentinel SNP Chr. Position (bp) Candidate gene EA AA EAF Phenotype n Effect (mm Hg) P

rs1344653 2 19,730,845 OSR1n,m A G 0.54 PP 220,853 −0.27 (0.04) 7.8 × 10−12

rs1275988 2 26,914,364 KCNK3n,m T C 0.50 MAP 236,311 −0.37 (0.04) 5.0 × 10−21

rs2014912 4 86,715,670 ARHGAP24n,m T C 0.16 SBP 242,456 0.62 (0.08) 5.4 × 10−17

rs13359291 5 122,476,457 PRDM6n,m A G 0.31 SBP 229,584 0.53 (0.07) 8.9 × 10−16

rs9687065 5 148,391,140 ABLIM3m, SH3TC2  n,ns A G 0.76 DBP 259,216 0.26 (0.04) 7.4 × 10−11

rs1563788 6 43,308,363 TTBK1m, SLC22A7sv, ZNF318n,e T C 0.31 SBP 220,757 0.51 (0.06) 2.2 × 10−16

rs2107595 7 19,049,388 HDAC9  n A G 0.24 PP 209,305 0.31 (0.05) 3.9 × 10−11

rs10260816 7 46,010,100 IGFBP3  n,m,ns C G 0.62 PP 207,070 0.32 (0.04) 1.5 × 10−14

rs751984 11 61,278,246 LRRC10Bn, SYT7n,m T C 0.76 MAP 233,082 0.33 (0.05) 7.7 × 10−12

rs12579720 12 20,173,764 PDE3An C G 0.33 DBP 218,606 −0.32 (0.04) 2.2 × 10−16

rs2240736 17 59,485,393 C17orf82  n, TBX2n,m,ns T C 0.65 MAP 217,197 0.35 (0.04) 2.2 × 10−16

rs740406 19 2,232,221 AMHm, DOT1Ln, PLEKHJ1n, SF3A2  n A G 0.85 PP 193,219 −0.55 (0.07) 3.1 × 10−15

Candidate genes are annotated by the nature of the variant: e, expression quantitative trait locus (eQTL); n, nearby gene ( 10 kb); ns, nonsynonymous; sv, splicing variant;  
m, DNA methylation marker. Position is based on Build 37 of the reference genome. Effect is shown as unit change (mm Hg) in blood pressure (standard error, SE) per copy of the 
risk allele (SBP, DBP, PP (pulse pressure), MAP). SNPs rs751984, rs2240736 and rs740406 are near or in annotated microRNA genes. Chr., chromosome; EA, effect allele;  
AA, alternate allele; EAF, effect allele frequency; n, sample size.
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Figure 1 Regional plots for the three newly identified loci  
associated with SBP. Associations of SNPs with SBP in the  
trans-ancestry GWAS (blue markers; n = 99,994) and of  
sentinel SNP with methylation at nearby CpG sites (red markers;  
n = 2,664) are shown. The identities of the sentinel SNP and  
most closely associated CpG site are provided; correlations  
between markers are shown in Supplementary Figure 4.
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evidence for heterogeneity of effect of SNPs on methylation between 
Europeans and South Asians (Supplementary Fig. 10).

We found evidence of replication of the relationships of the  
sentinel blood pressure SNPs with methylation of their respective 
leading CpG sites in genomic DNA from cord blood (P = 4.0 × 10−4, 
binomial test for directionally consistent effects, n = 237 samples; 
Supplementary Table 16). The presence of these associations at 
an early stage of life, before substantial environmental exposure, 
lends support to the view that the sequence variants have a direct 
effect on DNA methylation and argues against reverse causation.  

We separately showed that association of sentinel SNPs with  
local DNA methylation is generalizable across multiple  
phenotypic traits and not unique to blood pressure phenotypes 
(Supplementary Fig. 11).

Sequence variation, DNA methylation and blood pressure
We used genetic association and the concept of Mendelian randomi-
zation to test whether DNA methylation might contribute, at least 
in part, to the relationship of the sentinel SNPs with blood pressure.  
For the 28 sentinel SNPs that were associated with methylation  
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with pulse pressure. Associations of SNPs with pulse pressure in the  
trans-ancestry GWAS (blue markers; n = 99,994) and of sentinel  
SNPs with methylation at nearby CpG sites (red markers; n = 2,664) are shown. The identities of the sentinel SNP and most closely associated CpG  
site are provided; correlations between SNPs and between methylation markers are shown in Supplementary Figure 4.
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evidence for heterogeneity of effect of SNPs on methylation between 
Europeans and South Asians (Supplementary Fig. 10).

We found evidence of replication of the relationships of the  
sentinel blood pressure SNPs with methylation of their respective 
leading CpG sites in genomic DNA from cord blood (P = 4.0 × 10−4, 
binomial test for directionally consistent effects, n = 237 samples; 
Supplementary Table 16). The presence of these associations at 
an early stage of life, before substantial environmental exposure, 
lends support to the view that the sequence variants have a direct 
effect on DNA methylation and argues against reverse causation.  

We separately showed that association of sentinel SNPs with  
local DNA methylation is generalizable across multiple  
phenotypic traits and not unique to blood pressure phenotypes 
(Supplementary Fig. 11).

Sequence variation, DNA methylation and blood pressure
We used genetic association and the concept of Mendelian randomi-
zation to test whether DNA methylation might contribute, at least 
in part, to the relationship of the sentinel SNPs with blood pressure.  
For the 28 sentinel SNPs that were associated with methylation  
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Figure 3 Regional plots for the four newly identified loci associated  
with pulse pressure. Associations of SNPs with pulse pressure in the  
trans-ancestry GWAS (blue markers; n = 99,994) and of sentinel  
SNPs with methylation at nearby CpG sites (red markers; n = 2,664) are shown. The identities of the sentinel SNP and most closely associated CpG  
site are provided; correlations between SNPs and between methylation markers are shown in Supplementary Figure 4.
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at the 26 leading CpG sites associated with the sentinel blood pressure 
SNPs in the present study. Using data from 7 tissue samples (including 
muscle, liver, and subcutaneous and visceral fat), we showed that DNA 
methylation in blood at the 26 CpG sites was closely correlated with 
methylation in a wide range of tissues (Pearson correlation coefficient, 
0.61–0.97; P = 1.2 × 10−4 to 1.3 × 10−47; Supplementary Figs. 14 and 15).  
Our findings support the view that, for the CpG sites examined, 
methylation levels in blood provide a surrogate for patterns of  
methylation in other tissues.

Clinical relevance of our findings
We tested whether the genetic variants singly or in aggregate contrib-
ute to risk of clinical phenotypes associated with high blood pressure. 
In single-variant tests, we found that the 35 (known and new) senti-
nel SNPs were enriched for variants associated with adiposity, type 2  
diabetes, coronary heart disease and kidney function in published 
GWAS (P = 2.5 × 10−3 to 1.8 × 10−11; Supplementary Table 18). We 
further showed that weighted genetic risk scores comprising known 
and new variants predicted increased left ventricular mass by electro-
cardiographic criteria, circulating levels of NT-proBNP (a marker of 
heart function), clinical coronary heart disease, and cardiovascular and 
all-cause mortality (P = 0.04 to 8.6 × 10−6; Supplementary Table 19).  
Our findings provide evidence that the genetic loci associated with 
blood pressure contribute to cardiovascular outcomes.

DISCUSSION
Our genome-wide association and replication study in 320,251 people 
identifies 12 new genetic loci influencing blood pressure phenotypes 
in 3 ancestry groups. Among the genetic loci and candidate genes 
identified, several have been implicated in other cardiovascular and 
metabolic phenotypes through genome-wide association. IGFBP3, 
KCNK3, PDE3A and PRDM6 have a role in vascular smooth muscle 
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Figure 4 Regional plots for the three newly identified loci 
associated with MAP. Associations of SNPs with MAP in the trans-
ancestry GWAS (blue markers; n = 99,994) and of sentinel SNPs 
with methylation at nearby CpG sites (red markers; n = 2,664) 
are shown. The identities of the sentinel SNP and most closely 
associated CpG site are provided; correlations between markers are 
shown in Supplementary Figure 4.

of cis CpG sites (Supplementary Table 15), we quantified the three-
way relationships between the sentinel SNPs, their leading CpG sites 
and blood pressure among the 6,757 Europeans and South Asians 
with DNA methylation data available (Supplementary Table 17). 
Across all 28 loci, we found that the observed effects of SNPs on 
blood pressure were correlated with the effects predicted through 
association with methylation (r = 0.52; P = 0.005; Fig. 5). Of the 
14 sentinel SNPs with the highest predicted genetic effects (above 
the median for the distribution), 13 were directionally consistent  
(P = 1.2 × 10−4, sign test), with a close correlation between the 
observed and predicted effects (r = 0.72; P = 0.004). Our results sup-
port the view that DNA methylation may be involved in the regulatory 
pathway linking DNA sequence variants to blood pressure.

Fine mapping the association of SNPs and DNA methylation
The 450K methylation array assays ~2% of the estimated ~30 million 
CpG sites in the human genome. To further evaluate the relationship 
between the sentinel blood pressure SNPs and DNA methylation at 
the 19p13.3 locus near AMH, we used next-generation sequencing 
to fine map DNA methylation at all CpG sites within 1 kb on either 
side of the leading 450K CpG site in 168 samples. We successfully 
quantified DNA methylation at 34 CpG sites, of which only 2 are 
assayed by the 450K array (Supplementary Fig. 12). The sentinel 
blood pressure SNP at the AMH locus (rs740406) had a directionally 
consistent effect on methylation at 29 of the 34 CpG sites assayed 
(P = 4 × 10−5, sign test; Supplementary Fig. 13), consistent with 
published data suggesting that clusters of adjacent CpG sites are co-
regulated25,26. Of the 34 CpG sites assayed, we found that 28 had a 
positive relationship with blood pressure (P = 2 × 10−4, sign test), and 
10 were associated with blood pressure at P < 0.05 (P = 5 × 10−7 for 
enrichment; Supplementary Fig. 13).

Cross-tissue patterns of DNA methylation
DNA methylation can show tissue-specific patterns that contribute 
to differences in transcriptional regulation and cellular differentia-
tion27. We investigated the cross-tissue patterns of DNA methylation 
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血圧関連SNPsは、近傍のDNAメチル
化と関連する傾向がある

• 35の標識SNPの近傍
1MbのCpGサイトで、メ
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概要

• 血圧(高血圧) に関して、最初の、３人種横断的な大規
模ゲノムワイド関連解析を実施し、新規のもの 12 カ所
を含む、計 52 遺伝子座を同定・確認した。 

• 血圧(高血圧)との関連を示す遺伝子座のSNPは、同時
に DNA メチル化とも関連を示し得ることを見出し、DNA 
メチル化が、SNPと血圧(高血圧)の個人差とをつなぐ分
子機序の一部を成す可能性が示唆された。 

• 新規の 12 遺伝子座を詳細に調べた結果、その多くは
未注目のものであったが、血管平滑筋や腎臓の働きに
関係する遺伝子群が血圧(高血圧)の個人差の原因と
なっている可能性を強めた。 
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SNPアリル頻度の地域差: 例1

• ALDH2
rs671 
Glu504Lys

• お酒が飲め
なくなるアリ
ル

• 12q24は自
然選択を受
けているが、
原因変異・
表現型は不
明

Li et al. (2009) Ann Human Genet 73:335



SNPアリル頻度の地域差: 例2

• 鎌状赤血球貧血

• βSアリル=貧血=
マラリア耐性は、
マラリア発生地
域で高頻度

• 平衡選択を受け
ている

Jorde et al. Medical Genetics 4th ed, Fig. 3-26



結果概要

• 全ゲノムSNPs情報のみから、日本人をクラス
ターに分離できる

• そのクラスターは国内の地域と対応する

• 疾患関連解析ではクラスターの影響の有無
を適宜確認する必要がある

• 日本国内のクラスターごとに、由来するアジ
ア大陸の地域が若干異なる



背景（日本人の遺伝的地域差）

• 我々はこれまで、ゲノムワイド関連解析により、
罹患者と健常者でSNPsのアリル頻度を比較し、
疾患感受性遺伝子を多数同定してきた

• 地域間の遺伝的差異の、疾患関連解析への影
響の有無は集団の層別化として注目されてきた

• 先行研究では、沖縄と本土はクラスター分けで
きたが、本土内ではクラスター分けできていない
[Yamaguchi-Kabata et	al.	(2008)	AJHG	83:445]

• 考古学的には、日本人は、縄文人と弥生人が混
合して形成されたと推定されている



背景（遺伝的差異の解析法）

• 連鎖していないSNPsを用いる統計解析が、これ
まで主流だった
– 各祖先集団におけるアリル頻度をMCMC推定

• STRUCTURE	[Pritchard	et	al.	(2000)	Genetics	155:945]
– SNP一致度によるサンプル間距離の主成分分析

• EIGENSOFT	[Reich	et	al.	(2008)	Nat	Genet	40:491]
• （連鎖したSNPsを含む）染色体断片のハプロタイ

プの一致度を用いた統計解析が、最近提案され
た
– fineSTRUCTURE	[Lawson	et	al.	(2012)	PLoS Genet	
8:e1002453]

– 英国内の地域が遺伝的クラスターと綺麗に対応する
[Leslie	et	al.	(2015)	Nature	519:309]



方法（データセット）

• データセット1
– 日本の8集団1600名。花巻、東京、北名古屋、尼崎、島根、

愛媛、福岡、沖縄から200名ずつ。108,611 SNPs

• データセット2
– 島根県内の詳細な地域差を検討するために、島根のみ

428名に拡大

• データセット3
– データセット1にAsian Diversity Panel, HapMap3, HGDPの

アジア人を追加。34集団3928名。30,579 SNPs

• データセット4
– データセット1に漢民族(CHB, CHD, CHS)を264名追加。

106,266 SNPs



方法（クラスタリング）

• SNPs遺伝情報によるクラスタリング

– Illumina, Affymetrix アレイにより全ゲノムSNPsタ
イピング

– SHAPEITによりphase

– サンプル対ごとに、共有するハプロタイプ断片の
数を表すcoancestry matrixをChromoPainterによ
り計算

– coancestry matrixに合う遺伝的クラスタリングを
fineSTRUCTUREにより推定



日本人の遺伝的地域差



日本人の遺伝的クラスター
• 遺伝情報のみに基づき、日本人は9個のクラス

ターに分離できた

• クラスターは地域（地理的分布）と対応している
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Ehime (n=158)

Shimane 1 (n=77)

Shimane 2 (n=82)

Ryukyu 1 (n=116)

Ryukyu 3 (n=13)

Ryukyu 4 (n=13)

Ryukyu 2 (n=42)

H
ondo

R
yukyu

Genetic clusters

300 km

Figure 1



島根の詳細なクラスター

• Subclusterに分離し
た島根のサンプルを
428名に増やして再
解析すると、より詳細
な5クラスターに分け
られる

• 各クラスターが島根
県内の地域に対応す
る

Shimane A B C DE
Shimane 1

Shimane 2

0 100%

55% 32%

67% 18% 15%

Izumo old
province

Iwami old
province

Figure 2

A

B



従来法との比較

• 先行研究[Yamaguchi-
Kabata et al. (2008) AJHG 

83:445]で用いられてい
たEIGENSOFTでは、沖
縄と本土のみがクラス
ター分けされる

• 本土内の各地域は、分
布がずれるものの、分
離しない

+ Okinawa 1 + Okinawa 2
+ Okinawa 3 + Okinawa 4

+ Shimane 1
+ Shimane 2

+ Ehime

+ Midland + Fukuoka

Figure 3
EIGENSOFT analysis of the Japanese populations. Individuals are plotted by the first two principal
components. The fineSTRUCTURE clusters with 10 or more individuals are highlighted by colors. In the
EIGENSOFT analysis, the Okinawa clusters as a whole are separated from the others (Hondo clusters),
whereas the Okinawa clusters (Okinawa 1-4) tend to overlap at finer levels.



遺伝的地域差と疾患ゲノム解析

• 各人の遺伝的距離（つまり2人の近さ）
はIdentity	by	state	(IBS)一致度で測定
できる

– [IBS=2のSNPs数 +	0.5	*	IBS=1の
SNPs数]	/	全SNPs数

– 沖縄クラスターは本土クラスター
から、僅かだが明確に遠い

• クラスター集団間の距離はgenomic	
controlのλで測定できる

– ゲノムワイド関連解析(GWAS)での
有意性の膨張の目安に使われる

– 本土クラスターの違いでもGWASで
問題になりうるレベル（λ>1.1）

à GWASの被験者選出では地域
差に注意する必要あり

SNP IBS����
	������

Midland Fukuoka Ehime
Shimane
1–2

Okinawa
1–4

Midland
0.7372

(0.0016)
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(0.0016)
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(0.0016)
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0.7370

(0.0016)
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(0.0016)
0.7355

(0.0016)
Shimane
1–2

0.7374
(0.0017)

0.7360
(0.0016)

Okinawa
1–4

0.7390
(0.0016)

Genomic control��

Fukuoka Ehime Shimane
1–2

Okinawa
1–4

Midland 1.05 1.12 1.13 4.22
Fukuoka 1.10 1.10 2.81
Ehime 1.15 3.03
Shimane
1–2 2.78



アジア人の中での遺伝的由来



方法（祖先型プロファイル）

• 日本人の祖先型プロファイル
– 日本人と（日本人以外の）アジア人のcoancestry	
matrixを計算し、各クラスターについて祖先型プロ
ファイルを計算

– 祖先型プロファイルについて、各日本人クラスターの
ものを、アジア人クラスターの混合で近似する

– 「祖先型」といっても、実際には現代人の混合比

• Admixture（混血）の年代推定
– 集団AとBが混血して集団Cを形成。SNP	x,	yの頻度が
A,Bと異なっていた

– 集団Cにおいて、SNP	x,	y間に連鎖不平衡が混血時に
生じるが、世代を経て弱まる

– 連鎖不平衡から混血を検定し、年代を推定
[Loh et	al.	(2013)	Genetics	193:1233]
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アジア人の中での遺伝的由来

• 日本人の祖先型プロファイルは、

– 韓国 48–57%
– 漢民族（北方） 26–31%
– 漢民族（南方） 0–9%

韓国の寄与小、
東南アジア・南ア

ジアの寄与大

韓国の寄与大、
漢民族（南方）の

寄与小



日本人における混血
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日本人における混血
Figure 7
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結果概要

• 全ゲノムSNPs情報のみから、日本人をクラス
ターに分離できる

• そのクラスターは国内の地域と対応する

• 疾患関連解析ではクラスターの影響の有無
を適宜確認する必要がある

– imputationには殆ど問題ないはず

• 日本国内のクラスターごとに、由来するアジ
ア大陸の地域が若干異なる

è

è



多数のSNPsから、遺伝的クラスターが
推定できた

• 「SNPs」を「食事」で置き換えると...
昼食 夕食

月曜

スパゲッティ コーンスープ

火曜

水曜

木曜



多数のSNPsから、遺伝的クラスターが
推定できた

• 「SNPs」を「食事」で置き換えると...
昼食 夕食

月曜

スパゲッティ コーンスープ

火曜

サンマ塩焼き 味噌汁

水曜

ハンバーガー ミネストローネ

木曜

サンマ塩焼き 味噌汁



多数のSNPsから、遺伝的クラスターが
推定できた

• 「SNPs」を「食事」で置き換えると...
昼食 夕食

月曜

スパゲッティ コーンスープ 牛タン焼き テールスープ

火曜

サンマ塩焼き 味噌汁 麻婆豆腐 卵スープ

水曜

ハンバーガー ミネストローネ 牛タン焼き テールスープ

木曜

サンマ塩焼き 味噌汁 鮭塩焼き 味噌汁
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食事の例でのimputation

• 既知 未知 既知 未知
昼食 夕食
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ハンバーガー ミネストローネ 牛タン焼き テールスープ

木曜
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