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Myocardial infarction (MI) is a leading cause of death 
worldwide.1 Given that a family history is an indepen-

dent risk factor for coronary artery disease (CAD),2 genetic 
variants are thought to contribute directly to the development 
of this condition. The identification of susceptibility genes 
may thus help to identify individuals at high risk for develop-
ing CAD or MI and to offer an opportunity for disease preven-
tion. We previously identified candidate susceptibility genes 
for MI in a case–control association study with single-nucleo-
tide polymorphisms (SNPs).3 More recent genome-wide asso-
ciation studies (GWASs) have resulted in the identification of 
several novel loci associated with CAD or MI.4–8 Moreover, 

meta-analyses of large GWASs performed with Europeans or 
both Europeans and South Asians have identified additional 
loci associated with CAD.9–11 Such previous observations have 
suggested the existence of risk alleles with population-specific 
effects on susceptibility to CAD.8

Editorial see p 531 
Clinical Perspective on p 578

Two major approaches to the identification of susceptibility 
genes for CAD or MI have been adopted: genome-wide pop-
ulation-based case–control studies and genome-wide linkage 
studies (GWLSs), with the latter representing a comprehensive 
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approach that is unbiased with respect to gene function.12,13 In 
the present study, a GWLS performed with 221 Japanese fami-
lies with CAD yielded a statistically significant logarithm of 
the odds (LOD) score of 3.44 for chromosome 2p13 and MI. 
Subsequent association analysis implicated Alström syndrome 
1 gene (ALMS1) as a candidate gene within the linkage region. 
Validation association analysis revealed that representative 
SNPs of the ALMS1 promoter region were significantly associ-
ated with early-onset MI in both Japanese and Korean popula-
tions. Moreover, direct sequencing of the ALMS1 coding region 
identified a glutamic acid repeat polymorphism in exon 1, which 
was subsequently found to be associated with early-onset MI.

Methods

Study Subjects
The characteristics of the subjects analyzed at each stage of the study 
are described in Table 1. The 455 individuals from 221 families with 
CAD analyzed in the first step (Figure 1) were recruited through par-
ticipating hospitals in Japan. Each family has ≥2 affected siblings 
with CAD. The population recruited for association analysis com-
prised 2186 unrelated subjects with MI, including 351 with early-
onset MI and 135 with early-onset angina pectoris (AP), as well as 
6026 unrelated population controls in Japan (Table 1). Early-onset 
MI or AP was defined as the occurrence of MI or AP at ≤50 or ≤55 
years in men or women, respectively. The control subjects were re-
cruited from consecutive individuals who visited outpatient clinics of 
the participating hospitals for an annual health checkup or who were  
community-dwelling individuals recruited to a prospective cohort 
study. In addition, 346 individuals with early-onset MI, 614 with 
 early-onset AP, and 1819 unrelated population controls were re-
cruited through participating hospitals in Korea (Table 1). The study 
protocol was approved by the committees on the ethics of human 
research of Aichi-Gakuin University, Nagoya University School of 
Medicine, Kyushu University School of Medicine, and participating 
hospitals in Japan and Korea. Written informed consent was obtained 
from each participant. Further details are provided in Methods in the 
online-only Data Supplement.

Genotyping
Genome-wide SNP genotyping was performed with the Illumina 
Human 660 W-quad chip (Illumina, San Diego, CA). We genotyped 
455 samples from 221 CAD families using the BeadStudio genotype 
module (Illumina). Samples with a genotype call rate of <0.99 (n=2) 
were removed from the analysis. SNPs with either a call rate of <0.98 or 
a minor allele frequency of <0.05 were eliminated. Pairwise proportion 
of identity-by-descent estimation revealed that 1 and 4 pairs showed an 
identity-by-descent proportion (PI_HAT) of 1.0 and <0.3, respectively 
(Figure I in the online-only Data Supplement). We removed these 5 
pairs (n=10) because DNA duplication or half-sibs were suspected. 
Finally, 443 samples (228 informative affected sib-pairs) were selected 
for linkage analysis (Table I in the online-only Data Supplement) with 
SNP markers (Table II in the online-only Data Supplement). To se-
lect SNPs for loading to the easyLINKAGE program, we randomly 
extracted 20% of quality-checked SNPs mentioned above with the 
use of the PLINK v1.07 program.14 For linkage analysis on chromo-
some 2, we genotyped 37 microsatellite markers (D2S319, D2S304, 
D2S2211, D2S359, D2S162, D2S423, D2S168, D2S2267, D2S305, 
D2S165, D2S367, D2S2259, D2S391, D2S2153, D2S337, D2S2320, 
D2S2368, D2S2110, D2S286, D2S438, D2S2333, D2S2216, D2S160, 
D2S347, D2S112, D2S151, D2S142, D2S2330, D2S335, D2S364, 
D2S117, D2S325, D2S164, D2S126, D2S206, D2S338, and D2S125). 
The markers were amplified by the polymerase chain reaction (PCR) 
with fluorescently labeled primers; the PCR products were subjected to 
electrophoresis in an ABI3100 sequencer (Life Technologies, Carlsbad, 
CA), and analysis and assignment of marker alleles were performed 
with Genotyper software (Life Technologies).

For association analysis with the 10.5-Mb region on chromosome 
2 corresponding to a LOD score of >2.6 for the MI subgroup, SNP 
genotyping was performed with the Illumina Golden Gate Assay for 
112 cases (probands of MI sib-pairs) and 495 controls (second step 
in Figure 1). Samples with a genotype call rate of <0.95 (n=1) were 
removed from the analysis. SNPs with a call rate of <0.95, minor 
allele frequency of <0.05, or Hardy–Weinberg P<0.0001 were elimi-
nated. The association analysis was thus performed with the remain-
ing 111 probands of MI sib-pairs and 480 hospital-based controls 
and with 1248 SNPs located on 2p14-p12. To validate the association 
between SNPs in the promoter region of ALMS1, rs10191517 and 
rs6748040, and MI (third step in Figure 1), we performed SNP geno-
typing by the TaqMan method (Life Technologies) in 2186 patients 
with MI, including those with early-onset MI (n=351) or early-onset 
AP (n=135), and 6026 controls in Japan (Table 1). The validation of 

Table 1. Characteristics of Case and Control Subjects in the Present Study

Characteristic

First Step Second Step Third and Fifth Steps (Japanese) Third Step (Korean)

All Pairs MI Pairs Control MI Control MI
Early-Onset 

MI
Early-Onset 

AP Control
Early-Onset 

MI
Early-Onset 

AP

No. of individuals 455 226 495 112 6,026 2,186 351 135 1819 346 614

No. of pedigrees 221 112

Sex (% male) 78.2 83.2 67.9 82.1 58.5 82.4 83.8 64.4 79.6 88.2 73.9

Age at recruitment, y 65.2±8.8 65.6±9.0 67.6±5.8 65.2±8.7 61.9±7.0 63.4±10.3 48.9±8.0 49.2±6.9 54.2±8.5 44.5±5.5 46.5±4.9

Age at first event, y 63.1±9.1 62.8±9.5 62.5±8.6 61.1±10.5 44.5±5.2 45.5±5.6 NA NA

Body mass index, 
kg/m2

24.0±2.9 24.0±3.0 23.3±2.8 23.8±2.9 23.0±3.0 23.7±3.0 24.5±3.2 24.2±3.2 24.1±2.7 25.2±3.3 25.6±2.9

Former or current 
smoker, %

63.0 69.3 45.5 64.8 44.7 69.8 73.8 54.1 56.6 77.1 57.1

MI, % 69.7 100 100 100 100 0 100 0

AP, % 35.2 2.8 3.4 18.1 12.3 100 0 100

Hypertension, % 56.6 51.7 68.5 53.4 48.9 50.4 43.9 53.3 29.2 53.5 38.0

Diabetes mellitus, % 34.7 37.5 20.4 34.1 16.0 36.5 29.9 36.3 NA NA NA

Hyperlipidemia, % 58.3 55.7 36.8 56.8 50.8 51.1 62.4 52.6 31.9 62.2 47.6

Data for continuous variables are mean±SD. AP indicates angina pectoris; MI, myocardial infarction; and NA, not available.
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the association between rs6748040 and MI was also performed with 
individuals with early-onset MI (n=346) or early-onset AP (n=614), 
as well as 1819 controls in Korea (Table 1).

Association Analysis of a Repeat Polymorphism 
With Early-Onset MI
To search for sequence variants of ALMS1 (fourth step in Figure 1),  
we subjected PCR products derived from the coding region of the gene 

to direct sequencing with an ABI3730 sequencer (Life Technologies; 
Table III in the online-only Data Supplement). The samples were 
obtained from 24 probands of MI affected sib-pairs included in the 
initial linkage and association analysis. To validate the association 
between the detected glutamic acid repeat polymorphism of ALMS1 
and early-onset MI (fifth step in Figure 1), we performed DNA frag-
ment analysis with the ABI3730 sequencer for 351 early-onset MI 
patients and 6026 controls (Table 1).

Figure 1. Study design. 
Genome-wide linkage analy-
sis with single-nucleotide 
polymorphism (SNP) mark-
ers and further genotyping 
with microsatellite markers 
were performed in the first 
step. Association analysis for 
chromosome 2p14-p12 and 
validation association analysis 
for representative SNPs were 
performed in the second and 
third steps. ALMS1, which 
showed the strongest associa-
tion with myocardial infarction 
(MI), was sequenced in the 
fourth step, and the association 
between a glutamic acid repeat 
polymorphism of ALMS1 and 
early-onset MI was analyzed 
in the fifth step. AP indicates 
angina pectoris; CAD, coronary 
artery disease; IBD, identity-by-
descent; MAF, minor allele fre-
quency; and PCR, polymerase 
chain reaction.
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Analysis of ALMS1 Expression in Epstein-Barr 
Virus–Transformed Lymphoblastoid Cell Lines
Epstein-Barr virus–transformed B-cell lines derived from 92 healthy 
Japanese subjects were obtained from the Cell Bank at RIKEN 
BioResource Center (Tsukuba, Japan)15 and genotyped by DNA frag-
ment analysis. Total RNA was extracted from the cells with the use of 
an RNeasy Mini Kit (Qiagen, Hilden, Germany) and subjected to re-
verse transcription with the use of a first-strand cDNA Synthesis Kit 
(GE Healthcare, Amersham, UK). The resulting cDNA was then sub-
jected to real-time PCR analysis for evaluation of ALMS1 expression 
with the use of a TaqMan Gene Expression Assay (Life Technologies) 
and the On ECO Real-time PCR System (Illumina), with GAPDH 
cDNA serving as an endogenous control. The amount of ALMS1 
mRNA was calculated by the comparative cycle threshold method,16 
and all data were normalized by the amount of GAPDH mRNA.

Statistical Analysis
Multipoint nonparametric LOD scores were calculated with the use 
of Merlin v1.0.1 (with easyLINKAGE-Plus v5.08).17,18 A total of 
1723 SNPs whose pairwise r2 values were <0.1 were automatically 
selected by easyLINKAGE for linkage analysis to the whole genome 
(2.0-cM spacing). Nonparametric linkage analysis with 37 microsat-
ellite markers spanning chromosome 2p16-q13 was also performed 
with Merlin v1.0.1 (with easyLINKAGE-Plus v5.08). The genetic 
position of markers was based on the Marshfield linkage map,19 
and the sex-averaged position was applied. Association analysis for  
allelic and genotypic tests was performed with PLINK. The results 
from Japanese and Korean subjects were then combined into a fixed-
effects meta-analysis with inverse variance weighting with the use 
of the METAL package (www.sph.umich.edu/csg/abecasis/metal). 
Heterogeneity between Japanese and Korean populations was tested 
with the χ2-based Cochran Q statistic. Pairwise linkage disequilib-
rium (LD) between the glutamic acid repeat polymorphism and SNPs 
was calculated with Haploview20 in control samples. The base posi-
tion of SNPs was based on the database of NCBI36/hg18. Relations 
between nongenetic factors and genotype information for early-onset 
MI cases were examined by the χ2 test for sex and classical risk fac-
tors and by 1-way ANOVA for age at recruitment, age at first event, 
and body mass index. To assess the independent association of early-
onset MI with the glutamic acid repeat polymorphism in exon 1 of 
ALMS1, we specified 3 models: in model 1, we performed logistic 
regression analysis for the additive test with adjustment for sex; in 
model 2, we adjusted for sex and the absence or presence of diabetes 
mellitus; and in model 3, we adjusted for body mass index, smoking, 
hypertension, and hyperlipidemia, as well as for the variables in mod-
el 2. Differences in gene expression between 2 groups were evaluated 
by the U test. A P<0.05 was considered statistically significant.

Results
Mapping of MI Susceptibility Loci by  
Linkage Analysis
Although each conventional risk factor, including diabe-
tes mellitus, hypertension, and hypercholesterolemia, is in 
part under genetic control, a family history of CAD is an 

independent predictor of this condition, suggesting the exis-
tence of additional susceptibility genes.21 We designed a 5-step 
protocol, consisting of a GWLS followed by association anal-
ysis, to identify novel genetic variants that confer susceptibil-
ity to CAD and MI (Figure 1). In the first step, we performed 
a 2-cM genome scan with SNP markers for Japanese sib-pairs 
with CAD (n=228 informative sib-pairs) and for the subgroup 
of sib-pairs with MI (n=114 informative sib-pairs) to identify 
chromosomal regions linked to CAD or MI. We detected sig-
nals showing a multiple nonparametric LOD score of >1.0 for 
both phenotypes on chromosomes 2 and 12 (Figure 2). The 
LOD score for the MI subgroup at the peak marker rs1406105 
on chromosome 2 was higher than that for the CAD pairs 
(3.44 versus 1.66; Figure 2 and Table IV in the online-only 
Data Supplement), whereas the peak scores on chromosome 
12 were similar for the 2 phenotypes (1.79 versus 1.35, respec-
tively). Further linkage analysis with microsatellite markers 
spanning chromosome 2p16-q13 revealed a strong linkage 
signal (multipoint LOD score=2.21) for the MI subgroup and 
the marker D2S2110 at chromosome 2p13 (Figure 3A; Table V  
in the online-only Data Supplement).

Association Analysis With SNPs at  
Chromosome 2p14-p12
To identify the gene responsible for the observed linkage with 
MI, we further examined the 10.5-Mb region on chromosome 
2 corresponding to a LOD score of >2.6 for the MI subgroup 
in the SNP scan by performing association analysis with SNPs 
(second step in Figure 1). Initial screening was performed for 
112 probands of MI sib-pairs and 495 hospital-based con-
trols with 1272 SNPs located at 2p14-p12. A group of SNPs 
spanning a 0.6-Mb region at 2p13.1 showed association with 
MI (P value for the additive model of between 1×10–3 and 
1×10–4; Figure 3B). The strongest association was observed 
with rs10191517 (P value for the additive model=1.8×10–4, 
odds ratio [OR]=1.81), and the SNPs highly correlated with 
this polymorphism also showed an association signal (Fig-
ure 3C and Table VI in the online-only Data Supplement). 
Consistent with the r2 values for rs10191517, the association 
signals for the other SNPs were almost nil after conditioning 
with this landmark SNP (Figure 3C). Among the 11 known 
genes in this region, the SNPs within the LD block located in 
the promoter region of ALMS1 showed the strongest associa-
tion, implicating ALMS1, the gene responsible for all cases of 
Alström syndrome,22,23 as a strong candidate gene within the 
linkage region (Figure 3C). A quantile–quantile plot revealed 
that the distribution of P values for the association of all 1248 
examined SNPs diverged markedly from the null expectation, 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 1516 17 18
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Figure 2. Linkage scan for sib-pairs affected by coro-
nary artery disease (CAD) or myocardial infarction (MI). 
Blue dots represent the distribution of multipoint loga-
rithm of the odds (LOD) scores from the Merlin pro-
gram for all pairs affected by CAD (228 pairs), and the 
red dots represent that for the MI subgroup (114 pairs). 
The marker interval is 2.0 cM.
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whereas the quantile–quantile plot obtained after exclusion of 
the 52 SNPs within the ALMS1-C2orf78 region followed the 
45º line (Figure II in the online-only Data Supplement). These 
results suggested that the ≈0.5-Mb ALMS1-C2orf78 region 
might contain the candidate susceptibility gene for MI. Cases 
(n=111) and controls (n=480) examined in the second step of 
the present study clustered together with samples from the 
CHB and JPT HapMap populations in a principal component 
analysis plot (Figure III in the online-only Data Supplement), 
further indicative of nonstratification of the study population.

Association Analysis in the Validation Data Set
To validate the association between the SNPs in the ALMS1 
promoter region and MI, we prepared another sample set 
consisting of 2186 Japanese patients with MI and 6026 con-
trols (third step in Figure 1). We found that 2 representative 
SNPs, rs10191517 (P value for additive model=4.23×10–5;  
OR=1.40 [95% confidence interval=1.19–1.65]) and 
rs6748040 (P value for additive model=7.18×10–6; OR=1.45 
[1.23–1.70]), showed a significant association with early-
onset MI, whereas they were not associated with MI in the 
entire sample group (Table 2). This association was specific 
for early-onset MI because no positive relation was observed 
between the SNPs and early-onset AP (Table 2). These 

results suggested that genetic factors influence MI occur-
rence, particularly in individuals with a family history or 
with early-onset disease. We therefore further assessed the 
association with the use of a Korean sample set containing 
early-onset MI (n=346) and early-onset AP (n=614) cases, 
as well as 1819 controls. Consistent with the findings with 
the Japanese samples, rs6748040, which is in strong LD 
with rs10191517 (r2=0.91), showed a significant association 
with early-onset MI (P value for additive model=2.98×10–4;  
OR=1.38 [1.16–1.64]) but not with early-onset AP (P value 
for additive model=0.20; Table 2). Combined analysis with 
the Japanese and Korean samples revealed an even more sig-
nificant association (P value for additive model=8.98×10–9; 
OR=1.41 [1.26–1.59]; Table 2). Together, our results sug-
gested that SNPs in the promoter region of ALMS1 are asso-
ciated with susceptibility to early-onset MI in East Asian 
populations. All P values based on the Q statistic were >0.05, 
indicative of the absence of heterogeneity for rs6748040 
between the Japanese and Korean populations.

Association Analysis for a Glutamic Acid Repeat 
Polymorphism of ALMS1 and MI
ALMS1 comprises 23 exons and encodes a protein of 4169 
amino acids.24 To search for sequence variants in the coding 
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Figure 3. Mapping of susceptibility to myocardial 
infarction (MI) on chromosome 2p13 and in the 
ALMS1-C2orf78 region in particular. A, Linkage 
analysis results for chromosome 2 and MI pairs  
with single-nucleotide polymorphisms (SNPs;  
black line) or microsatellite markers (blue line).  
B, Regional association analysis for the probands 
of MI pairs. The –log10 (P values) for the additive 
test are shown for SNPs distributed in a 10.5-Mb 
genomic region including a peak of linkage analysis. 
C, Linkage disequilibrium structure of the associ-
ated genomic region (from 73.34–74.05 Mb) and 
gene locations. The landmark SNP (rs10191517) 
is depicted as a blue diamond. SNPs showing r2 
values with rs10191517 of >0.8, 0.8–0.5, 0.5–0.2, 
and <0.2 are shown in red, green, yellow, and gray, 
respectively. The association signals conditioned 
with rs10191517 are depicted as small black dots. 
The r2 values were calculated in control samples. 
The genetic recombination rate (cM/Mb; estimated 
from the HapMap CHB+JPT samples) is shown as 
a light blue line, and the genes within the region are 
annotated and shown as blue arrows. Genetic infor-
mation is from the Human Genome build hg18.
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region of ALMS1, we sequenced all exons of the gene in 
24 probands of MI sib-pairs that were studied in the initial 
linkage and association analysis (fourth step in Figure 1). 
We identified 3 nonsynonymous SNPs (rs2037814 in exon 
8, rs3820700 in exon 10, and rs1052161 in exon 19) and 
1 repeat polymorphism (glutamic acid repeat polymorphism 
in exon 1; Figure 4). Given that there is a complete correla-
tion among the 3 nonsynonymous SNPs and that rs3820700 
showed a weaker association with MI than did rs10191517 
(Table VI in the online-only Data Supplement), we focused 
on the repeat polymorphism for further analysis. In the fifth 
step of the study (Figure 1), among 14 alleles (9–22 repeats, 
designated A9–A22) observed in Japanese individuals with 
early-onset MI (n=351) and controls (n=6026), we tested 
the 7 alleles with a frequency of >0.01 for LD with repre-
sentative SNPs (rs10191517 and rs6748040). We found that 
2 frequent alleles, A14 and A17, showed weak to moder-
ate LD with these SNPs (r2=0.78 and 0.29, respectively, for 
rs10191517; r2=0.84 and 0.32, respectively, for rs6748040; 
Table VII in the online-only Data Supplement). This result 
prompted us to examine whether an allele of the glutamic 
acid repeat polymorphism might exhibit a stronger asso-
ciation with early-onset MI. The allele frequency for A14 
was increased in cases compared with controls (P value for 
additive model=9.50×10–6; Table 3). Furthermore, the allele 
frequency for short (A9 to A16) repeats was significantly 
associated with early-onset MI (Table 3), and the associa-
tion signal was stronger than that for the SNP rs6748040 
(P value for additive model=1.17×10–6 and 7.18×10–6 for 
the short repeat and rs6748040, respectively). This result 
suggested that the repeat polymorphism might be primarily 
associated with early-onset MI, and that a short repeat of 
glutamic acid residues might affect the molecular function 
of ALMS1 with respect to the pathogenesis of this disease. 
Moreover, the relative expression level of ALMS1 in Epstein-
Barr virus–transformed B-cell lines with the rs6748040 A/A 
or A/G genotypes, which are a risk factor for early-onset 
MI, was significantly higher than that in those with the G/G 
genotype (Figure 5). This result might reflect a difference in 
the binding of transcription factors between alleles of SNPs 
located in the ALMS1 promoter region including rs6748040 
(Table VIII in the online-only Data Supplement). The obser-
vation that the risk allele of rs6748040 was in strong LD 
with A14 (Table VII in the online-only Data Supplement) 
further suggests that the short-repeat form of ALMS1 might 
be expressed at a higher level than the long-repeat form. We 
examined the possibility of confounding effects of age, sex, 
and classical risk factors for early-onset MI cases but did 
not find any clear relations between genotype for the repeat 
polymorphism and these factors (Table IX in the online-only 
Data Supplement). Furthermore, logistic regression analysis 
for the additive test with adjustment for sex (model 1), for sex 
and the absence or presence of diabetes mellitus (model 2), 
or for body mass index, smoking, hypertension, and hyper-
lipidemia, as well as for the variables in model 2 (model 3), 
revealed that the glutamic acid repeat polymorphism was 
significantly associated with early-onset MI in each model 
(Table X in the online-only Data Supplement), suggesting Ta
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that the repeat polymorphism of ALMS1 is an independent 
risk factor for early-onset MI.

Discussion
We have identified a susceptibility locus for MI on chromo-
some 2p13 with genome-wide significance for linkage. Given 
that several novel loci associated with the risk for CAD or MI 
have been identified by GWASs performed mostly in popula-
tions of European descent, we aimed to identify novel loci 
associated with these conditions in Asians. Whereas some pre-
vious studies succeeded in identifying chromosomal regions 
associated with susceptibility to CAD, they failed to identify 
the responsible gene variants. In the present study, however, 
further association analysis identified ALMS1 as a candidate 
gene within the linkage region on 2p13. Moreover, we found 
that a glutamic acid repeat polymorphism in exon 1 of the 
gene is associated with early-onset MI.

In the present study, the multipoint 2-cM genome scan 
performed with SNP markers yielded the highest LOD score 
(3.44) for the MI subgroup of subjects at the marker rs1406105 
on chromosome 2. Given that a LOD score threshold of 2.2 
has been shown to provide a rigorous standard for suggestive 
linkage in genome-wide scans for complex trait loci,25 our 
results implicated the 2p13 region as a susceptibility locus for 
MI. We adopted SNPs instead of microsatellites as the genetic 
markers for linkage analysis because they are more abundant 
and their genotypes are more amenable to automatic calling.26 
Analysis of 37 microsatellite markers yielded a linkage signal 
for the MI subgroup in the same chromosomal region (2p13) 
at the marker D2S2110 (multipoint LOD score=2.21), sup-
porting the effectiveness of GWLSs with SNP markers for 

the identification of genomic variations associated with com-
plex or multigenic diseases.27,28 In our linkage analysis, the 
peak marker (rs1406105) showed a Z-score of 3.05 with an 
asymptotic P value of 0.0011, corresponding to a Kong and 
Cox LOD score of 3.44. However, the second step of our study 
yielded association signals with P values in the range of 0.01 
to 0.0002 for the SNPs in the peak region identified by linkage 
analysis. Similar levels of significance were thus observed for 
both the linkage analysis and second-step association analysis 
with the probands of MI sib-pairs.

In the present study, we identified a susceptibility locus on 
chromosome 2p13 for MI with a GWLS in the Japanese popu-
lation. Previous GWLSs have identified loci associated with 
MI on chromosome 2q21.1-q22,29 2p12-2q23.3,30 and 2q36-
q37.331 for Europeans or Australians. Although 1 previous 
linkage study identified an MI-linked region in the vicinity 
of 2p11,13 the loci on chromosome 2 and other chromosomes 
showing suggestive linkage to CAD or MI in all previous 
genome scans do not overlap with that identified in the pres-
ent study. Each previous study that identified a susceptibility 
locus for MI or CAD with a GWLS also showed a different 
linkage map.12,13,29,31 It is difficult to cover the whole genome 
with only ≈500 microsatellite markers. Moreover, given the 
relatively small sample sizes, the results of such studies would 
be expected to be affected by a variety of environmental fac-
tors, including racial differences. Such factors might explain 
the differences in linkage maps obtained for Japanese in the 
present study and for other ethnic groups in previous GWLSs. 
However, previous GWASs have implicated loci on chromo-
somes 2q36.3 (rs2942634) and 2q33 (rs6725887) in WDR12 
(WD repeat domain 12) as being significantly associated with 
CAD or MI.4,7 However, the loci showing suggestive linkage 

Figure 4. Glutamic acid repeat polymor-
phism located in exon 1 of ALMS1. The 
DNA sequence from positions 73 466 485 
to 73 466 720 of chromosome 2 (hg18 
database) is shown together with the 
encoded amino acid sequence. The 
exonic sequence is presented in upper-
case, and the locations of primers for 
polymerase chain reaction–based geno-
typing of the glutamic acid repeat poly-
morphism are underlined.

Table 3. Association of Early-Onset MI With the Glutamic Acid Repeat Polymorphism in Exon 1 of ALMS1

Allele

Frequency Allele Test Additive Test

Early-Onset MI Control OR (95% CI) P Value OR (95% CI) P Value

A14 0.340 0.264 1.44 (1.22–1.69) 1.12×10–5 1.46 (1.24–1.73) 9.50×10–6

A15 0.025 0.034 0.72 (0.44–1.17) 0.19 0.70 (0.43–1.15) 0.16

A16 0.098 0.075 1.34 (1.03–1.74) 0.027 1.36 (1.05–1.76) 0.022

A17 0.393 0.487 0.68 (0.58–0.80) 1.70×10–6 0.67 (0.57–0.79) 1.25×10–6

A18 0.077 0.079 0.97 (0.73–1.30) 0.86 0.99 (0.74–1.33) 0.95

A19 0.020 0.017 1.21 (0.70–2.08) 0.50 1.15 (0.67–1.98) 0.62

A20 0.036 0.036 1.00 (0.66–1.50) 0.99 0.99 (0.66–1.49) 0.95

Short* 0.471 0.379 1.46 (1.25–1.71) 1.15×10–6 1.48 (1.26–1.73) 1.17×10–6

Results for alleles with a frequency of <0.01 (A9 to A13, A21, and A22) are not shown. CI indicates confidence interval; MI, myocardial 
infarction; and OR, odds ratio.

*Alleles were classified into short (A9 to A16) or long (A17 to A22) repeat groups, with the results for the short-repeat group being shown.
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to CAD or MI in GWASs also do not overlap with that identi-
fied in the present study. GWLSs and GWASs have different 
characteristics with regard to localization of trait loci.32 The 
differences between the 2 approaches often lead to the identi-
fication of different disease-related genetic variants, possibly 
explaining why ALMS1 has not yet been implicated in early-
onset MI by a well-powered GWAS.

Alström syndrome is a homogenous autosomal recessive 
disorder characterized by childhood obesity, insulin resis-
tance, and type 2 diabetes mellitus, as well as retinal dystro-
phy, sensorineural hearing loss, cardiomyopathy, and kidney 
and liver dysfunction.24 Direct sequencing of ALMS1 has iden-
tified 79 different mutations, clustering in exons 8, 10, and 16, 
in patients with Alström syndrome.33,34 Although ALMS1 poly-
morphisms are common in the general population, no evidence 
was found of an association between common variants of the 
gene and type 2 diabetes mellitus.35,36 A previous GWAS sug-
gested that variants in or near NAT8/ALMS1 are associated with 
differences in glomerular filtration in the general population, 

however.37 The ALMS1 protein is widely expressed in human 
tissues, but its function is unknown.33 The pathophysiol-
ogy of Alström syndrome is thought to be related to defects 
in microtubule organization and intracellular transport.38 
The development of CAD has not been found to be affected 
in individuals with Alström syndrome although a case of  
premature-onset CAD was recently described in the longest 
surviving patient with this syndrome.39 Alström syndrome 
is also associated with renal failure secondary to glomerulo-
fibrosis and with fibrotic lung disease.24 Moreover, MRI has 
revealed fatty infiltration of the myocardium and patchy left 
and right ventricular fibrosis,40 suggesting that multiorgan 
fibrotic infiltration is a common feature of this syndrome. 
Indeed, fibroblasts harboring ALMS1 mutations proliferate 
continuously and synthesize high levels of extracellular matrix, 
which likely contribute to excessive remodeling and destruc-
tion of normal tissue architecture, resulting in fibrosis.41 Given 
that atherosclerosis is associated with the development of intra-
vascular fibrous plaque,42 mutated ALMS1 may directly result 
in multiorgan fibrotic changes, subsequently leading to CAD.

Direct sequencing of PCR products resulted in the identi-
fication of a glutamic acid repeat polymorphism in exon 1 of 
ALMS1. Two frequent alleles, A14 and A17, of this polymor-
phism showed weak to moderate LD with rs6748040, an SNP 
in the promoter region of ALMS1 found to be associated with 
early-onset MI. The allele frequency for A14 was similar to 
the minor allele frequency for rs6748040, suggesting that A14 
and the minor allele of rs6748040 form a haplotype. Similarly, 
A17 and the major allele of rs6748040 might constitute a 
haplotype. Association analysis showed that A14 and A17 
were significantly related to the risk for and protection from 
early-onset MI, respectively. Trinucleotide repeat polymor-
phisms have been associated with several genetic diseases, 
including Huntington disease and myotonic dystrophy,43,44 
although such polymorphisms manifest a high level of vari-
ability among normal individuals. The long form of a glutamic 
acid (GAG trinucleotide) repeat polymorphism in the α2C2-
adrenergic receptor is required for agonist-promoted receptor 
phosphorylation and desensitization.45 A GAG trinucleotide 
repeat polymorphism in the gene for the catalytic subunit of 
γ-glutamylcysteine ligase was found to be associated with 
altered activity and expression (at the translational level) of 
this glutathione biosynthetic enzyme and with altered gluta-
thione levels.46 Furthermore, continuous amino acid repeats 
comprising ≥6 residues are important determinants of the 
3-dimensional structure of proteins.47 In the present study, 
we detected a small but significant difference in the expres-
sion of ALMS1 in Epstein-Barr virus–transformed B-cell lines 
between genotypes for rs6748040, suggesting that the short-
repeat form of ALMS1 might be expressed at a higher level 
than the long-repeat form. Further investigation is required, 
however, to determine the precise effect of the glutamic acid 
repeat polymorphism on the molecular function of ALMS1.

In conclusion, a GWLS and SNP fine mapping on chromo-
some 2p13 have identified ALMS1 as a new MI susceptibility 
gene. We found that a glutamic acid repeat polymorphism of 
ALMS1 was significantly associated with early-onset MI, sug-
gesting that this polymorphism may contribute to the develop-
ment of MI, including that in individuals with a family history 

0

0.5

1.0

1.5

2.0

2.5

3.0

AA
AG

(n=49)

GG
(n=39)

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

l

Genotype

P value (U test) = 0.0098

A/A G/G
A/G (n = 39)

(n = 49)

Figure 5. Expression of ALMS1 in Epstein-Barr virus–transformed 
B-cell lines (EB-LCLs) according to genotype for rs6748040 
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expressed relative to the value for the G/G genotype, and are 
presented as a box-and-whisker plot.
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or that with an early-onset. This polymorphism is also a poten-
tial new target for prevention of early-onset MI.
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CLINICAL PERSPECTIVE
Myocardial infarction (MI) is a leading cause of death worldwide. Given that a family history is an independent risk factor 
for coronary artery disease, genetic variants are thought to contribute directly to the development of this condition. The iden-
tification of susceptibility genes for coronary artery disease or MI may thus help to identify high-risk individuals and offer 
the opportunity for disease prevention. Here, we identify a glutamic acid repeat polymorphism of ALMS1 (the gene respon-
sible for Alström syndrome) as a novel genetic risk factor for early-onset MI. A genome-wide–affected sib-pair linkage study 
with 221 Japanese families yielded a statistically significant logarithm of the odds score of 3.44 for chromosome 2p13 and 
MI. Further association analysis implicated ALMS1 as a candidate gene within the linkage region. Validation association 
analysis revealed that representative single-nucleotide polymorphisms of the ALMS1 promoter region were significantly 
associated with early-onset MI in both Japanese and Korean populations. Moreover, direct sequencing of the ALMS1 cod-
ing region identified a glutamic acid repeat polymorphism in exon 1, which was subsequently found to be associated with 
early-onset MI. This polymorphism of ALMS1 may thus provide insight into the pathogenesis of early-onset MI as well as 
contribute to the personalized prevention of this condition.
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SUPPLEMENTAL MATERIAL 

 

Supplemental Methods 

Study subjects  

The characteristics of the subjects analyzed at each stage of the study are described in Table 1. 

The 455 individuals from 221 families with CAD analyzed in the first step (Figure 1) were 

recruited through participating hospitals in Japan. Each family has at least two affected 

siblings with CAD. The diagnosis of CAD was defined as the occurrence of MI or AP 

verified by coronary angiography. The diagnosis of MI was based on typical 

electrocardiographic changes and increased serum activities of enzymes including creatine 

kinase, aspartate aminotransferase, and lactate dehydrogenase; it was confirmed by the 

presence of wall motion abnormality on left ventriculography and attendant stenosis in any of 

the major coronary arteries. Given that the incidence of MI is low in Japan and that MI is a 

fatal disease, it is difficult to collect families with MI, especially early-onset MI, in the 

Japanese population. We therefore recruited families with CAD through participating 

hospitals in Japan for analysis in the first step of the study. In the present study, six families 

and 11 subjects with early-onset MI were included in the first and second steps, respectively. 

The population recruited for association analysis comprised 2,186 unrelated subjects with MI, 

including 351 with early-onset MI and 135 with early-onset AP, as well as 6,026 unrelated 

population controls in Japan (Table 1). Early-onest MI or AP was defined as the occurrence 

of MI or AP at ≤50 or ≤55 years of age in men or women, respectively. The control subjects 

were recruited from consecutive individuals who visited outpatient clinics of the participating 

hospitals for an annual health checkup or who were community-dwelling individuals 

recruited to a prospective cohort study. They had no history of ischemic heart disease or other 

cardiovascular diseases. In addition, 346 individuals with early-onset MI, 614 with 

early-onset AP, and 1,819 unrelated population controls were recruited through participating 
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hospitals in Korea (Table 1). Subjects with a systolic blood pressure of ≥140 mmHg or a 

diastolic blood pressure of ≥90 mmHg, or those who were currently taking antihypertensive 

medication, were categorized as having hypertension. Hyperlipidemia was defined as a serum 

concentration of total cholesterol of ≥220 mg/dl or the taking of lipid-lowering drugs. Type 2 

diabetes was defined as a fasting plasma glucose concentration of ≥126 mg/dl, a hemoglobin 

A1c level of ≥6.5%, or current treatment for diabetes. The study protocol was approved by the 

committees on the ethics of human research of Aichi-Gakuin University, Nagoya University 

School of Medicine, Kyushu University School of Medicine, and participating hospitals in 

Japan and Korea. Written informed consent was obtained from each participant. 

 

Analysis of transcription factor binding motifs at SNP sites of the ALMS1 promoter 

region 

To assess whether SNP sites in the ALMS1 promoter region might contribute to 

transcriptional regulation, we examined the sites associated with early-onset MI for 

transcription factor binding motifs with the use of the TFSEARCH program 

(http://www.cbrc.jp/research/db/TFSEARCH.html). On the basis of the results of the 

association analysis shown in Figure 3 and Table VI, we selected 11 SNPs (rs6546820, 

rs10191517, rs7560272, rs7604588, rs6718864, rs6706179, rs7573719, rs6720094, 

rs6740173, rs6748040, rs6546829) that are in strong LD with each other and are located in 

the promoter region of ALMS1. The plus-strand DNA sequences (33 bases centered on the 

SNP site) corresponding to the major or minor allele were analyzed with the TFSEARCH 

program. The threshold score was set to 85.0 (default score). 
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Supplemental Figure 1. Distribution of the proportion of pairwise identity-by-descent. 

The pairwise proportion of identity-by-descent (IBD) was calculated for 247 sib-pairs by the 

PLINK program with genome-wide SNP genotypes. Pairs showing a proportion of IBD of 

<0.3 or equal to 1 are shown as red dots (left panel) and were excluded from further linkage 

analysis. The distribution is summarized in a histogram (right panel), with each class 

spanning an interval of 0.05. 
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Supplemental Figure 2. Quantile-quantile plot of observed P values for the association 
of MI with SNPs in the candidate region of chromosome 2. The blue dots represent the 
distribution of P values for the association of all 1,248 SNPs in 111 probands of MI sib-pairs 
and 480 controls, and the black dots represent that for the association of the SNPs remaining 
after exclusion of the 52 SNPs within the ALMS1-C2orf78 region (chromosome 2: 
73,402,295–73,902,334). 
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Supplemental Figure 3. Principal component analysis (PCA) plots for subjects in the 
second-step association analysis focusing on chromosome 2p14-p12. a, Genotypes of 
1,248 SNPs for YRI (n = 819), CEU (n = 81), CHB (n = 43), and JPT (n = 42) populations 
were obtained from the HapMap database and were merged with those for cases (n = 111) 
and controls (n = 480) in the present study. We excluded 52 SNPs located in the 
ALMS1-C2orf78 region (chromosome 2: 73,402,295–73,902,334) as well as 681 SNPs whose 
genotypes were not fully obtained for all samples. The remaining 515 SNPs were subjected to 
PCA analysis. b, The region of the plot in a including the subjects of the present study is 
shown enlarged. The plot is suggestive of nonstratification among the samples. 
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Supplemental Table 1. Subjects included in the affected sib-pair (ASP) linkage analysis. 

   

  CAD MI subgroup 

Families with two affected sibs 203 110 

Families with three affected sibs 11 2 

Families with four affected sibs 1 0 

No. of samples 443 226 

No. of families 215 112 

No. of informative ASPs 228 114 
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Supplemental Table 2. Summary of SNPs used for linkage analysis.   

          

 
Mean (SD) 

interval (cM) 
 Call rate Minor allele frequency 

Chromosome 
No. of 
SNPs 

   Mean Minimum Mean (SD) Maximum Minimum

1 137  2.10 (0.16)  0.998 0.988  0.267 (0.132) 0.498  0.050  

2 133  2.09 (0.19)  0.998 0.995  0.259 (0.128) 0.497  0.047  
3 109  2.08 (0.11)  0.998 0.993  0.243 (0.131) 0.498  0.054  
4 101  2.09 (0.12)  0.998 0.993  0.264 (0.134) 0.497  0.049  
5 96  2.08 (0.09)  0.998 0.990  0.277 (0.132) 0.495  0.049  
6 93  2.08 (0.22)  0.998 0.995  0.255 (0.129) 0.491  0.048  
7 88  2.08 (0.12)  0.998 0.988  0.257 (0.117) 0.488  0.056  
8 80  2.10 (0.27)  0.999 0.993  0.259 (0.134) 0.482  0.048  
9 80  2.10 (0.35)  0.999 0.993  0.274 (0.133) 0.494  0.056  
10 85  2.07 (0.16)  0.998 0.993  0.271 (0.126) 0.498  0.055  
11 72  2.07 (0.17)  0.998 0.993  0.282 (0.121) 0.486  0.058  
12 82  2.09 (0.16)  0.998 0.984  0.269 (0.135) 0.492  0.050  
13 53  2.06 (0.11)  0.998 0.992  0.271 (0.125) 0.488  0.059  
14 65  2.10 (0.16)  0.998 0.993  0.294 (0.131) 0.499  0.058  
15 57  2.10 (0.13)  0.998 0.982  0.267 (0.127) 0.497  0.053  
16 62  2.16 (0.45)  0.998 0.990  0.274 (0.127) 0.489  0.056  
17 69  2.22 (0.46)  0.998 0.985  0.289 (0.136) 0.496  0.057  
18 59  2.17 (0.42)  0.998 0.992  0.269 (0.124) 0.496  0.046  
19 49  2.11 (0.14)  0.998 0.993  0.267 (0.126) 0.499  0.058  
20 51  2.11 (0.20)  0.999 0.995  0.288 (0.129) 0.492  0.062  
21 27  2.06 (0.08)  0.999 0.996  0.284 (0.140) 0.497  0.056  
22 31  2.10 (0.13)  0.999 0.995  0.243 (0.122) 0.499  0.049  
X 44  2.07 (0.08)  0.998 0.995  0.239 (0.124) 0.499  0.050  
All 1723  2.10 (0.22)  0.998 0.982  0.267 (0.130) 0.499  0.046  
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Supplemental Table 3. Primers for direct sequencing of the coding region of ALMS1. 

    

Primer Sequence (5′→3′) Target exon 
Expected product 

size (bp) 

ex01-1F CAACGTCGCCTGTAGCAA 

ex01-1R GCAGCCTCCTCCTCTTCC 
1 303 

ex01-2F CTAAGCTGGGCCACAACC 

ex01-2R TCGTCCTCCTCGTCGTCTAT 
1 320 

ex01-3F AACATGGAGCCCGAGGAT 

ex01-3R AGCCTCCACCCCCAACTC 
1 380 

ex02-F TGTGAAAGGGCTTTATAAACTGG 

ex02-R TCAGAATTTCTTGTGCTGCTT 
2 296 

ex03-F GATGAGAATGTCATTAAATAGGAAGC 

ex03-R GTCCCCGCAAAACTTACAAA 
3 375 

ex04-F GCTGCTACTGCTGTTGCTTTT 

ex04-R AAGGTTACATGCAAATAAATCATCC 
4 295 

ex05-1F TCTGAAATTAGGAGAGCTGTGTTTT 

ex05-1R AACGATCACAGTCTTTGGGAAT 
5 393 

ex05-2F TGTATCTCAGCACCCGCTTA 

ex05-2R TGAATCTGAAAAAGAATCAGGGTA 
5 385 

ex06-F AGAGACATTGCTGAAAGCTGA 

ex06-R GGCCACGTTTCTTACAACTATC 
6 250 

ex07-F TTTTTAGCAGATGAGGTTTGAAAT 

ex07-R GGACATTTACTATCTCCTTTTTCTACG 
7 247 

ex08-1F CCTTTGATGGCTGTTTCCTT 

ex08-1R TGGTGTTGCAGTCTTCTGGT 
8 400 

ex08-2F AAACTACTACTGGTCAACACACTGA 

ex08-2R CCCGTCTTCTGCTCCACTG 
8 400 

ex08-3F TGACCAGACAACTGGCATGT 

ex08-3R TTGATGACTGTCTGCGAACTC 
8 382 

ex08-4F GACAGACCTTGCCAGATGGT 

ex08-4R AAGGCCTGTTGGTAGAAAACAA 
8 436 

ex08-5F CCCACAGGACTTAGCAGACA 

ex08-5R TGCTGAGGGTATCCCAGTCT 
8 388 

ex08-6F CAGCAGACCTTACCCAATAGTCA 

ex08-6R TTGGGACAGTCTTCTGGTCA 
8 370 
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ex08-7F AGACTGGGACACCAACAGTG 

ex08-7R CTTTCAGACTCTCTTCAGGTAGATG 
8 396 

ex08-8F TGCAACTGAAAAGGCTCTGA 

ex08-8R AAAATGCTGGGCTTTTCTCT 
8 399 

ex08-9F GCCAGAGAGTCATCTGCCTAA 

ex08-9R GAAGCAGAGGTTGGAGTTGG 
8 381 

ex08-10F TTGGATACCAAGAGTACTTTCTACCTT 

ex08-10R CAGGAACCGCTGAAACATTC 
8 407 

ex08-11F GGCACACCAGCTGTAACCTC 

ex08-11R TATGTGGCAAGACCTGTTGG 
8 223 

ex08-12F GAATGTTTCAGCGGTTCCTG 

ex08-12R TCGGCTTCTCTGTATGTTGTG 
8 233 

ex08-13F TACCAACAGGTCTTGCCACA 

ex08-13R AGTCTTCCGGTCACCTGGTC 
8 228 

ex08-14F CCAACTGAAGAGGCTCTGAAAA 

ex08-14R GAGCTGGAAGGGGAGGTTAC 
8 374 

ex08-15F GTGACCGGAAGACTGGGATA 

ex08-15R CCAGGAGCAGAAGAAACTCTG 
8 421 

ex08-16F CAACTGGCGCACCAACTA 

ex08-16R CAACCTCTTTATTTAGAGGACTGTCT 
8 390 

ex08-17F AGGCTCTGAAAGTTTCCATTG 

ex08-17R GGGCCTGTTGGTAGAAGACA 
8 399 

ex08-18F CCAGCAGACCCTATCAGACA 

ex08-18R GGAAGTAGAGGTTACTGTTGATACCC 
8 391 

ex08-19F TTTCAGCTGTTCCTCAACCA 

ex08-19R GGATGCTATTTGTATCCCAGTCTT 
8 464 

ex08-20F TCCTGCCCTCTAATTCCTACC 

ex08-20R GCTCTGCTGGTATAGAAACAGGT 
8 393 

ex08-21F ACAAGGTGACCGGAAGACTG 

ex08-21R TTGGGCTTTACTGTTTGAGAA 
8 390 

ex08-22F CCAGCAGCTACCCTTAGTTCC 

ex08-22R GGAAGAGCTGTTGGTAATACTGTTT 
8 383 

ex08-23F TTATTTTCACAGAGAGAAATCGAA 

ex08-23R TTGAGCTAACACTGGAGTCAGAA 
8 374 

ex08-24F CTTGGGCAAGCTGATCAAA 

ex08-24R TTTGAAGCAAACCACCTTCTT 
8 399 

ex08-25F TTCGGACACTTTTGATGGAG 8 369 



 10

ex08-25R TGGCTGCTTGATATTGCCTA 

ex08-26F GGAGAGGCATTGAAAATTGG 

ex08-26R GCTACCACCACCATCCTCAC 
8 389 

ex08-27F CCTGCTCGTGGGACAGTAAT 

ex08-27R CGTTTATAAGCCTGAAACTTTCTTC 
8 296 

ex09-F TTGCAGTGGGTATTAAATTGC 

ex09-R TTCCATCACCCATTCTTTCA 
9 295 

ex10-1F TGCTGTGCTCTTTGTCCTGT 

ex10-1R TGAAATGGGAGTTGTTCTGG 
10 400 

ex10-2F AGACACCCTTGTGCTTTCAGA 

ex10-2R CAACAGAGGAATTGGAAATGC 
10 400 

ex10-3F AAAGATGGACCCTTGGCTGT 

ex10-3R TTGAAAAGAACGCTCAAAATCA 
10 400 

ex10-4F AAAACCTCTTCCCCTTCATCA 

ex10-4R GTGGGGCTTTGCTTTGTTC 
10 385 

ex10-5F CCCTTATTAGCATGGGCAGA 

ex10-5R GCTTTGCTTTGGCATTGTT 
10 391 

ex10-6F GAACAGTGCAAAGCCCCATA 

ex10-6R TGGAAGAAGTCTTGGGACAAA 
10 382 

ex10-7F ACTGTGGTCTCCCAGTCAGC 

ex10-7R GAAGGTATGGTTTTCAAGTCCTG 
10 389 

ex10-8F ATCACTGGAACCAACCTCCA 

ex10-8R AGTCCATCCAGCTTGCTTGT 
10 299 

ex11-F CATTGATGTGTCCACAATATATTCCTA 

ex11-R CAATCTAAAATGCAATCACATTCTCT 
11 397 

ex12-F TCATTCTTCTTGAAGGCAGAGA 

ex12-R GCCAATACACAAATAAAATATCAAACA 
12 337 

ex13-F TCCAAAGTGCTGGGATTACA 

ex13-R GATGAAAAGGGGAGAAAAAGC 
13 371 

ex14-F CACAGGTGGAGCCTAAGAGG 

ex14-R CGCAGACAATCCAGTTTAGC 
14 298 

ex15-F TCAATATCAGTAACAAAGCCTTTCA 

ex15-R CATACACAACCCAATCCCATT 
15 300 

ex16-1F TTCTTTCCTTTAGTCTTTGTTCTGT 

ex16-1R TCCCAAATTCACATTGATGC 
16 387 

ex16-2F TGTTTTCATGAGACATTCTTGGA 

ex16-2R TTAGCCAAACGATCAAGTCG 
16 390 



 11

ex16-3F TCCACAAAGGGATCAGAAGG 

ex16-3R AAAACCTGGCTGTTTACTCAGAA 
16 445 

ex16-4F GCGGTTTAAAAGCCTAGAGAAA 

ex16-4R AATTCGTCTGGGTGACAAGC 
16 388 

ex16-5F CTTTCCGGCACCACTTCTAC 

ex16-5R TTTTCACCTGTGTGCAAAGC 
16 369 

ex17-F CCTCCAAATGCATCTCAACA 

ex17-R AAGAGCCATTTCAATGTATTTCA 
17 295 

ex18-F ATCCCACACAAAGGGATTGT 

ex18-R ATCGCAGGGGACTTGAAAT 
18 385 

ex19-F CTGCAGCAAAACCAGACTCA 

ex19-R TTGCCCTTCTTCTCCCTACA 
19 445 

ex20-F TCAGACTTCCCCAAACCTCTT 

ex20-R CAGCAGACCTTGCCTTCTCT 
20 348 

ex21-F GTCTTGCCAGCTCAGGGTAG 

ex21-R TGGTGGCCTGGTTTACACTT 
21 230 

ex22-F GGATGAGCTCCTGGAGAGTG 

ex22-R CTGATCCATCCCACTCTAGACA 
22 250 

ex23-1F GACCACACTGATTCTCCTTGG 

ex23-1R ATTGGACAAGGCCACTATGC 
23 359 

ex23-2F TGAACCTAGAGAAGCAGAATCC 

ex23-2R TCTCCAGATGGGAAAGAATTG 
23 296 
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Supplemental Table 4. Multipoint LOD scores from linkage analysis for CAD (all) and MI sib-pairs with SNP 
markers on chromosome 2p16-q14. 

          

Multipoint LOD 
by  

linear model 
 

Multipoint LOD 
by exponential 

model SNP 
Genetic 
location 

(cM) 
Base position Call rate MAF

All 
pairs 

MI 
pairs 

 
All 

pairs 
MI 

pairs 

rs805341 76.29  54,045,661  1 0.40 1.32 1.23   1.22 1.00 
rs973966 78.32  59,199,119  1 0.22 1.37 1.43   1.23 1.12 
rs842639 80.32  60,948,749  1 0.20 1.62 1.78   1.39 1.36 
rs1545196 82.40  64,135,814  1 0.08 1.75 2.12   1.51 1.67 
rs6706382 84.43  66,668,779  1 0.48 1.73 2.38   1.50 1.97 
rs751759 86.46  68,204,119  1 0.47 1.76 2.52   1.51 2.11 
rs7562668 88.46  71,051,131  1 0.33 1.90 3.10   1.61 2.62 
rs1406105 90.50  73,527,769  1 0.26 1.66 3.44   1.38 2.91 
rs4853033 92.95  74,681,207  1 0.14 1.30 3.33   1.07 2.87 
rs2422388 95.05  75,998,457  1 0.15 1.21 3.08   1.02 2.70 
rs6547142 97.06  77,358,673  1 0.16 1.32 2.90   1.14 2.47 
rs13422559 99.08  78,594,435  1 0.15 1.31 2.86   1.17 2.48 
rs10177878 101.12  79,305,167  1 0.40 1.36 2.70   1.24 2.36 
rs11678886 103.13  80,951,713  1 0.47 1.25 2.52   1.17 2.26 
rs1019837 105.15  83,268,591  1 0.29 1.18 2.43   1.11 2.14 
rs2028898 107.20  85,630,781  1 0.30 1.11 2.37   1.05 2.06 
rs12714206 109.62  88,080,959  1 0.19 0.94 2.11   0.89 1.81 
rs11692699 111.62  99,097,089  1 0.10 0.68 1.86   0.65 1.58 
rs2056400 113.75  101,913,233  1 0.31 0.49 1.65   0.47 1.38 
rs6743006 115.77  104,644,590  1 0.26 0.32 1.36   0.31 1.15 
rs7419384 117.81  106,254,302  1 0.47 0.18 0.90   0.17 0.80 
rs260642 119.82  108,903,216  1 0.16 0.07 0.52   0.07 0.46 
rs11890171 121.82  111,331,237  1 0.09 0.03 0.31   0.03 0.28 
rs1549775 123.85  114,684,697  1 0.08 0.01 0.16   0.01 0.15 

          

MAF, minor allele frequency. 
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Supplemental Table 5. Multipoint LOD scores from linkage analysis for CAD (all) and MI sib-pairs with 
microsatellite markers on chromosome 2p16-q13. 

          

Multipoint LOD by  
linear model 

 
Multipoint LOD by 
exponential model Marker 

Genetic 
location 

(cM) 
Call rate 

No. of 
observed 

alleles 
Heterozygosity

All pairs MI pairs  All pairs MI pairs

D2S2153 76.88 0.998 14 0.768  0.87 0.98  0.79 0.82 

D2S337 80.69 0.968 16 0.823  0.99 1.42  0.87 1.19 

D2S2320 82.29 0.995 17 0.871  0.95 1.37  0.83 1.11 

D2S2368 85.48 0.986 16 0.837  0.66 1.63  0.63 1.42 

D2S2110 90.82 0.998 9 0.743  0.63 2.21  0.57 1.79 

D2S286 94.05 0.968 10 0.762  0.47 1.92  0.42 1.64 

D2S438 99.41 0.995 7 0.696  0.36 0.77  0.35 0.68 

D2S2333 103.16 0.975 10 0.833  0.19 0.56  0.19 0.51 

D2S2216 111.21 0.986 9 0.709  0.33 0.84  0.35 0.83 

D2S160 122.96 0.957 9 0.699  0.13 0.39  0.14 0.41 
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Supplemental Table 6. Results of the second-step association analysis between 52 SNPs located in the ALMS1-C2orf78 region and probands of MI sib-pairs. 
            

MAF Allele test Additive model Dominant model Recessive model 
SNP Position 

Case Control OR (95% CI) P OR (95% CI) P P (conditioned)*

r2 

value† OR (95% CI) P OR (95% CI) P 

rs6706562 73,402,295 0.30 0.19  1.79 (1.29-2.49) 0.00040 1.77 (1.28-2.46) 0.00060 0.70  0.75 1.82 (1.20-2.76) 0.0047 3.11 (1.45-6.66) 0.0035  

rs6546820 73,406,905 0.37 0.24  1.81 (1.33-2.47) 0.00014 1.81 (1.32-2.48) 0.00020 0.75  0.93 2.14 (1.40-3.26) 0.00041 2.15 (1.10-4.21) 0.025  

rs10191517 73,411,911 0.36 0.23  1.84 (1.34-2.51) 0.00011 1.81 (1.32-2.48) 0.00018   2.12 (1.39-3.23) 0.00044 2.24 (1.14-4.40) 0.019  

rs7560272 73,414,993 0.36 0.24  1.77 (1.30-2.43) 0.00027 1.76 (1.29-2.42) 0.00038  0.99 2.08 (1.36-3.16) 0.00063 2.05 (1.03-4.10) 0.040  

rs7604588 73,424,925 0.37 0.24  1.83 (1.34-2.50) 0.00010 1.78 (1.31-2.41) 0.00021 0.77  0.95 2.16 (1.42-3.30) 0.00032 2.05 (1.07-3.91) 0.030  

rs6718864 73,428,099 0.38 0.26  1.80 (1.32-2.45) 0.00014 1.76 (1.30-2.39) 0.00026 0.65  0.88 2.12 (1.38-3.24) 0.00050 2.07 (1.10-3.88) 0.023  

rs6706179 73,432,085 0.37 0.24  1.80 (1.32-2.46) 0.00017 1.75 (1.29-2.38) 0.00032 0.92  0.94 2.10 (1.37-3.20) 0.00058 2.07 (1.08-3.95) 0.027  

rs7573719 73,436,494 0.37 0.24  1.83 (1.34-2.50) 0.00010 1.78 (1.31-2.41) 0.00021 0.77  0.95 2.16 (1.42-3.30) 0.00032 2.05 (1.07-3.91) 0.030  

rs6720094 73,441,584 0.38 0.25  1.79 (1.31-2.43) 0.00018 1.75 (1.29-2.37) 0.00032 0.83  0.89 2.15 (1.41-3.29) 0.00038 1.92 (1.01-3.65) 0.046  

rs6740173 73,455,774 0.36 0.24  1.78 (1.30-2.43) 0.00025 1.72 (1.27-2.34) 0.00047 0.87  0.90 1.99 (1.31-3.02) 0.0013 2.18 (1.14-4.19) 0.019  

rs6748040 73,463,436 0.36 0.23  1.80 (1.32-2.46) 0.00019 1.74 (1.28-2.36) 0.00038 0.98  0.91 2.02 (1.33-3.07) 0.00095 2.18 (1.14-4.19) 0.019  

rs6546829 73,467,297 0.35 0.24  1.74 (1.27-2.39) 0.00042 1.70 (1.25-2.31) 0.00073 0.64  0.90 1.99 (1.31-3.02) 0.0013 2.02 (1.03-3.93) 0.038  

rs1881246 73,503,630 0.36 0.25  1.70 (1.25-2.32) 0.00068 1.65 (1.22-2.23) 0.0012 0.91  0.77 1.96 (1.29-2.99) 0.0016 1.87 (0.98-3.54) 0.055  

rs12996463 73,509,004 0.35 0.24  1.72 (1.26-2.35) 0.00060 1.66 (1.22-2.26) 0.0011 0.95  0.78 1.99 (1.31-3.04) 0.0012 1.85 (0.96-3.58) 0.066  

rs2178154 73,515,246 0.36 0.24  1.73 (1.27-2.37) 0.00047 1.67 (1.23-2.26) 0.00090 0.97  0.79 1.96 (1.29-2.98) 0.0015 1.98 (1.04-3.77) 0.037  

rs1528169 73,522,694 0.34 0.24  1.66 (1.21-2.27) 0.0014 1.60 (1.18-2.18) 0.0024 0.94  0.65 1.93 (1.27-2.93) 0.0019 1.68 (0.86-3.30) 0.13  

rs1406105 73,527,769 0.35 0.24  1.75 (1.28-2.40) 0.00037 1.68 (1.24-2.28) 0.00076 0.86  0.75 1.96 (1.29-2.98) 0.0015 2.05 (1.07-3.91) 0.030  

rs6749680 73,539,360 0.36 0.25  1.67 (1.22-2.28) 0.0011 1.62 (1.19-2.20) 0.0018 0.86  0.76 1.90 (1.24-2.89) 0.0028 1.87 (0.99-3.56) 0.054  

rs1246105 73,547,668 0.35 0.23  1.79 (1.30-2.45) 0.00024 1.71 (1.26-2.32) 0.00052 0.73  0.77 2.00 (1.31-3.04) 0.0011 2.11 (1.10-4.05) 0.024  

rs780395 73,554,361 0.36 0.25  1.68 (1.23-2.29) 0.00087 1.63 (1.21-2.22) 0.0014 0.83  0.76 1.93 (1.27-2.94) 0.0021 1.87 (0.98-3.54) 0.055  

rs1246096 73,558,596 0.35 0.23  1.76 (1.29-2.42) 0.00034 1.69 (1.24-2.30) 0.00070 0.78  0.76 1.95 (1.28-2.97) 0.0017 2.13 (1.11-4.09) 0.022  
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rs3820700 73,570,318 0.35 0.23  1.79 (1.31-2.45) 0.00023 1.71 (1.26-2.32) 0.00050 0.68  0.76 2.01 (1.32-3.05) 0.0010 2.11 (1.10-4.04) 0.024  

rs7598660 73,593,933 0.26 0.37  0.59 (0.43-0.83) 0.0021 0.60 (0.43-0.83) 0.0026 0.10  0.15 0.51 (0.33-0.77) 0.0017 0.57 (0.27-1.19) 0.14  

rs11685372 73,602,969 0.35 0.23  1.79 (1.30-2.45) 0.00024 1.72 (1.26-2.33) 0.00050 0.64  0.73 1.98 (1.31-3.02) 0.0013 2.17 (1.13-4.17) 0.019  

rs6744697 73,618,946 0.36 0.25  1.65 (1.21-2.26) 0.0013 1.62 (1.19-2.20) 0.0020 0.83  0.74 1.92 (1.26-2.93) 0.0022 1.76 (0.91-3.40) 0.088  

rs13008860 73,627,527 0.25 0.37  0.58 (0.41-0.81) 0.0012 0.58 (0.42-0.81) 0.0016 0.060  0.14 0.49 (0.32-0.75) 0.00095 0.56 (0.27-1.16) 0.12  

rs17349804 73,636,668 0.36 0.25  1.69 (1.24-2.31) 0.00080 1.64 (1.21-2.22) 0.0014 0.90  0.67 1.92 (1.26-2.92) 0.0022 1.92 (1.01-3.65) 0.046  

rs7566315 73,645,316 0.36 0.24  1.74 (1.27-2.38) 0.00044 1.68 (1.24-2.28) 0.00081 0.98  0.80 1.95 (1.28-2.97) 0.0017 2.05 (1.07-3.91) 0.030  

rs2948441 73,679,278 0.36 0.23  1.80 (1.32-2.46) 0.00019 1.73 (1.27-2.35) 0.00040 0.58  0.75 2.04 (1.34-3.10) 0.00082 2.11 (1.10-4.05) 0.024  

rs4852937 73,687,592 0.45 0.35  1.50 (1.12-2.02) 0.0063 1.46 (1.09-1.94) 0.0094 0.93  0.41 1.62 (1.05-2.51) 0.029 1.74 (1.04-2.92) 0.033  

rs7570014 73,699,311 0.36 0.23  1.83 (1.34-2.51) 0.00012 1.76 (1.30-2.39) 0.00027 0.44  0.74 2.07 (1.36-3.15) 0.00061 2.18 (1.14-4.19) 0.019  

rs4241256 73,707,017 0.44 0.35  1.45 (1.07-1.96) 0.015 1.44 (1.06-1.94) 0.017 0.84  0.34 1.57 (1.00-2.46) 0.046 1.70 (0.98-2.95) 0.058  

rs4852940 73,710,510 0.44 0.33  1.59 (1.18-2.14) 0.0021 1.54 (1.15-2.05) 0.0033 0.46  0.34 1.89 (1.22-2.93) 0.0044 1.66 (0.97-2.84) 0.064  

rs2421588 73,715,732 0.43 0.31  1.67 (1.24-2.25) 0.00065 1.61 (1.21-2.16) 0.0012 0.28  0.38 2.01 (1.30-3.11) 0.0016 1.76 (1.01-3.06) 0.043  

rs4852951 73,723,304 0.44 0.32  1.63 (1.21-2.20) 0.0011 1.59 (1.19-2.14) 0.0017 0.42  0.43 1.94 (1.25-3.02) 0.0029 1.76 (1.01-3.06) 0.043  

rs4852959 73,734,109 0.39 0.27  1.67 (1.23-2.26) 0.00090 1.61 (1.20-2.17) 0.0016 0.58  0.54 1.77 (1.16-2.70) 0.0073 2.14 (1.19-3.86) 0.011  

rs2421669 73,740,138 0.33 0.22  1.77 (1.28-2.43) 0.00040 1.68 (1.23-2.29) 0.00088 0.65  0.65 1.92 (1.27-2.91) 0.0020 2.16 (1.10-4.23) 0.024  

rs2421581 73,743,245 0.33 0.22  1.79 (1.30-2.47) 0.00027 1.71 (1.25-2.32) 0.00061 0.54  0.66 1.97 (1.30-3.00) 0.0013 2.16 (1.10-4.23) 0.024  

rs4511748 73,755,999 0.37 0.25  1.74 (1.28-2.38) 0.00036 1.67 (1.23-2.25) 0.00076 0.41  0.54 1.92 (1.26-2.93) 0.0021 2.10 (1.13-3.88) 0.018  

rs2421574 73,762,275 0.37 0.27  1.60 (1.18-2.18) 0.0024 1.54 (1.14-2.07) 0.0041 0.54  0.37 1.84 (1.21-2.81) 0.0042 1.66 (0.90-3.07) 0.10  

rs7608328 73,767,527 0.36 0.27  1.54 (1.13-2.09) 0.0059 1.50 (1.11-2.03) 0.0081 0.75  0.38 1.80 (1.18-2.75) 0.0057 1.50 (0.79-2.86) 0.21  

rs2947845 73,783,864 0.43 0.32  1.62 (1.20-2.18) 0.0014 1.56 (1.17-2.09) 0.0024 0.42  0.38 1.99 (1.29-3.09) 0.0019 1.59 (0.91-2.79) 0.098  

rs1815028 73,792,434 0.41 0.30  1.66 (1.23-2.25) 0.00080 1.60 (1.19-2.14) 0.0015 0.38  0.44 2.03 (1.32-3.13) 0.0012 1.66 (0.94-2.94) 0.080  

rs4852978 73,796,618 0.42 0.30  1.66 (1.23-2.24) 0.00080 1.59 (1.19-2.13) 0.0015 0.36  0.42 1.98 (1.29-3.05) 0.0018 1.73 (0.98-3.03) 0.054  

rs2006997 73,801,354 0.42 0.30  1.68 (1.24-2.27) 0.00064 1.61 (1.20-2.16) 0.0012 0.31  0.43 2.02 (1.31-3.12) 0.0015 1.75 (1.00-3.07) 0.050  

rs7210 73,810,632 0.43 0.31  1.68 (1.25-2.27) 0.00057 1.63 (1.21-2.18) 0.0010 0.28  0.42 2.06 (1.33-3.19) 0.0011 1.73 (0.98-3.03) 0.054  

rs11126416 73,827,385 0.45 0.32  1.69 (1.26-2.28) 0.00046 1.66 (1.24-2.24) 0.00069 0.23  0.44 2.10 (1.34-3.28) 0.0011 1.80 (1.03-3.13) 0.036  
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rs2272178 73,831,117 0.43 0.33  1.56 (1.16-2.11) 0.0030 1.55 (1.15-2.09) 0.0036 0.51  0.39 1.83 (1.18-2.84) 0.0066 1.73 (0.98-3.03) 0.054  

rs12624267 73,840,439 0.45 0.33  1.62 (1.20-2.19) 0.0012 1.59 (1.19-2.13) 0.0018 0.41  0.44 2.02 (1.29-3.15) 0.0019 1.66 (0.96-2.87) 0.069  

rs2421559 73,853,162 0.44 0.33  1.62 (1.20-2.18) 0.0014 1.58 (1.18-2.12) 0.0020 0.44  0.43 2.07 (1.33-3.23) 0.0013 1.56 (0.89-2.72) 0.11  

rs2272051 73,860,644 0.44 0.31  1.73 (1.28-2.35) 0.00033 1.66 (1.24-2.23) 0.00068 0.20  0.42 1.99 (1.28-3.10) 0.0022 1.99 (1.15-3.45) 0.013  

rs2462127 73,902,334 0.43 0.31  1.65 (1.22-2.23) 0.00090 1.61 (1.20-2.17) 0.0014 0.36  0.41 2.00 (1.29-3.11) 0.0019 1.75 (1.00-3.07) 0.050  

            
*Association analysis was performed by conditioning with rs10191517. †The r2 values with rs10191517 are shown. 
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Supplemental Table 7. Linkage disequilibrium (LD) between two representative SNPs (rs10191517 
and rs6748040) and the glutamic acid repeat polymorphism in exon 1 of ALMS1. 

 

 Glutamic acid repeat allele 

 
 

A14 
(0.264)* 

A15 
(0.034) 

A16 
(0.075) 

A17 
(0.487) 

A18 
(0.079) 

A19 
(0.017) 

A20 
(0.036) 

With rs10191517         

r2  0.779 0.002 0.028 0.294 0.031 0.006 0.013 

Hf†  0.242 0.013 0.000 0.010 0.000 0.000 0.000 

With rs6748040         

r2  0.839 0.003 0.028 0.325 0.031 0.006 0.013 

Hf†  0.248 0.013 0.001 0.001 0.000 0.000 0.000 

         
*Frequency of each allele is shown in parentheses. †Frequency of the haplotype (Hf) constructed with the 
risk allele of the indicated SNP and each allele of the repeat polymorphism.  
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Supplemental Table 8. Transcription factors predicted to bind to SNP sites in the ALMS1 promoter 
region that are associated with early-onset MI. 
 

SNP Minor allele* Major allele 

rs6546820 None None 

rs10191517 SOX5 SOX5 
rs7560272 SOX5 None 
rs7604588 None None 
rs6718864 None None 
rs6706179 NKX-2, CHOP-C None 
rs7573719 HFH-1, HFH-2, HNF-3b, S8, CdxA HFH-1, HFH-2, HNF-3b, S8, CdxA 
rs6720094 None None 
rs6740173 EVI1 EVI1, CP2 
rs6748040 GATA-1, GATA-2, EVI1 GATA-1, GATA-2 
rs6546829 None None 

 
A 33-nucleotide sequence centered on each SNP was analyzed with the TFSEARCH program 
(http://www.cbrc.jp/research/db/TFSEARCH.html). *The minor allele of each SNP was a risk factor for 
early-onset MI.  
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Supplemental Table 9. Relation between nongenetic factors and the glutamic acid repeat 
polymorphism in exon 1 of ALMS1 for early-onset MI cases. 
 

Long/long Short/long Short/short 
Variable 

(n = 93) (n = 180) (n = 73) 
P 

Sex (% male) 84.9  82.2  84.9  0.793  

Age at recruitment (years) 49.8 ± 8.4 48.7 ± 7.9 48.3 ± 7.8 0.412  

Age at first event (years) 45.4 ± 4.4 44.2 ± 5.4 44.6 ± 5.3 0.204  

Body mass index (kg/m2) 24.7 ± 3.0 24.4 ± 3.1 24.7 ± 3.5 0.656  

Former or current smoker (%) 75.3  76.1  67.1  0.318  

Angina pectoris (%) 10.8  12.8  13.7  0.832  

Hypertension (%) 43.0  45.6  42.5  0.871  

Diabetes mellitus (%) 30.1  32.8  21.9  0.230  

Hyperlipidemia (%) 59.1  63.9  60.3  0.711  

 
Data for continuous variables are means ± SD. Differences in variables among genotypes were evaluated 
by one-way ANOVA or the chi-squared test. Alleles were categorized as short (A9 to A16) or long (A17 
to A22). 
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Supplemental Table 10. Association analysis for early-onset MI and the glutamic acid repeat 
polymorphism in exon 1 of ALMS1 conditional on nongenetic factors. 
 

  OR (95% CI) P 

Model 1 1.48 (1.26–1.73) 1.17 × 10–6 

Model 2 1.48 (1.26–1.73) 1.54 × 10–6 

Model 3 1.50 (1.28–1.76) 7.63 × 10–7 

 
Alleles were classified as short (A9 to A16) or long (A17 to A22), with the results for the 
short-repeat group being shown. Model 1 was adjusted for sex. Model 2 was adjusted for sex and 
diabetes mellitus. Model 3 was adjusted for sex, diabetes mellitus, body mass index, smoking, 
hypertension, and hyperlipidemia. 

 


