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A functional SNP in FLT1 increases risk of coronary
artery disease in a Japanese population

Atsuko Konta1,2, Kouichi Ozaki1, Yasuhiko Sakata3,4, Atsushi Takahashi5, Takashi Morizono6, Shinichiro Suna3,
Yoshihiro Onouchi1, Tatsuhiko Tsunoda6,7, Michiaki Kubo8, Issei Komuro3,9, Yoshinobu Eishi2 and
Toshihiro Tanaka1,10,11

Coronary artery disease (CAD) including myocardial infarction is one of the leading causes of death in many countries.

Similar to other common diseases, its pathogenesis is thought to result from complex interactions among multiple genetic and

environmental factors. Recent large-scale genetic association analysis for CAD identified 15 new loci. We examined the

reproducibility of these previous association findings with 7990 cases and 6582 controls in a Japanese population. We found a

convincing association of rs9319428 in FLT1, encoding fms-related tyrosine kinase 1 (P=5.98×10−8). Fine mapping using

tag single-nucleotide polymorphisms (SNPs) at FLT1 locus revealed that another SNP (rs74412485) showed more profound

genetic effect for CAD (P=2.85×10−12). The SNP, located in intron 1 in FLT1, enhanced the transcriptional level of FLT1.
RNA interference experiment against FLT1 showed that the suppression of FLT1 resulted in decreased expression of

inflammatory adhesion molecules. Expression of FLT1 was observed in endothelial cells of human coronary artery. Our results

indicate that the genetically coded increased expression of FLT1 by a functional SNP implicates activation in an inflammatory

cascade that might eventually lead to CAD.
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INTRODUCTION

Coronary artery disease (CAD) including myocardial infarction, one of
the leading causes of death in many countries, results from complex
interactions among multiple genetic and environmental factors.
Although recent advances in the treatment and diagnosis related to
some coronary risk factors, including type 2 diabetes mellitus,
hypercholesterolemia, hypertension, obesity and inflammation,
have improved quality of life for CAD patients, its mortality is
still high.1 Genetic risk factors might serve as a powerful tool for
improving its mortality because large fraction of heritability (40–50%)
is estimated by means of genetic epidemiological studies of family
history and twin studies.2 To date, multiple genome-wide association
studies (GWAS) have collectively identified many genomic loci
associated with CAD.3,4 It is largely unknown and under investigation
how these loci are implicated in the etiology of CAD; however, these
findings showed the potent power of GWAS, which is free from
hypothesis, to identify unexpected anchors to further understand the
disease pathway and to explore novel therapeutic measures in
the future.

Here, we report the identification of a novel functional single-
nucleotide polymorphism (SNP) in FLT1 associated with the risk of
CAD through fine mapping at this loci that followed replicative study
of previous findings. We also found that the increased expression of
FLT1 contributes to the pathogenesis of CAD by in vitro experiments.

MATERIALS AND METHODS

Study population
Characteristics of the study subjects were summarized in Table 1. For 7990
CAD case samples, myocardial infarctions were obtained from Osaka acute
coronary insufficiency study group. The diagnosis of myocardial infarction has
been described previously.5 Angina pectoris including stable and unstable
angina samples were from the BioBank Japan project (http://biobankjp.org/).
We included 6582 control subjects consisting of healthy volunteers (1870
individuals) recruited from the Osaka-Midosuji Rotary Club, Osaka, Japan and
Health Science Research Resources Bank, Osaka, Japan, and individuals

registered in the BioBank Japan as subjects with other diseases (4712
individuals). From the results of principal component analysis, we found that
there were no obvious deviation of genetic background between ‘disease mix’
and ‘healthy control’ samples (Supplementary Figure 1). All study subjects
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provided written informed consent to participation in this study, or if they were
under 20 years old, their parents gave consent. The protocol was approved by
the Ethical Committee at the Center for Genomic Medicine, the Institute of
Physical and Chemical Research (RIKEN), Yokohama and of each participating
institution.

In silico replication study
Genotypes were obtained using Illumina OmniExpress BeadChip (Illumina,
Inc., San Diego, CA, USA). For quality control of the Illumina genotyping, the
results were compared with those of the Invader assay;6 we examined 376
samples for each SNP and found no inconsistency between the results of the
Invader assay and Illumina genotyping, except for one genotyping data of
rs4252120, indicating its accuracy rate 40.999.

Statistical analysis
The association of the 15 SNPs was assessed by Cochrane–Armitage trend test.
We also calculated the corrected P-values by multiplying the P-values with 15
(the number of the examined SNPs). Hardy–Weinberg equilibrium was
assessed by χ2 test with 1 degree of freedom and the statistical P-value for
the deviation was considered o0.0033 (0.05/15). Genetic Power Calculator
(http://pngu.mgh.harvard.edu/ ~ purcell/gpc/) was used to estimate the power
of the replication study for previous GWAS3 under a prevalence of 0.2, type 1
error rate of 0.0033 (0.05/15) and each value of genotype relative risk for
previous study on the basis of additive model. We conducted principal
component analysis to assess population stratification using the genotyping
data obtained from Illumina OmniExpress BeadChip.7 Relationships between
clinical profiles and genotype information of the cases were examined by
one-way analysis of variance and χ2 test. The SNP–SNP epistasis and logistic
regression analyses were examined by using the PLINK 1.07 software
(http://pngu.mgh.harvard.edu/purcell/plink/).8

Fine mapping for FLT1 locus
We chose 74 tag SNPs with minor allele frequency of 40.05 on the FLT1
genomic region (NCBI build 37 chromosome position; 28 869 587–29 074 234)
based on the data of EAS (East Asian Ancestry) from 1000 Genomes Project
(http://www.1000genomes.org/) using Haploview software.9 In these selected
SNPs, we failed to design primers to amplify 10 SNP loci for PCR-invader assay
because of their repetitive sequences. At the first stage, we genotyped 64 tag
SNPs with 2861 cases and 2066 controls (same as a part of samples for
replication study) using multiplex-PCR-invader assay6 or Illumina OmniEx-
press BeadChip. We could not obtain signals for 10 SNP loci, and three SNPs
were monomorphic in our panel. Totally, 51 SNPs were successfully genotyped
and analyzed. We chose 15 SNPs with P-value less than that of rs9319428
originally associated with CAD, to genotype all the samples. Statistical analysis
was performed Cochrane–Armitage trend test.

Luciferase assay
The H3K27Ac sequences of FLT1 promoter and intron 1 enhancer region on
chromosome 13q32 were searched by UCSC genome browser (http://genome.
ucsc.edu) and the genomic fragment corresponding to the H3K27Ac sequences
(NCBI build 37 chromosome position; 29 067 667–29 070 000), which does not

include genomic sequence of rs74412485 SNP region was inserted into multiple
cloning sites of the pGL3 basic vector (Promega Corporation, Madison, WI,
USA). Promoter activity was confirmed in human umbilical vein endothelial
cells (HUVECs; ScienCell Research Laboratories, Carlsbad, CA, USA). Then,
25 bp double-stranded oligonucleotide for rs74412485 (sense strand: 5′-TCAC
ACGCTTACRTGACATTCGACA-3′; antisense strand: 5′-TGTCGAATGTCA
YGTAAGCGTGTGA-3′) was cloned into the FLT1 promoter-enhancer inserted
pGL3 basic vector. Transfection was performed using the Nucleofector system
(Amaxa, LONZA, Basel, Switzerland). Forty hours after transfection, we
stimulated the cells with phorbol 12-myristate 13-acetate (4 ngml− 1) and
ionomycin (1 ngml− 1) for 4 h and measured the luciferase activity using the
dual-luciferase reporter assay system according to the manufacturer’s protocol
(Promega) and luminometer (Centro LB960; Berthold Technologies GmbH,
Bad Wildbad, Germany). Each experiment was independently performed four
times and each sample was studied in duplicate. Student’s t-test was conducted
to estimate statistical difference of non-risk allele and risk allele activity.

RNA interference experiments
Double-strand stealth RNA interference oligonucleotides (HSS103744,
HSS103745 and HSS103746 for FLT1 and 12935-300 for negative control)
were purchased from Invitrogen (Carlsbad, CA, USA). The oligonucleotides
were transfected in human aortic endothelial cells (HAECs; ScienCell Research
Laboratories) using the nucleofector system (Amaxa). Forty hours after
transfection, HAECs were stimulated with phorbol 12-myristate 13-acetate
(4 pg/ml) and ionomycin (0.5 ngml− 1) for 5 h. RNA isolation, cDNA synthesis
and mRNA quantification were carried out as described previously5 using the
following primer sets: 5′-TCAGCTACAATTCTTCCTGCTC-3′ and 5′-CACCT
CACAGAGCCATTCTGA-3′ for SELE (selectin-E); 5′-CAATGTGCAAGAAG
ATAGCCA-3′ and 5′-CAGCGTAGGGTAAGGTTCTTG-3′ for ICAM1 (inter-
cellular adhesion molecule 1); 5′-CTGTGCACAGCAACTTGTGA-3′ and
5′-TGGGCACAGAATCCATTTCAT-3′ for VCAM (vascular cell adhesion
molecule 1); and 5′-GAAGCTCTGATGATGTCAGATACG-3′ and 5′-TTACTC
TCAAGTCAATCTTGAGCG-3′ for FLT1. Each experiment was independently
repeated three times and each sample was studied in duplicate. Statistical
analyses were carried out using Student’s t-test.

Immunohistochemistry
Coronary artery segments were harvested at autopsy with written informed
consent. The coronary arteries were dissected from the epicardial surface and a
5 mm slice from each segment was snap frozen and stored at − 80 °C. The
snap-frozen samples were sectioned at 3 μm thickness and fixed in acetone. The
sections were stained with hematoxylin–eosin and used for detection of FLT1
and CD31 using immunohistochemistry. Anti-human FLT1 mouse monoclonal
antibody (Flt-1 (D03)) was purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). The antibody tested had no crossreactivity to the other proteins by
western blot analyses using protein extracts of HUVECs. We purchased anti-
human CD31 mouse monoclonal antibody (M0823) from Dako (Glostrup,
Denmark). Single and double immunostaining was carried out as described
previously.10 As the negative controls, we stained the specimens with
phosphate-buffered saline instead of each primary antibody, Flt-1 and CD31.

RESULTS

Replication study of 15 loci in a Japanese population
We obtained genotypes of 7990 cases and 6582 controls in a Japanese
population to validate the association of CAD susceptibility and
15 SNPs loci recently identified by the CARDIoGRAMplusCAD
consortium.3 As we and the other already reported replications
for CAD SNPs identified previous GWAS other than 15 SNPs
elsewhere,11,12 we focused on these novel ones. Hardy–Weinberg
equilibrium for all SNPs was not deviated statistically in both cases and
controls. The association results were summarized in Table 2. We
found convincing association for one SNP, rs9319428 in intron 6 of
FLT1 (trend P= 5.98× 10− 8, corrected P= 8.97× 10− 7, odds ratio
(OR)= 1.14), with CAD susceptibility in the Japanese population
(Table 2). We also found nominal associations with statistical

Table 1 Characteristics of the study population

Characteristics CAD Controla

Age± s.d. 66.9±10.5 58.0±13.8

Gender (% male) 73.8 61.6

BMI± s.d. 23.8±3.3 22.4±3.7

Smoking (%) 62.6 61.9

Hypertension (%) 77.1 46.4

Diabetes (%) 34.8 13.7

Dyslipidemia (%) 51.9 14.9

Abbreviations: BMI, body mass index; CAD, coronary artery disease.
aClinical characteristics excluding age and gender for DNA samples recruited from Health
Science Research Resources Bank, Osaka, Japan were not available.
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significance after Bonferroni’s correction for rs6842241 in 5′-flanking
region of EDNRA and rs17514846 in intron 1 of FURIN with CAD
(trend P= 0.000207, corrected P= 0.00311; OR= 1.10 and trend
P= 0.00208, corrected P= 0.0312; OR= 1.11, respectively; Table 2).
We found similar association results for these SNPs when compared
between 7990 CAD cases and 1870 healthy controls (Supplementary
Table 1). Other two SNPs (rs4252120 and rs2023938) were almost
monomorphic, which were consistent with HapMap Japanese data,
and we were not able to evaluate these SNPs. For the 10 remaining
SNP loci, we did not detect any association for CAD and SNPs after
Bonferroni’s correction. However, we could not exclude the possibility
of type 2 error, because this study did not have a sufficient power to
detect modest OR of 1.06–1.113 (1− βo0.28). We also explored the
possibility of confounding effect by age, sex and classical risk factors
including diabetes, hypertension, smoking or hyperlipidemia within
patient group using one-way analysis of variance and χ2 test for
significant SNPs, and found no obvious relation between genotype and
these factors (P40.05), which are concordant with the previous
study,3 indicating that the significant SNPs are also independent risk
factors for CAD in the Japanese population. We further examined the
SNP–SNP epistasis for all SNPs and did not detect any statistical
evidence for the SNPs interaction in the Japanese population
(Supplementary Table 2).

Fine mapping at FLT1 locus
Since the SNP rs9319428 in FLT1 associated with convincing statistical
value with the risk of CAD in Japanese population, we further
investigated implications between FLT1 and CAD susceptibility
through fine mapping followed by in vitro functional analyses and
immunohistochemistry. To narrow down the FLT1 locus, we looked
up the SNPs on ~ 200 kb FLT1 genomic region using 1000 genomes
data, and genotyped 51 tag SNPs that represent this locus for
association test with 2861 cases and 2066 controls, and found that
15 SNPs showed stronger association than the original SNP, rs9319428
(Supplementary Table 3). We further genotyped these loci with an
additional 5076 cases and 4481 controls and found the strongest
association with the increased risk of CAD at rs74412485 (OR= 1.50,
P= 2.85× 10− 12; Table 3). We could find no SNP in absolute

LD with rs74412485 in the 1000 genomes database. LD map of
14 CAD-associated tag SNPs (original SNP, rs9319428 and 13 newly
associated SNPs) is shown Supplementary Figure 2. In these tag SNPs,
we found that three groups tagged by rs74412485 (rs75419986 and
rs718273), rs9319428 (rs3751397, rs17086617, rs9554327, rs34961350,
rs9513112 and rs74972153) and rs2387632 (rs9513078, rs3936415 and
rs1324057) independently associated with the risk of CAD by means of
conditioned analyses (Supplementary Table 4). These results indicate
that the locus is architecturally complex and harbors at least three
CAD-susceptible signals in Japanese populations. To confirm the
association of FLT1 SNPs does not depend on conventional risk
factors including gender, age, hypertension, dyslipidemia, diabetes and
smoking, we performed logistic regression analysis, except for
individuals from Health Science Research Bank, and found similar
association results for theses SNPs and CAD (Supplementary Table 5).

In vitro functional analysis for the rs74412485 SNP
Since the most associated SNP rs74412485 was located in intron 1 of
FLT1, we investigated whether the SNP would affect the gene
expression of FLT1 quantitatively by means of luciferase reporter
assay in cultured HUVECs. We chose HUVECs for the assay because
we observed abundant expression of FLT1 in the cells by quantitative
reverse transcription-PCR experiment (Supplementary Figure 3).
As shown in Figures 1a, a clone containing risk allele showed
~ 1.7-fold greater transcriptional activity than a clone containing the
non-risk allele. As shown in Figure 1b, this result was also confirmed
in HAECs. These results indicate that the SNP affected the
transcription level of FLT1. We could not find any candidate
proteins predicted to bind to this DNA segment with high score
(similarity 40.9) using TFBIND (http://tfbind.hgc.jp/),13 a prediction
software for searching transcription factor binding sites, based on the
TRANSFAC database.14

Knocking down experiment of FLT1
FLT1 is implicated in several inflammatory diseases, such as
rheumatoid arthritis, cancer metastasis or atherosclerosis.15–17 It is
well known that several adhesion molecules from vascular endothelial
cells play the critical roles in the inflammatory pathway.18 Thus,
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Figure 3 Immunohistochemistry of the coronary artery. (a) Expression of FLT1 in endothelial cells (ECs), single staining. Magnification ×400,
(b) colocalization of FLT1 (brown) and CD31 (blue) in ECs, double staining. Magnification x400 in a and b. A full color version of this figure is available at
the Journal of Human Genetics journal online.
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we examined whether the cellular level of FLT1 could influence some
inflammation-related cell adhesion molecules including SELE, ICAM1
and VCAM1. As shown in Figure 2, three kinds of small interfering
RNA against FLT1 significantly suppressed FLT1 mRNA levels, and
resulted in inhibition of expression of these adhesion molecules
in HAECs.

Immunohistochemistry for FLT1 with coronary artery segments
To explore whether FLT1 protein is, in fact, expressed in the human
coronary artery, we performed immunohistochemical staining with
anti-FLT1 monoclonal antibody. We detected immunoreactivities of
FLT1 in the endothelial cells (ECs) of coronary artery (Figure 3a).
Coexpression of FLT1 and CD31 (a marker molecule for ECs) was
also observed in the ECs by the immunodouble staining, although
there were some EC-denudated areas (Figure 3b).

DISCUSSION

In our replication study, FLT1 locus was strongly associated with the
risk of CAD in a Japanese population. A recent GWAS in a Korean
population also showed a suggestive association between an FLT1 SNP
and CAD,19 indicating that the locus is a common risk factor for CAD
across multiple ethnic populations. A functional SNP rs74412485 was
located in intron 1 of FLT1, encoding a member of vascular
endothelial growth factor (VEGF) receptor family. VEGF is a multi-
factorial cytokine highly expressed in vascular endothelial cells and has
pivotal roles in neonatal and postnatal vascular formation. It is
suggested that VEGF possibly contributes to atherosclerosis through
angiogenesis, endothelial regression and inflammation in the vascular
wall, via the activation of two tyrosine kinase receptors, FLT1 and
FLK1.15,16 Soluble form of FLT1 is a nonfunctional decoy receptor for
VEGF and functions as a negative regulator for VEGF/FLK1 signaling
for angiogenesis.15,16 FLT1 expression was also increased in several
vascular cells by stimulation of angiotensin II. Previous report
indicated the involvement between the several inflammatory diseases
including rheumatoid arthritis, cancer and atherosclerosis and
FLT1.15–17 In our study, FLT1 was expressed in ECs of human
coronary artery, and knocking down of FLT1 led to reduced
expression of inflammatory adhesion molecules, SELE, ICAM1 and
VCAM1. Furthermore, previous observational studies have implicated
the importance of adhesion molecules in cardiovascular diseases
because they appear to be consistently expressed in atherosclerotic
plaques and elevated levels of circulating adhesion molecules have
been observed in atherosclerosis and CAD.18,20–25 Hence, elevated
expression of adhesion molecules such as E-selectin, ICAM1 and
VCAM by increased expression of FLT1 from CAD-susceptible allele
could contribute to the pathogenesis of CAD, although relationship of
FLT1 with activation of coronary artery endothelial cells involved in
plaque instability and/or rupture remains to be clarified.
FLT1 localizes on the cell surface, suggesting a target for new

drugs including humanized monoclonal antibody that impairs FLT1
function. Further investigation of FLT1 function involved in the
inflammatory pathway may provide useful information for developing
novel therapy using pharmaceutical approaches.
One of the two nominally replicated loci with statistical significance

in a Japanese population was located in 5′-flanking region of
endothelin receptor type A, EDNRA, on chromosome 4q31.33.
EDNRA encodes a receptor for endothelin-1, a peptide that has a
role in potent and long-lasting vasoconstriction26 and proinflamma-
tory effect.27 Endothelin 1 mediates activation of vascular smooth
muscle cells and was increased in human atherosclerotic lesions,28,29

indicating that endothelin-1 contributes to the pathogenesis of chronic

inflammation associated with atherosclerosis. Quantitative/qualitative
change of the gene products affected by genetic polymorphisms might
modify the homeostasis of inflammatory pathway and have an
important role in the etiology of CAD.
We also found a modest association with statistical significance for

an SNP, rs17514846 in intron 1 of FURIN. FURIN encodes a calcium-
dependent serine endoprotease that belongs to proprotein convertase
subtilisin/kexin (PCSK) enzyme family that cleaves latent precursor
proteins into biologically active products.30 The variant in PCSK9,
encoding a serine protease enzyme protein belonging to the same
family with FURIN, was also strongly associated with CAD.31 PCSK9
interacts with hepatic low-density lipoprotein cholesterol receptor and
inactivate the receptor by its degradation, and recent phase 1 clinical
study demonstrated that the monoclonal antibody against PCSK9
markedly reduce circulating low-density lipoprotein cholesterol level
in humans.32 Taken together, these observations suggest that FURIN
might also be a druggable molecule that targets CAD.
The remaining loci did not reach the statistical significance in our

study, possibly because of insufficient statistical power. Future studies
with much larger sample size are required to assess the association of
these loci.
Finally, we believe that the knowledge of genetic architecture and

their molecular pathway contributes to a better understanding of
the pathogenesis of CAD and provides a useful clue for future
investigation of biological and pharmaceutical approach to develop
novel diagnostic methods, treatments and preventive measures for this
common but serious disorder.
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