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Abstract

The aim of this study was to investigate whether plasma low-density lipoprotein cholesterol (LDL-C) levels in the general population are
influenced by rare sequence variations in the PCSK9 gene. We sequenced the promoter and coding regions of the PCSK9 gene in individuals from
the general population (n=3655) with the lowest (n = 78) and highest (n = 96) LDL-Clevels and in individuals taking antihypercholesterolemia
medication (n = 96). We identified 33 sequence variants in the PCSK9 gene among which 24 were specific for Japanese. Statistical analysis
showed that one missense mutation, R93C, was associated with low LDL-C levels. The other variants had no association with LDL-C levels
or the numbers of individuals with the variants were too small for statistical analysis. A comparison of the numbers of individuals with
nonsynonymous mutations between the low LDL-C and high LDL-C/treatment groups found that four missense mutations and one nonsense
mutation were identified only in the low LDL-C group and six missense mutations were identified only in the high LDL-C/treatment group. As
we have analyzed groups at opposite ends of the LDL-C spectrum, it is likely that some of these nonsynonymous mutations may be associated
with either low or high LDL-C in the Japanese population. Based on the extremely high frequencies of the nonsynonymous mutations in
PCSK9 compared with those of LDLR or apoB-100, PCSK9 mutations could be important factors that cumulatively influence plasma LDL-C
levels in the general population.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction protein convertase subtilisin/kexin type 9 (PCSK9) gene has

been found to be involved in the post-transcriptional regula-

Elevated plasma concentration of low-density lipopro-
tein cholesterol (LDL-C) is a major risk factor for the
development and progression of atherosclerosis. Plasma con-
centrations of LDL-C are determined primarily by the activity
of the LDL receptor (LDLR) in the liver. Recently, the pro-
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tion of the LDLR. PCSK9 encodes a protein of 692 amino
acids which is a member of the subtilisin-like protein conver-
tase family [1,2] and is expressed most abundantly in the
liver, kidneys and small intestine [2]. PCSK9 consists of
several domains: a signal peptide, a prosegment, a subtilase-
like' catalytic domain and a C-terminal domain [3]. It is
synthesized as a soluble zymogen which undergoes autocat-
alytic intramolecular cleavage in the endoplasmic reticulum
(ER) between the prosegment and the catalytic domain [1,2].
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After cleavage, the mature PCSKO9 exits the ER and is effi-
ciently secreted [2]. The only known substrate of PCSK9 is
itself; no other substrate(s) for PCSK9 have yet been iden-
tified. Although even the physiological substrate remains
unknown, PCSK9 has been shown to play arole in cholesterol
metabolism by regulating the number of cell-surface LDLRs
[3-51.

Overexpression of the wild-type Pcsk9 gene in mice
results in hypercholesterolemia because of a reduced num-
ber of LDLRs [3-5]. The reduced number of LDLRs due
to PCSKS9 is not accompanied by changes in LDLR mRNA
levels; therefore, it is likely that PCSK9 is involved in the
post-transcriptional regulation of the LDLR [4,5]. Degrada-
tion of the LDLR by PCSKD9 is dependent on the catalytic
activity of PCSK9 [5,6]. In contrast, mice expressing no
PCSK9have markedly increased hepatic LDLR levels, result-
ing in accelerated LDL clearance [7]. These findings indicate
that PCSK9 normally acts to limit the number of ILDLRs at
the cell surface. Thus, PCSK9 mutations which disrupt nor-
mal function, i.e., loss-of-function mutations, are presumed
to increase the number of LDLRs, resulting in hypocholes-
terolemia. In fact, the nonsense mutations identified by Cohen
et al. are associated with a40% reduction in mean plasmalev-
els of LDL-C [8]. On the other hand, some mutations in the
PCSK9 gene cause hypercholesterolemia [9-11], which are
probably due to gain-of-function mechanisms. These muta-
tions in PCSK9 might promote the degradation of LDLRs
in hepatocytes [3-5]. Recently, Cameron et al. demonstrated
that loss-of-function mutations in PCSK9 increase the num-
ber of cell-surface LDLRs, while gain-of-function mutations
decrease the number of LDLRs, based on studies on HepG2
cells transfected with mutant PCSK9 constructs [12].

Since mutations in PCSK9 can cause severe hypercholes-
terolemia [9-11] as well as hypocholesterolemia [8,13],
sequence variants of PCSK9 might contribute to variations in
the plasma levels of LDL-C. Shioji et al. [14] have identified
the two common single nucleotide polymorphisms (SNPs),
and Chen et al. [15] identified a haplotype associated with
differences in plasma LDL-C levels. Kotowski et al. per-
formed a systematic examination of the relationship between
sequence variations in PCSK9 and plasma levels of LDL-C
in the general population [16]. They analyzed sequence vari-
ations in PCSK9 in individuals of the examined population
who had lower and higher LDL-C levels and found that three
missense mutations and two noncoding sequence variants
were significantly associated with lower levels of LDL-C,
while a single noncoding variant was associated with a mod-
est increase in LDL-C levels. They concluded that sequence
variants in PCSK9 contribute significantly to interindivid-
ual variations in plasma LDL-C levels, and report that the
spectrum of PCSK9 alleles associated with LDL-C levels
spanned a wide range of allele frequencies and magnitude
of phenotypic effects.

In order to verify whether sequence variants in PCSK9
could be a determinant of LDL-C plasma levels in the
Japanese general population, we performed sequence anal-

yses in the proximal promoter and all exons of PCSK9 in
individuals from the general population with the lowest and
highest LDL-C levels and also in individuals taking anti-
hypercholesterolemia medication since these individuals are
presumed to have originally high levels of plasma LDL-C.
Finally, we performed statistical analyses and compared the
numbers of individuals with certain genetic variants between
groups.

2. Methods

2.1. General population and the three investigated
groups of individuals

DNA analysis was performed in individuals selected from
the participants of the Suita cohort study, whose total sam-
ple included 3655 subjects. The study design of the Suita
study has been described previously [17-19]. Briefly, the
individuals were randomly selected from the municipal pop-
ulation registry, taking into consideration group stratification
by gender and 10-year age divisions. The subjects visited
the National Cardiovascular Center every 2 years for gen-
eral health checkups. In addition to performing routine blood
examinations, including lipid profiles, glucose levels, blood
pressure and anthropometric measurements, a physician or
nurse administered questionnaires regarding the individual’s
personal history of cardiovascular disease, including angina
pectoris, myocardial infarction and stroke. Leukocyte DNA
was collected from individuals who visited the National Car-
diovascular Center between April 2002 and February 2004,
and written informed consent was obtained from each indi-
vidual before proceeding with genetic analysis. All clinical
data, sequencing results and genotyping results were anony-
mous, and the study protocol was approved by the Ethical
Review Committee of the National Cardiovascular Center.

From the 3655 participants of the Suita study, we selected
the 96 individuals who showed the lowest levels of LDL-C to
form the low LDL-C group. After analysis, it became evident
that 18 of these individuals were under antihypercholes-
terolemia treatment; these subjects were excluded, leaving a
total of 78 individuals in this group. Additionally, there were
498 individuals who were under antihypercholesterolemia
medication in the total population. From this treated popula-
tion we selected the 96 individuals with the highest LDL-C
levels to form the treatment group. Sixteen individuals in
the treatment group had ischemic heart diseases. From the
untreated 3139 individuals, we selected the 96 showing the
highest LDL-C levels to form the high LDL-C group.

2.2. Lipid measurements

Total serum cholesterol, triglycerides and high-density
lipoprotein cholesterol (HDL-C) levels were measured with
an autoanalyzer (Toshiba TBA-80; Toshiba, Tokyo, Japan)
using a fasting blood sample. LDL-C levels were calculated
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using the Friedewald formula [20]. Individuals with triglyc-
eride levels higher than 400 mg/dl were omitted.

2.3. DNA analysis

Genomic DNA was isolated from blood leukocytes using
an NA-3000 nucleic acid isolation system (Kurabo, Osaka,
Japan). The proximal promoter (—380 bp upstream) and all
coding regions (including 10 bases of each exon-intron
boundary sequence) were directly sequenced. Descriptions
of the primers used for amplifying and sequencing fragments
are given in the electronic appendix. Polymerase chain reac-
tion (PCR) was performed with 10ng of genomic DNA as
the template in a 10-ul reaction mixture using a HotStar
Taq Master Mix Kit (Qiagen, Hilden, Germany) as follows:
Taq polymerase was activated at 95 °C for 15 min, followed
by 40 cycles of denaturing at 95 °C for 30s, annealing at
65 °C for 30s, and extension at 72 °C for 30s. The PCR
products were then treated with shrimp alkaline phosphatase
and exonuclease I (PCR product pre-sequencing kit; USB
Corporation, Cleveland, OH, USA), and used as templates
for direct single-pass sequencing with a BigDye Terminator
v3.1 cycle sequencing ready reaction kit (Applied Biosys-
tems, Foster City, CA, USA). The reaction products were
purified with Sephadex G-50 (Amersham Biosciences, Upp-
sala, Sweden) and analyzed on an ABI PRISM 3700 DNA
analyzer (Applied Biosystems). The acquired sequences were
examined for the presence of variants using the Sequencher
software (Gene Codes Corporation, Ann Arbor, MI, USA)

followed by visual inspection. Each detected variant was con-
firmed by repeat sequencing from the opposite direction. The
A of the initiating ATG codon is denoted as nucleotide +1, and
the nucleotide sequence (GenBank accession no: NT032977)
was used as the reference sequence.

2.4. Statistical analysis

Lipid levels and ages were compared by Student’s f-test.
Deviations in the distributions of the genetic variants in the
low LDL-C and high LDL-C/treatment groups were assessed
by Fisher’s two-sided exact test using the version 4 SNPA-
lyze statistical software (Dynacom Co. Ltd., Mobara, Japan).
Pairwise linkage disequilibrium (LD) between two polymor-
phisms was evaluated by 2 using SNPAlyze version 4.

3. Results
3.1. Participant characteristics

The characteristics of the individuals in the low LDL-
C, high LDL-C and treatment groups, and those of the
treated and untreated individuals in the total population,
are shown in Table 1. The LDL-C levels of the indi-
viduals in the low LDL-C group ranged from 29.2 to
88.0mg/dl (mean £ S.D., 70.3 +13.2 mg/dl), and those in
the high LDL-C group ranged from 169.8 to 300.8 mg/dl
(mean=+S.D., 196.7+19.2mg/dl). The LDL-C levels of

Table 1
Characteristics of individuals in the low LDL-C, high LDL-C and treatment groups, and of the total population of the Suita study
Low LDL-C group High LDL-C group Treatment” group Total population
Treated” Untreated

No. (men/women) 78 (35/43) 96 (36/60) 96 (23/73) 516 (171/345) 3139 (1538/1601)
Age

Range 39-88 40-85 44-85 44-90 35-93

Mean +S.D. 642 +12.1 64.3+10.2 69.2 £7.9%+ 69.9 +8.5 63.9+11.5
LDL-C (mg/dl) :

Range 29.2-88.0 169.8-300.8 148.0-204.4 52.4-204.4 29.2-300.8

Mean +S.D. 703+13.2 196.7 £19.2™ 165.1 £13.4*+* 126.9+27.0 126.8 +£29.8
Total cholesterol (mg/dl)

Range 88-223 229-380 208-318 124-350 87-380

Mean £S.D. 156.6 £22.9 277.4+23.5™ 246.3 £20.1+* 210.4 +30.1 207.6 £32.9
Triglycerides (mg/dl)

Range 21-396 40-230 49-289 33435 18-1868

Mean +S.D. 100.7 £71.4 113.3 +£43.6 118.4+48.1 119.5+61.9 106.2 +76.2
HDL-C (mg/dl)

Range 27-125 32-106 3191 26-108 22-140

Mean £ S.D. 66.1 £20.6 58.0+12.4" 575 £12.6% 59.4414.6 60.3+15.8

LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.
* Treatment refers to antihypercholesterolemia medication. The lipid values of the individuals in the treatment group were taken under treatment. P values

were obtained by Student’s ¢-test.

** P<0.005, low LDL-C group vs. high LDL-C group.
* P<0.005, low LDL-C group vs. treatment group.

*+ P <0.005, high LDL-C group vs. treatment group.
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the subjects in the treatment group ranged from 148.0 to
204.4 mg/dl (mean £+ S.D., 165.1 £ 13.4 mg/dl), which were
lower than those of the high LDL-C group but significantly
higher than those of the untreated population (mean £ S.D.,
126.8 +29.8 mg/dl, P value by t-test <0.005).

Triglyceride levels did not differ significantly between
the three groups and these values were also similar to those
of treated and untreated individuals in the total population.
HDL-C levels in the low LDL-C group were significantly
higher than those of all other groups. Lower LDL-C levels in
general tended to be accompanied by higher HDL-C levels,
however, the reason for this remains unclear. There was no
difference in age between the low and high LDL-C groups,
however, ages in the treatment group were higher than those
of the other groups. In the total population, the treated indi-
viduals also had higher ages than the untreated individuals.
This may be because exercise or diet therapy is preferred for
the treatment of hypercholesterolemia in younger patients,
while lipid-lowering drug therapy is often adopted in older
patients.

3.2, PCSK9 polymorphisms found

We sequenced 156 alleles from 78 individuals with low
LDL-C levels, 192 alleles from 96 individuals with high
LDL-C levels, and 192 alleles from the individuals taking
antihypercholesterolemia medication, identifying a total of
33 genetic variants. A list of the genetic variants and their
genotype distribution for each group are shown in 2Table 2.
‘Allele 1’ refers to the allele shown in the GenBank reference
(accession no. NT032977), and ‘Allele 2’ is the variant allele.
An LD defined by an r? value greater than 0.5 is indicated in
the LD column; there are four LD groups (a—d). The minor
allele frequencies of the variants in groups a (—64C > T, L21-
22ins, and A53V) and b (c.658 — 7C>T and ¢c.799+3A>G)
were greater than 0.1, indicating that these variants are rel-
atively common. With respect to group d, the two missense
mutations, A514T and V624M, were found in the same indi-
vidual. The 72 values in groups a and ¢ were both 1.00,
indicating tight LD, and the value in group b was 0.83.

Fourteen of the 33 detected variants have previously been
reported (see the columns for dbSNP ID and the references in
Table 2), leaving 19 novel variants. Among 14 of the variants
that have been already reported, five were found to date only

in the Japanese population [14], thus, a total of 24 variants are
specific to the Japanese population. The genetic variants that
are specific to the Japanese population are shown in bold-
face type in Tables 2 and 3 and Fig. 1. Twenty of the 33
variants were nonsynonymous and resulted in an amino acid
change, including one nonsense mutation (W428X) in exon 8
and one trinucleotide insertion resulting in the addition of an
extra leucine in a leucine repeat (L21-22ins) in exon 1. The
others were either synonymous variants in coding regions
or variants in untranslated regions. The sites of the nonsyn-
onymous mutations found in the present study are shown in
Fig. 1; they were distributed along the entire structure of the
PCSK9 gene.

3.3. Contribution of the PCSK9 gene variants to plasma
LDL-C levels

Statistical analysis was carried out in order to determine
whether sequence variants in the PCSK9 gene affect plasma
LDL-C levels. Deviations in the distribution of each genetic
variant in either the low LDL-C group or the high LDL-
C/treatment group were assessed by Fisher’s two-sided exact
test. Of the tested 33 genetic variants, only a single missense
mutation, R93C, was found to be significantly associated with
the low LDL-C group (P=0.003).

Next, we compared the numbers of individuals with
nonsynonymous mutations in the low LDL-C and high
LDL-C/treatment groups (Table 3), since nonsynonymous
mutations are presumed to have stronger and more direct
effects than synonymous or noncoding sequence variants.
The allele frequencies of R93C in the low LDL-C group
and in the high LDL-C/treatment group were 0.051 and
0.008, respectively (Table 3). Although the other nonsynony-
mous mutations did not show significant statistical values in
distribution, several nonsynonymous mutations were found
only in the low LDL-C group (Q219E, A239D, W428X,
G452D and S668R) or only in the high LDL-C/treatment
group (V4I, E32K, E54A, R104C, A514T and V624M).
The sequence analysis on the LDLR gene was performed in
the individuals who had the PCSK9 mutations found only
in the high/treatment group, confirming that there was no
LDLRmutation in these individuals. L21-22ins, AS3V, A68T,
(G2638S, 1424V, V4741, V6441 and G670E were found in both
the low LDL-~C and high LDL-C/treatment groups.

A53V AB8T G452D V644]
R93C A239D wa2sx | vazar Ses8R
v‘fl"”'"‘ Rmc 02195 62638 1424V l lAsu‘r vs24ml uceme
_“ y . 4 v
sp Prosegment Catalvuc domain C-terminal domain
| b w NS | |
t a0 152 186 226 317 386425 474 573 692

Fig. 1. Sites of the nonsynonymous mutations found in the present study. SP indicates signal peptide. The positions of the canonical aspartic acid (D), histidine
(H), serine (S) catalytic triad, and oxyanion-hole asparagine (N) [3], are shown. The amino acid numbers are indicated at the bottom, and the sites of mutations
found in the present study are indicated by arrows. Mutations shown in boldface type are those found only in the Japanese population.



Table 2

Genetic variants found and their penotypic distribution in each group

SNPs (allele 1> allele 2) Region  Aminoacid  No. of subjects Fanking sequences Reference
change Low LDL-C group Treatment group Allele frequency

Alele]  Hetero Allk]  Hetro  Alkle2  Allelel Alleke2

Homo Homo Homo Homo Hotno Homo
2153G>A Exonl 77 1 ) 95 1 ° 96 ° ° 099 0004 GOGGGOGCCIG/AJCOGTTCAGT
—64C>T Exon 1 63 15 0 7% 18 2 7 -3 2 0883  on? AGGCGCCGCICTIGGCGTGGAC [©.11,14,15]
c10G>A Ewnl V4 78 ] ° 95 1 ° 50 6 ° 0987 0013 ATGGGCACCIG/AJTCAGCTCCA 04
©.63-64insCTG Exenl L21-2ins 63 15 [ 7% 18 2 7 2 2 0883 o7 CTGCTGCTG-/CTG)CTOCTGGGT [9.11,14,15)
c94G>A Exonl B32K 7% ° 0 L] H [ 9 3 [ 0585 0015 CGTGCGCAGIGAIAGGACGAGG
c.158C>T Exon 1 ASIV <] 15 ° 7% 18 2 7 -] 2 0883 0117 ACGGCCTGG[C/TICGAAGCACC 911,14
cl61A>C Exonl  ESA 78 ° ° %6 0 ° 95 1 0 09%8  0.002 GCCTGGCOGIA/CIAGCACCCGA
€202G>A Exonl  AGST ” 1 ° 95 1 ° 96 ° 0 099% 0004 CACOGCTGCIG/A|CCAAGGTGC
€27IC>T Exon2  R93C 70 s ] 95 1 ° L] 2 0 0980 0020 CAGTCAGAGICTIGCACTGCCC
€310C>T Exon2  RI1M4C 78 ° 0 95 1 ° % 0 0 09%8 0002 CAGGCTGCCICTIGCCGGGGAT
€336G>A Bxon2  LIBL 74 ] 0 8 10 1 % s 1 0957 0043 CAAGATCCT{G/AJCATGTCTTC 114}
cA20C>T Ewn3l VIOV 78 ° 0 9% ° ° 95 1 ° 0998 0002 GCCCCATGTIC/TIGACTACATC
¢£55C>G Ewnd Q2B 7 1 4 9% ° [ 9% ° ° 0998 0002  TTCCACAGA[CGIAGGTAAGCA
c.657+9G>A Intron 4 73 s 0 91 H 0 93 3 0 0976 0024 GGTAAGCACG/AJGCCGTCTGA ©,11,15]
c.658—7C>T Intron 4 47 28 3 54 34 8 48 “ 4 0748 0252  TGIGITCGTIC/TIGAGCAGGCC P11.15]
€T16C>A Exon5  A29D 77 1 ° % ° 0 9% ° ° 09%8 0002 GCCGGGATG{C/A]CGGCGTGGC
cTRIG>A Exen§ G263 ki 1 ° 54 2 ° 94 2 ° 0991 0009  AOGGTTAGCIG/A]JGCACCCTCA
c7943A>G Intron 42 32 4 48 39 [ 45 4“4 3 0715 0285 CTCATAGGTIA/GJAGTGATGGC 11,151
€993C>T Ewné  P3IP 76 1 1 95 0 1 94 2 ° 0987 0013 CTCAGCTCCICTIGAGGTAGGT [14]
e1227C>T Exon8  AdDA 7% ° ° 9% ° ° 95 1 ° 0998 0002 CACCCTGGL{CTIGAGTTGAGG
c1210A>G Exon8 1424V 75 3 ° 95 1 o 9% ] ° 0993 0007  AAAGATGTCIA/GITCAATGAGG 1141
€1284G>A Exons  WasX 7 1 ° 9% ° o 9% ] ° 099% 0002  TGAGGCCTG{GAITTCCCTGAG
c1355G>A HEwn9  G48ID 7 1 0 %6 0 ° 9% o ° 09%8 0002  TTTTTGCAGIG/AJTTGGCAGCT
c13%04>G Exon® V460V ] 6 7 ° 5 91 0 3 S0 0031 0959 CAGGACTGTIA/GITGGTCAGCA [9.11,14,15)
.1420G>A Exon9 V4741 [ 3 7 0 s 91 0 3 90 0031 0969 GCCACAGCG/AITCGCCCGCT [9.11,14,15)
c150G>A Exon10  ASMT 78 ° 0 9% ° ° 95 1 ° 0998 0002 GCCCACAACIG/AICTITIGGGG
c1863+6G>A Intron 11 78 ° 0 % ° ° 95 1 [ 0998 0002 GCAGGTGAA[G/AAGGCCOGTG
¢1870G> A Exonl2  V624M 78 ° ° % [ ° 95 1 0 09%8 0002 CAGGTGACCIG/AITGGCCTGCG
€1878C>T Ewol?  C626C 78 0 4 (] 1 [} 9% ° [ 0998 0002 CGTGGCCTGICTIGAGGAGGGC
c1930G>A Ewoll  VeM] 7 i 0 L] 2 0 9% ° [ 05%4 0006  ACCTCCCACIGAJTCCTGGGGG [14)
eds7C>T Ewnll ASBA ki [ [ % [ ) 95 1 @ 035 0002  GGCCTACGOUTIGTAGACAAC
€2004C>A Exonl2  S668R ” 1 [ % ° ° 9% ° 0 0998 0002 CAGCACCAGIC/AJGAAGGGGCC
c2009G>A Exonl2  G670E 0 ] 72 0 13 8 [} [ 90 0046 0954 CCAGCGAAG[G/AJGGCCGTGAC __ mS05151 _[0,11,15]

The mutations found only in Japanese are shown in bokiface type. SNP, sing)

5
f
i

9E-6T (8007) 961 Sts0L0[0s02941V /10 13 3oy A

£t



Table 3
No. of individuals with nonsynonymous mutations in the low LDL-C and high LDL-C/treatment groups

Amino acid change  Domain No. of subjects Allele frequency LDL-C (mean +S.D.) Ideatity with
LowLDL-Cgroup  HighLDL-Cgroup  Treatmentgroup  LowLDL-Cgroup  High IDL-Creatrent 2@/ rodents
(n=78) (n=96) (n=96) (n=18) group (» =192)

Mutation significantly iated with the low LDL-C group

R93C Prosegment 8 1 2 0.051* 0.008* 962 4:43.0 N
Mutations found only in the low LDL-C group

Q219E Catalytic 1 0 0 0.006 0.000 83.6 Y

A239D Catalytic 1 [ 0 0.006 0.000 498 Y

Wa28X C-terminal 1 0 ] 0.006 0.000 704 Y

G452D C-terminal 1 0 [ 0.006 0.000 73.6 Y

S668R C-terminal 1 0 0 0.006 0.000 876 Y
Mutations found only in the high LDL-C/treatment group

V4l Signal peptide 0 1 6 0.000 0.018 168.5 +144 N

E32K Prosegment 0 5 3 0.000 0.021 167.54:104 N

ES4A Prosegment 0 0 1 0.000 0.003 153.0 N

R104C Prosegment 0 1 0 0.000 0.003 1922 Y

AS514T C-terminal 0 L] 1 0.000 0.003 1922 Y

V624M C-terminal 0 o 1 0.000 0.003 1922 Y
Mutations found in both groups

121-22ins Signal peptide 15 182" 22 0.096 0125 1463 +503% N

AS3V Prosegment 15 182" 22 0.096 0.125 146.3 £ 503% N

A68T Prosegment 1 1 0 0.006 0.003 12934892 N

G263 Catalytic 1 2 2 0.006 0.010 1724 +£5238 Y

1428V Catalytic 3 1 0 0.019 0.003 104.0 +52.6 Y

V4741 C-terminal 6 5 6 0.038 0.029 141.2£53.6 N

V6441 C-terminal 1 2 0 0.006 0.005 14591504 N

G670E C+erminal 6 13 6 0.038 0.049 158.8+552 Y
Catalytic, catalytic domain; C-terminal, C-terminal domain; * P-value by Fisher’s exact test was 0.003; N, amino acid residue in human wild-type has no identity with those of mouse and rat; Y, amino acid in
human wild-type has identity with those of mouse and rat; ** 18 heterozygotes and 2 h gotes; *22 h gotes and 2 h gotes; **mean = S.D. was calculated from the values of the heterozygotes.

The ions specific to Jap are shown in boldface type.
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4. Discussion

In order to identify the genetic variants in PCSK9 affecting
plasma LDL-C levels in the Japanese population, we screened
the proximal promoter and the entire coding region sequences
in 78 individuals with low LDL-C levels, 96 individuals with
high LDL-C levels, and 96 individuals currently taking anti-
hypercholesterolemia medication. All subjects were selected
from a large sample of the general population (n=3655).

Among the 33 detected sequence variants, only one
missense mutation, R93C, was found to be significantly asso-
ciated with the low LDL-C group (P=0.003). This mutation
has not been detected to date in the other populations; thus,
it may be a specific genetic factor causing low LDL-C lev-
els in the Japanese population. The other variants showed
no statistical significance in their association to either low or
high LDL-C levels. However, when the numbers of individu-
als with nonsynonymous mutations were compared between
the low LDL-C group and the high LDL-C/treatment group
(Table 3), four missense mutations, Q219E, A239D, G452D
and S668R, and one nonsense mutation, W428X, were found
only in the low LDL-C group. All of these have not been
detected to date in the other populations. Five (or six) mis-
sense mutations, V4I, E32K, E54A, R104C, A514T (and/or
V624M) were found only in the high LDL-C/treatment group.
Since A514T and V624M were found in the same individ-
ual, the contribution of each mutation to the individual’s high
LDL-C level is less clear. All of these mutations are also spe-
cific to Japanese. The numbers of individuals bearing each
mutation were very small and nine of these mutations were
identified in single individuals and therefore they might have
arisen by chance, however, because we have analyzed groups
at opposite ends of the LDL-C spectrum, it is likely that some
of these rare variants in the PCSK9 gene are associated with
either low or high LDL-C levels in the Japanese population,
Family studies or similar investigations in other Japanese
populations are necessary to fully understand the effect of
each mutation.

Although at present it is difficult to determine the effect
of each mutation, the frequencies of nonsynonymous muta-
tions in the PCSK9 gene were extremely high compared to
those of LDLR and apo B-100. Heterozygotes with the LDLR
mutations are found in approximately 0.2% of most general
populations, and those with apoB-100 are found in about
0.1% [21]. ApoB-100 mutations have not yet been detected in
the Japanese population [22]. Among the 20 nonsynonymous
PCSK9 mutations detected in the present study, L21-22ins,
A53V, G670E and V4741 were found to be distributed almost
equally between the two examined groups (Table 3), and their
allele frequencies were 0.117,0.117, 0.046 and 0.031, respec-
tively (Table 2). As these mutations have been found with
high frequencies in several populations, they are known as
common polymorphisms [11]. The allele frequencies of the
remaining 16 nonsynonymous mutations ranged from 0.002
to 0.02. Collectively, these rare nonsynonymous mutations
appeared in 47 of the 270 examined individuals (17%) in the

present study, indicating extraordinary high frequencies of
the mutations in this gene. Because of these high frequen-
cies, the PCSK9 gene might be an important determinant of
plasma LDL-C levels in the general population.

When we examined the sites of the nonsynonymous muta-
tions, the mutations detected only in the low LDL-C group
were found to be concentrated in the catalytic and C-terminal
domains, while the mutations found only in the high LDL-
C/treatment group were distributed in the signal peptide,
the prosegment and the C-terminal domain (Table 3). The
amino acid residues of the mutations found only in the low
LDL-C group are all conserved between rodents and humans
(Table 3). Although the numbers of each mutation were too
small to reach any definitive conclusions, we speculate that
the mutations occur in the catalytic or C-terminal domain,
which are expected to be important for the function of the pro-
tein, are prone to be hypocholesterolemic. These mutations,
together with nonsense mutations, are prone to be hypoc-
holesterolemic due to a loss-of-function mechanism. This
speculation is consistent with the finding that the two non-
sense mutations found in African Americans, Y142X and
C679X, are hypocholesterolemic [8]. The present W428X
mutation was also found in low the LDL-C group and the
individual heterozygous for this mutation had 70.4 mg/dl of
plasma LDL-C (Table 3), corresponding to a 44% decrease
from the average LDL-C level in the untreated population
(126.8 mg/dl, Table 1). This observation is consistent with
the finding that the two African-American nonsense muta-
tions were associated with a40% reduction in plasma LDL-C
levels [8].

Although selected mutations in the PCSK9 gene have been
found to cause severe phenotypes of hypercholesterolemia
[9-11], more frequent genetic variants in PCSK9 are associ-
ated with modest differences in plasma LDL-C [8,16]. Even if
the effect of each mutation is small, PCSK9 mutations might
cumulatively contribute to differences in LDL-C levels in the
general population.

We previously performed large-scale sequence analy-
ses of five hypertension candidate genes (WNK4, SCNNIB,
SCNNIG, NR3C2, and RGS2) to evaluate whether rare
genetic mutations contribute collectively to quantitative trait
variations, such as those found in blood pressure, finding
that a low but significant subset of hypertensive subjects
had missense/frameshift mutations [23-26]. Therefore, rare
mutations collectively and partially contribute to quantitative
trait variations, such as plasma levels of HDL-C [27,28] and
LDL-C, and hypertension.

Based on the present analyses, nonsynonymous mutations
in the PCSK9 gene might contribute to either high or low
levels of LDL-C in the Japanese general population.
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Essential hypertension is one of the most common, complex diseases, of which considerable efforts have
been made to unravel the pathophysiological mechanisms. Over the last decade, muiltiple genome-wide link-
. age analyses have been conducted using 300-900 microsatellite markers but no single study has yielded
definitive evidence for ‘principal’ hypertension susceptibility gene(s). Here, we performed a three-tiered,
high-density association study of hypertension, which has been recently made possible. For tier 1, we geno-
typed 80 795 SNPs distributed throughout the genome in 188 male hypertensive subjects and two general
population control groups (752 subjects per group). For tier 2 (752 hypertensive and 752 normotensive sub-
jects), we genotyped a panel of 2676 SNPs selected (odds ratio > 1.4 and P < 0.015 in tier 1) and identified 75
SNPs that showed similar tendency of association in tier 1 and tier 2 samples (P < 0.05 for allele frequency
and P < 0.01 for genotype distribution tests). For tier 3 (619 hypertensive and 1406 normotensive subjects),
we genotyped the 75 SNPs and found nine SNPs from seven genomic loci to be associated with hypertension
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(P < 0.05). In three of these loci, the lowest P-values were observed for rs3755351 (P = 1.7 x 10~°) in ADD2,

rs3794260 (P = 0.0001) in KIAA0789 and rs1805762 (P =

0.0003) in M6PR when case—control comparison was

made in the combined data. An SNP (rs3755351) within ADD2 had the lowest P-value and its experiment-wide
significance level is 0.13. Thus, these results have nominated several susceptibility genes for hypertension,
and independent replication will clarify their etiological relevance.

INTRODUCTION

Essential hypertension (MIM 145500) is a multifactorial trait,
in which interactions among genetic, environmental and
demographic factors are involved. Substantial contribution of
genetic factors to the overall disease etiology has been docu-
mented by a number of epidemiological studies. For
example, family studies controlling for a common environ-
ment indicate that blood pressure heritability is in the range
of 15-35% (1-3). Accordingly, considerable efforts have
been made in the study of molecular genetics of hypertension,
but the inherently complex nature has hampered progress in
the elucidation of the genes involved (4). Over the last
decade, multiple genome-wide linkage analyses have been
conducted by using microsatellite markers to localize genes
influencing hypertension status and/or blood pressure levels
in a number of populations derived from various ethnic
groups. Although no single study has so far yielded definitive
evidence for ‘principal’ hypertension susceptibility gene(s),
some of these studies provide consistency of linkage results
in a few chromosomal regions (5-7). It is therefore assumed
that multiple genes contribute to the etiology of hypertension
independently or synergistically, with each gene exerting
small effects under a certain environmental condition.

In parallel with family-based linkage analyses across the
entire genome, population-based association studies have
been performed, particularly focusing on individual candidate
genes to search for genetic influences on hypertension. Associ-
ation studies for mapping disease-related genes have recently
gained popularity over traditional family-based linkage ana-
lyses mainly because of their far greater statistical power to
detect the presence of genes with relatively ‘minor’ effects
(8,9). Some researchers criticize the liability to false-positive
or non-replicable claims. Nevertheless, population-based
association studies have become an alternative and complemen-
tary approach to family-based linkage analyses in practice.

Given the limitation of statistical power that can be
achieved by family-based linkage analyses with sample size
practically collectable, population-based association studies
are now underway in a genome-wide scale for a number of
multifactorial diseases (10). Here, we performed a high-
density association study of hypertension with a three-tiered
genotyping approach in the Japanese population (Fig. 1). .

RESULTS
Multi-tiered case—control study

We performed a large-scale case—control association study of
hypertension using SNP markers selected from the Japanese
SNP (JSNP) database (11,12). These SNP markers were

distributed throughout the genome (Table 1). Only male
hypertensive individuals were tested in tier 1, and a total of
80 795 SNPs distributed on 22 autosomes were used for the
association study. Details of the high-throughput genotyping
were same as previously described (13,14), and technical
evaluation of our genotyping assay (e.g. overall success rate
and accuracy of the genotyping assay) is shown in the sup-
plementary material (Supplementary Explanation). JSNP had
been developed as a database for the SNP discovery project
with particular focus on common gene variations in the
Japanese population. Although SNP marker resources used
in the current study showed a certain degree of diversity in
terms of the number of typed SNPs per gene locus, this par-
tially reflected the variable size of re-sequenced fragments
depending on the individual gene structure (12).

The gene-centered genome-wide exploratory test in tier 1
identified 2676 SNPs with odds ratio (OR) > 1.4 and P <
0.015 in at least one test comparing allele frequency and/or
genotype distribution (dominant or recessive models)
between 188 hypertensive patients and 752 population
control subjects in either of two panels (see Materials and
Methods). In this exploratory test, the SNPs showing inverted
tendency of OR between two pairs of case—control compari-
sons and significant deviations from Hardy—Weinberg equili-
brium (HWE) in any panel (P <0.01) were excluded.
Subsequently, we performed a screening of these 2676 SNPs
with 752 hypertensive patients and 752 normotensive controls
in tier 2, which constituted the first ‘case versus unaffected
control’ study panel, i.e. comparison between 940 cases and
752 controls, together with the 188 cases in tier 1. On the
basis of relatively stringent criteria, we identified 75 SNPs
that showed P-values of <0.01 for genotype distribution and
P-values of <0.05 for allele frequency in the y>-test statistic.
To further examine the association signals, we performed a
replication study of these 75 SNPs with another panel of
619 hypertensive subjects and 1406 normotensive controls in
tier 3. Cases and unaffected controls collected in tiers 2 and
3 were enrolled according to the identical criteria and their
baseline characteristics are shown in Table 2. There were
some trait differences in cases between tiers 2 and 3, such
as blood pressure measurements and percentages of the sub-
jects taking anti-hypertensive medication. This could be
largely attributed to differences in sample enrollment settings
between tiers 2 and 3; that is, cases in tier 3 were enrolled
from either the annual medical checkup of a medical insti-
tution or the clinic practices of general practitioners,
whereas a major part of cases in tier 2 were from the clinic
practices of university hospitals. Among the 75 SNPs
showing P-values between 0.05 and 4.4 x 107> in the first
‘case versus unaffected control’ study, only nine SNPs
showed borderline association (at the level of P < 0.05) in
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Figure 1. Schematic presentation of a three-tiered screening strategy in the present study. Gene-centered genome-wide exploratory test was performed in tier 1,
followed by case—control study of disease-associated SNPs in tier 2 and tier 3 samples. A panel of 188 male hypertensive patients were compared with each of
two population control panels in tier 1. Subsequently, "case versus unaffected control’ study was repeated twice to identify the best candidate SNPs. In transitions
from tier 1 to tier 2, and from tier 2 to tier 3, the number of SNPs was reduced according to the selection criteria that we arbitrarily defined. See details in the

Materials and Methods section.

the second ‘case versus unaffected control’ study (Fig. 2). Of
these, we found six SNPs that showed P-values of <0.05 for
both genotype distribution and allele frequency in the x*-test
statistic (Table 3). rs3755351 and rs3771426 were located
within the assumed intron 1 of ADD2, rs3787240 and
rs3787241 were located in the same intron of EYA2, and the
remaining two  SNPs—rs3794260 and 1s1805762—
each located in KIAA40789 and M6PR. To adjust for three
covariates—age, gender and body mass index (BMI), we
also performed logistic regression analysis for the significant
SNPs (Supplementary Material, Table St). With consideration
of genetic model consistency, an SNP (rs3755351) showed the
strongest association in the identical model (an additive model
by logistic regression analysis) among three tiers. Further
details of the association results are described in the Discussion.

SNP discovery and further test of association in three
selected genes

Because a group of SNPs from three genes, ADD2, KI4A0789
and M6PR, were particularly noted for their significant associ-
ation with hypertension (Table 3), we searched for potentially
functional SNPs by re-sequencing the 5'- and 3’-untranslated
regions, all exons and exon-intron borders of the individual

loci, on the basis of the gene structure deposited in the
human genome database (http://www.ncbi.nlm.nih.gov/). We
detected a total of 74 SNPs—25 SNPs in ADD2, 40 SNPs in
KI440789 and 9 SNPs in M6PR—and thereby selected 25
tag SNPs for genotyping 2025 subjects in tier 3 (see Sup-
plementary Material, Table S2A, B and C). Apart from four
SNPs which had been already included in the JSNP screening
marker set, we found four additional SNPs, two in ADD2
(rs2024453 and rs10084293) and one each in KIAA40789
(rs9739493) and M6PR (rs1805725), to be significantly associ-
ated with hypertension (Table 3). Thus, in each gene, we
identified at least two SNPs showing modest evidence of
association with hypertension (P < 0.05 level in tier 3) but
these SNPs did not necessarily belong to the same linkage dis-
equilibrium (LD) block (Fig. 3 and LD group in Supplemen-
tary Material, Table S2A, B and C). The analysis of
haplotypes inferable from tag SNPs did not show more signifi-
cant disease association than the analysis of individual SNPs
in any of three genes tested (data not shown).

Consideration of study power and multiple testing

We first estimated a type I error probability for the three-tiered
screening to be 6.8 x 107>: 0.036 for tier 1, 0.0009 for tiers 1
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Table 1. Summary of SNPs genotyped in tier-1 screening and genome coverage estimated by HapMap data

Chromosome From JSNP screening markers
HapMap (overlap)

JSNP overlapped with From HapMap data (Release 21, JPT)

Total SNPs Proportion of SNPs SNPs in close LD  (HapMap Coverage estimate: SNPs in~ Total SNPs in
in JSNP  unique to JSNP (r? > 0.8) with total-NA) LD (% > 0.8)/(HapMap totai— HapMap
overlap SNPs NA) SNPs

] 8378 0.370 5281 26 236 113362 0.231 139 002
2 7336 0.293 5189 28 763 123 447 0.233 160 546
3 5128 0.358 3290 17 494 91 985 0.190 125 160
4 3172 0.366 2010 11 998 74 080 0.162 114 809
5 4973 0.311 3427 18 432 91 206 0.202 122 243
6 6220 0.272 4527 26 182 110532 0.237 134 177
7 5813 0.358 3731 18 241 81 727 0.223 99 808
8 2388 0.246 1800 12 644 80 400 0.157 111953
9 2818 0.218 2203 12 358 70 091 0.176 91 908
10 3159 0.322 2141 13 552 81 103 0.167 100 771
11 3636 0.248 2735 14953 75 147 0.199 95 905
12 3816 0.223 2964 15188 73983 0.205 89 436
i3 1291 0.290 917 6717 48 622 0.138 75 956
14 2913 0.219 2275 11583 50 769 0.228 62 203
15 2311 0.194 1863 9903 46 599 0.213 54210
16 2677 0.268 1959 8227 43 415 0.189 51 865
17 3246 0.258 2408 10 050 38 550 0.261 41725
18 1243 0.207 986 6370 41 494 0.154 56 203
19 3392 0.308 2346 7626 25524 0.299 26 949
20 2588 0.402 1548 8784 41 725 0.211 45582
21 1761 0.275 1276 5777 23 465 0.246 26 892
22 2536 0.280 1825 7569 24 402 0.310 25077
Total 80 795 0.298 56 701 298 647 1451628 0.206 1852380

The numbers of SNPs genotyped in tier-1 screening are demonstrated for each chromosome. Genome coverage was assessed with the HapMap data from
JPT (n = 45); that is, the proportion of HapMap SNPs showing high #* (>0.8) to onc of the SNPs genotyped in this study (which arc all derived from
JSNP) is calculated. Because substantial part of the SNPs have turned out to be unique to JSNP, those overlapping with the HapMap SNPs, in the
‘overlap’ column, arc used to estimate genome coverage. Here, NA represents a category of SNPs which have been mapped to the genome (NCBI B35)
but do not have LD information against the HapMap SNPs. In this context, it is appropriate to reduce this NA SNPs from total SNPs deposited in the
HapMap data when cstimating genome coverage and we therefore use the number of SNPs (HapMap total-NA) as a denominator.

and 2 combined and 0.076 for tier 3 screening. Then, we
estimated overall sensitivities (which could represent the stat-
istical power) to be 0.10-0.45, 0.04—-0.23 and 0.01-0.08 for a
disease-associated SNP of OR = 1.4, 1.3 and 1.2, respectively,
assuming the disease allele frequency within 0.1-0.9, the
disease prevalence of 0.25 and the multiplicative genotype
model. Since we had adopted relatively generous criteria for
screening association signals, we evaluated the false discovery
rate (FDR) to account for multiple testing (15). FDR for the
nine SNPs found as significant was 0.69. A multi-staged
screening in the current study could be largely categorized
into two steps: tiers 1 and 2 (which constitute the first ‘case
versus unaffected control’ study) and tier 3 (which constitutes
the second ‘case versus unaffected control’ study). We there-
fore assessed experiment-wise type 1 errors with particular
focus on the last-stage screening in tier 3. By permutation,
the chance of observing a P-value of 0.0019 (for allele fre-
quency test at rs3755351 in ADD2) in tier 3 was estimated
to be 0.13.

DISCUSSION

With the recent advent of high-throughput genotyping techno-
logies and high-resolution maps of SNP markers, it is expected
that genome-wide association studies allow us to identify

systematically the contributions of common genetic variations
to human multifactorial diseases (16—18). In this line, our
study has attempted to discover common hypertension suscep-
tibility gene variants via a gene-centered genome-wide associ-
ation design for the first time. Despite the modest genetic
impacts assumed for hypertension, e.g. the A-values (the rela-
tive risk for siblings of the affected probands) have been
reported to be approximately 4 (19), we have nominated
several susceptibility genes for hypertension (Table 3).
Among these genes, findings for ADD2 and KI440789 are par-
ticularly noteworthy, because the former has been known to be
a physiological candidate gene for hypertension and the latter
is a novel gene with as-yet unknown physiological function.
Through a multi-tiered screening, nine SNPs derived from
seven distinct gene loci have remained to show some evidence
of association out of the 80795 SNPs initially screened.
Although the selection criteria were arbitrarily defined in the
present study, a small percentage of the SNPs have passed
the criteria in transitions from tier 1 to tier 2 (3.3%) and
from tier 2 to tier 3 (2.8%). In the ADD2 gene, for example,
the minor allele frequency (MAF) of rs3755351 is lower in
case groups (0.14-0.19) than that in controi groups (0.21-
0.22) throughout three tiers. A P-value of 1.7 x 107° and an
OR of 1.30 (95% CI 1.15-1.46) are attained for allele fre-
quency comparison of rs3755351 when the subjects studied
in different tiers are combined and finally categorized into



Table 2. Clinical characteristics of participants
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Variables Case group Control group
Tier 2 panel Tier 3 panel Tier 2 panel Tier 3 panel
Number of subjects (female/male) 752 (353/399) 619 (280/339) 752 (366/386) 1406 (650/756)
Present age, year 624 + 103 54.1 +8.4° 62.0 + 8.7 584 1 6.6
Age of onset, year 473 +10.2 432 +99 — —
Current BML kg/m” 239 +32 25.1 £3.6° 225+28 224127
Smoking”
None, % 48.6 61.6 66.0 58.6
Previous smoker. % — 17.0 — 10.2
Current smoker. % 514 214 34.0 31.2
Blood pressure
Systolic blood pressure, mmHg 146.4 + 19.5° 150.9 + 19.3% 113.8 £ 9.8 114.4 £+ 10.1
Diastolic blood pressure, mmHg 86.4 + 13.0° 914+ 12.2° 69.8 + 7.7 703+7.2
Treatment of hypertension, % 92.6 754 — —
Blood chemistry
Serum creatinine, mg/dl 0.87 + 0.69° 0.75 + 0.50° 0.73+0.18 0.70+£0.23
Fasting plasma glucose, mg/dl 105.3 + 28.7 109.0 + 31.0° 104.0 + 419 99.2+22.7
Serum total cholesterol, mg/dl 204.4 + 31.1° 2134 + 338 209.2 + 33.7 2156 +34.1
Serum triglyceride, mg/dl 129.8 + 82.2° 141.3 + 124.6° 108.1 + 67.1 110.1 £71.6
Serum HDL cholesterol, mg/dl 56.2 + 16.7° 61.9 4+ 19.5 60.6 + 16.0 63.5+ 175

Valucs arc means + SD.

For some variables, subjects with insufficient information are not included in the calculation.

P < 0.001, case group versus control group by the unpaired ¢-test in each tier.

YBecause of differences in the questionnaire, smoking status is categorized into two groups (non-smoker or smoker) in the tier 2 panel.

°P < 0.01, case group versus control group by the unpaired t-test in each tier.

the case (tiers 1-3) and unaffected control (tiers 2 and 3)
groups. None of our results appears to be significant with
the use of a strict Bonferroni correction, a very conservative
evaluation of significance, and further replication in an inde-
pendent population is indispensable.

The candidacy of 4DD2 as a hypertension susceptibility
gene has been supported by several physiological and bio-
chemical findings (20-22), together with some evidence
from the studies of molecular genetics (23—27). Adducin is
a ubiquitously expressed membrane-skeleton heteromeric
protein composed of different subunits, a-, 8- and y-subunits.
1t is known to play a substantial role in the regulation of mem-
brane ion transport. Point mutations of the a- and B-adducins
account for up to 50% of the blood pressure difference
between Milan hypertensive and normotensive rat strains,
probably via the modulation of the Na*—K™* ATPase activity
(one of major Na™-channels) in the kidney (23,24). In this line,
of note is the fact that B-adducin-deficient mice show signifi-
cant increases in systolic and diastolic blood pressures and
pulse pressure (21). The human homolog of B-adducin spans
over 100 kb on chromosome 2p13 and comprises 17 exons.
It has been reported that a common SNP (rs4984) identified
at position 1797 in exonl5 is associated with an increased
risk of hypertension under certain pathological conditions in
European populations (25-27), whereas this SNP itself is
not polymorphic in Asian populations (http://www.ncbi.nim.
nih.gov/SNP/). Also, it has to be noted that one previous
study (28) showed significant evidence for hypertension
linkage in the 2p13 region (a peak of 2.84 LOD at 93 cM),
where the ADD2 locus is exactly located among several
positional candidate genes. Despite our investigation in the

ADD?2 locus, we could not find either a clear LD block-like
structure or potentially functional SNPs in the vicinity of
three disease-associated SNPs (rs2024453, rs3755351 and
rs3771426), which are located in the putative promoter
region and intron 1, apart from rs10084293 located within
an LD block of ADD2 (Fig. 3). We have assessed the indepen-
dence of multiple associated SNPs in ADD2 by logistic
regression analysis and have found that the observed associ-
ation in this gene could be explained principally by the most
significant SNP (rs3755351) (see Supplementary Expla-
nation). Once these associations are validated in an indepen-
dent study panel, further extensive searches of functional
SNPs in the ADD2 locus are warranted.

Our high-density association study has also highlighted the
KIAA0789 gene located on chromosome 12¢23.3. This gene
encodes a hypothetical protein, LOC9671, which is expressed
principally in the central nervous system and modestly in the
pancreas (unpublished data). The predicted gene structure of
KIAA0789 involves 9 exons, spanning ~120 kb. There is a
clear LD block in the 5 region of the putative exon
1 (~3.8kb in size), whereas we have found two other LD
block-like structures within the KIA40789 gene (Fig. 3).
Two disease-associated SNPs (rs3794260 and rs9739493)
have turned out to reside in different LD blocks, and the con-
struction of their haplotypes does not seem to provide much
additional information on disease association. Although the
precise gene structure and gene function remain unknown,
KIAA40789 appears to contain a carboxy-binding WSC
domain, and its homologs are likely to exist in mice and rats
according to the database information (http://www.ncbi.nlm.
nih.gov/). Again, detailed investigation including independent
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Figure 2. Statistical significance of x*-test of disease association in the two-staged ‘case versus unaffected control’ study. —Log,, P-values were used instead of
raw P-values in cach scatter plot. The dashed lines indicate P = 0.05. (A) As for SNPs genotyped in the second ‘case versus unaffected control’ panel, P-values
for allele frequency in the second ‘case versus unaffected control” panel were plotted against those in the first ‘case versus unaffected control’ panel, where SNPs
located in three gene loci—A4DD2, KI440789 and M6PR—are depicted with solid circles to which the following symbols are attached: A, ADD2; K, KIAA(789;
M, M6PR. (B) As for SNPs genotyped in the second “case versus unaffected control” panel, P-values for genotype distribution ([2 x 3] contingency table) in the
sccond ‘case versus unaffected control’ panel were plotted against those in the first ‘case versus unaffected control® panel, where SNPs located in three gene
loci—ADD2, KIAA0789 and M6PR—are depicted with solid circles as mentioned earlier.

replication of disease association will lead us to clarify the
etiological relevance of KIA40789 to hypertension.

Another, potential disease association, though modest stati-
stical significance, has been found for M6PR. The M6PR gene
encodes a cation-dependent receptor for mannose-6-phosphate
groups on lysosomal enzymes and plays a critical role in the
segregation and targeting of lysosomal enzymes to lysosomes.
Thus far, no functional relation between M6PR and hyperten-
sion has been reported. Similar to KI440789, this gene could
also allow us to identify a novel, as-yet unnoticed blood
pressure regulatory mechanism.

We should bear in mind several limitations inherent in the
present study. First, the level of genome coverage is an issue
of heated debate (10,18). Some people may argue that our a
priori marker selection strategy is gene-centric without utiliz-
ing LD information and hence it is not sufficient to pick up as
many modest associations as possible in genome-wide
searches of hypertension susceptibility genes. A comprehen-
sive framework of common variations throughout the human
genome has been made available by the recent completion
of the International HapMap Project (29). On the basis of
our assessment, the JSNP screening markers in this study
cover 20.6% of the HapMap SNPs, whereas a substantial pro-
portion (~30%) of SNPs appear to be unique to JSNP (Table 1
and Supplementary Material, Fig. S1). Under these circum-
stances, an ideal set of SNPs for our study would encompass
deliberately selected tag SNPs (principally common genetic
variants) and additional ‘singleton’ SNPs (sometimes rare
genetic variants). Besides this argument of tag SNPs, there
are two points of weakness regarding genome coverage as
follows: (i) sex chromosome markers have been excluded
from the analysis because of the pre-determined policy of
multi-disease collaborative study in the Japanese Millennium
Genome Project, and (ii) a substantial part of the expressed

human genes is not covered by the JSNP database (11), in
which the fundamental SNP data were almost fixed in the
middle of 2003. Second, the statistical power attainable by
our study panel needs to be taken into consideration. For the
last few years, genotype costs have fallen dramatically, yet
present economic and experimental conditions make it necess-
ary, in practice, to reduce the number of genotyped samples
down to a moderately sized case group (188 subjects in our
study) at the initial screening with approximately 80 000
SNPs. We arbitrarily set the selection criteria of OR > 1.4
and P <0.015 in transition from tier 1 to tier 2, where the
overall statistical power is estimated to be 10-45% for a
disease-associated SNP of OR = 1.4 and 1-8% for that of
OR = 1.2, assuming the disease allele frequency within 0.1~
0.9 and the disease prevalence of 0.25. Thus, it is likely that
our study design allows for capturing less than half of the
true disease associations particularly with regard to modest
genetic susceptibility. Third, ethnic diversity has not been
tested within the scope of the present study. Instead of using
commercially available SNP sets aimed at full genomic cover-
age, we have attempted to focus on potentially functional var-
iants and also relatively common SNPs (MAF > 0.1) in the
Japanese population. Accordingly, some of disease-associated
SNPs listed in Table 3 may be rare or not polymorphic in the
other ethnic groups. To clarify allele frequency representation
of individual loci and etiological impacts attributable to them,
further examination is required in the context of ethnic
diversity.

During our preparation of this report, two genome-wide
association studies for hypertension and/or blood pressure
have been performed in Caucasians (30,31). When our
results are compared with public data sets for these association
statistics, a few SNPs in the regions of interest appear to show
a tendency of association with hypertension or blood pressure;
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Figure 3. LD rclations between SNPs in the ADD2. KI440789 and M6PR genes (top) and disease association of markers from the corresponding genomic
regions (bottom). In the top. the LD between a pair of markers is indicated by the color of the block above and to the left of the intersection of the
markers. For the sake of readability. only the names of SNPs showing significant association are shown to the right of the vertical axis of the LD plot. The
rest of the SNP information is described in Supplementary Material. Table S2A, B and C. In the upper bottom. the location of genetic markers studied in
the corresponding genomic region is shown with relation to gene structure. Here, green and red circles indicate the SNPs with low (MAF < 0.05) and high
(MAF = 0.05) allcle frequencies in the Japanese. respectively. In the lower bottom, —log,q P-values of the differences in allele frequencies between case
and control subjects in tier 3 (i.e. the second “case versus unaffected control” study) were plotted against the location of individual genetic markers genotyped.

for example, an SNP (rs17006246) in ADD2, which is in
strong LD (+° = 0.806 and D' = 1 in the HapMap JPT popu-
lation) with rs3755351. the most significant SNP in our
study, is modestly associated with hypertension status (P =
0.029) in the Diabetes Genetics Initiative (DGI) study but
the direction of effect is opposite between rs3755351 typed
in this study and rs17006246 typed in the DGI study. On the
other hand, rs1805740, in strong LD with an SNP
(rs1805762) in M6PR, is modestly associated with hyperten-
sion status (P = 0.036) in the Wellcome Trust Case Control
Consortium study with the same direction of effect as in this
study (see Supplementary Material, Table S3).

In summary, our high-density association study provides a
list of gene loci potentially predisposing people to hyperten-
sion, which awaits replication across populations. With the
available samples, we have observed an association of SNPs
including three SNPs clusters (or gene loci) in the Japanese
populations. In face of the complex nature of disease etiology,
it seems to be a formidable task but worth challenging that we
eventually apply the SNPs information to improved preven-
tion, diagnosis and treatment of hypertension.

MATERIALS AND METHODS
Study design

We performed a large-scale association study for genes sus-
ceptible to hypertension by using a three-tiered genotyping
approach (tiers 1, 2 and 3) as depicted in Figure 1. All methods
of the study were approved by the review committees of the

individual institutions involved in the present study. All sub-
jects provided written informed consent for participation.

In the gene-centered genome-wide exploratory test in tier 1,
we carried out genotyping of 83 802 SNPs (3007 of which
were excluded from the analysis because they are on sex
chromosomes or in the unknown locations) using genomic
DNAs from 188 Japanese male hypertensive patients and
752 unrelated Japanese individuals (referred to as general
population controls) and another panel of 752 Japanese sub-
jects (referred to as arbitrarily defined controls) who were
affected with any of the other four common diseases including
gastric cancer, diabetes mellitus, bronchial asthma and Alzhei-
mer’s disease: each of these was investigated as the ‘Japanese
Millennium Genome Project’ (Fig. 1). The theoretical basis of
adopting this exploratory test scheme was previously reported
elsewhere (32). Cases were enrolled from the clinical practice
or the annual medical checkup of university hospitals and
medical institutions according to the uniformly defined cri-
teria. These included (i) systolic blood pressure >160 mmHg,
diastolic blood pressure >95 mmHg, or both on two consecu-
tive visits for untreated subjects; (ii) patients receiving long-
term antihypertensive treatments; (iii) no secondary form of
hypertension as evaluated by an extensive workup; (iv)
family history of hypertension, i.e. at least one hypertensive
subjects detectable among parents and siblings of the partici-
pants; (v) an age of onset known to be between 30 and 59
years. Moreover, only male subjects with BMI < 25 kg/m2
were selected in tier 1. We compared allele frequencies and/
or genotype distributions in hypertensive patients and two
population control panels and evaluated deviation from HWE
at each of the genotyped loci. For the subsequent screening



in tier 2, we selected SNPs (i) with OR > 1.4 and P < 0.015
against either of two population control panels and with con-
cordant OR tendency against two control panels; (ii) with
MAF > 0.1 and (iii) not showing significant deviations (P =
0.01 level) from Hardy-Weinberg expectations in the
patient or control panels.

In tier 2 (which comprised 752 hypertensive patients and
752 normotensive controls), we further tested the SNPs thus
screened in tier 1, which effectively constituted the first
‘case (tiers 1 and 2) versus unaffected control (tier 2)’ study.
Here, cases in tier 2 were selected according to the criteria
(i)—(v) mentioned earlier for tier 1. Normotensive controls,
on the other hand, were defined as follows: (i) systolic blood
pressure <130 mmHg and diastolic blood pressure
<85 mmHg without receiving antihypertensive treatments;
(ii) age >50 years and (iii) no family history of hypertension.
Both males and females were included in tier 2 without refer-
ence to BMI. We selected SNPs (i) with P-value <0.05 when
comparing allele frequency; and (ii) with P-value <0.01 when
comparing genotype distribution between (tiers 1 and 2) cases
and (tier 2) controls by x° test statistics.

In tier 3 (which comprised 619 hypertensive patients and
1406 normotensive controls), we performed the second ‘case
versus unaffected control’ study to examine significant associ-
ations observed in tiers 1 and 2. The diagnostic criteria in tier
3 were identical to those in tier 2. For the assessment of
assumptions when using statistical models in the present
study, quantile—quantile plots of P-values were depicted for
each stage of association test described in Supplementary
Explanation.

No significant population stratification was observed for
samples in tier 1 when it was assessed with the methods
reported by Patterson er al. (33). However, the presence of
population stratification was indicated for samples in the first
stage ‘case (tiers | and 2) versus unaffected control’ study.
We observed moderate bias in genotype frequency of some
SNPs between the two tiers, which may have resulted from
technical/experimental artifacts between genotyping of cases
in tiers 1 and 2. Therefore, the trend test statistic at this
analytical stage was corrected according to the significant
eigenvector (see Supplementary Explanation). Stratification
in tier 3 was not detected but could not be ruled out because
of the relatively small number of SNPs (n = 75) genotyped
in tier 3. As for the nine SNPs that showed significant
disease association after multi-stage screening, they were not
correlated with the significant eigenvector detected in tiers 1
and 2 cases and tier 2 controls. The P-values for nine SNPs
were similar between the nominal and the EIGENSTRAT-
corrected ones; for example, the nominal P-value was
0.0029 and the EIGENSTRAT-corrected P-value was 0.0069
at rs3755351 in ADD2.

SNP marker resource and genotyping

Most of the SNP markers used in the present study were same
as the markers used in the previous reports (14) and derived
from the JSNP database. The samples in tiers 1 and 2 were
genotyped by PCR amplification of multiple genomic frag-
ments with 20 ng of genomic DNA followed by characteriz-
ation with the invader assay. Genotyping of the samples in
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tier 3 was undertaken using the TagMan® SNP Genotyping
Assays (Applied Biosystems). To secure the accuracy and
completeness of genotyping, which is critical for large-scale
studies (34), we attached a set of ‘flags’ to individual SNP
data mainly dependent on the data completeness, after two
independent investigators had checked the raw data robustness
by looking at the scatter plot of the assay.

SNP discovery in the selected genes

Approximately 38 kb of genomic sequence spanning the exons
and the 5'- and 3'-untranslated regions of three genes, 4ADD2,
KIAA0789 and M6PR, was re-sequenced in 48 Japanese
control individuals to identify potentially functional SNPs.
Since KIAA0789 had not been fully annotated, the arbitrary
positions of translation initiation sites were estimated accord-
ing to the human genome database. From the SNPs thus ident-
ified, tag SNPs were selected for the three genes with the
algorithm that we previously reported (35). These tag SNPs
were then used for the case—control analysis in tier 3 to
further examine association signals seen throughout the multi-
staged screening. We deposited the identified SNP information
in the NCBI’s SNP database and also in our own database,
JMDBase (Japan Metabolic Disease Database).

Statistical analysis

The SNPs were tested individually for the statistical signifi-
cance of disease association with the x’-test statistic, which
evaluated three inheritance models—[2 x 3] contingency
table, dominant and recessive models—for genotype distri-"
butions and independence on [2 x 2] contingency table for
allele frequencies. Here, the most significant P-values
among three inheritance models were adopted for genotype
distributions when we selected SNPs for screening in tier 3.
The criteria for declaring suggestive evidence of disease
association were arbitrarily set at each analytical stage as sum-
marized in Figure 1, and they are described in the Results
section. SNPs’ genotype departures from HWE were tested
using the x’-test with 1 degree of freedom.

In the three genes showing significant association signals,
the extent of LD was measured in terms of an LD coefficient
r* before the analysis of haplotype structure. Within each LD
block, haplotypes were inferred from genotype data by
the SNPHAP software for the case and control groups,
respectively.

We randomly permutated the genotype of individuals across
different panels, 100 times per SNP, and counted the ratio of
permutations that fulfill the screening criteria. This ratio indi-
cates the specificity of the study. According to the P-value dis-
tribution of the permutations, we evaluated the probability of
observing an SNP with P-value no larger than the actual
minimum. This probability indicates the experiment-wise
P-value. For the specific prevalence and penetrance, we calcu-
lated genotype frequency and randomly generated genotypes
according to their frequency. We generated genotypes for
1000 simulations of each panel and computed the ratio of
simulations that could pass the screening. This ratio is con-
sidered the sensitivity of the study.
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Values were expressed as means + SD unless otherwise
indicated.

Uniform resource locators

The JSNP database is available at http://snp.ims.u-tokyo.ac.jp/
index.html. The National Center for Biotechnology Infor-
mation’s SNP database is available at http://www.ncbi.nim.
nih.gov/SNP/. The JMDBase is available at http://www.
jmdbase.jp. SNPHAP is available at http://www.gene.cimr.
cam.ac.uk/clayton/software/

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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