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Table 1 Statistical results for D2S2264
Allele Patient Negative Positive Negative OR x2 p* Pc
236 33 249 29 173 0.79 0.74241 0.38889 3.888897
244 30 252 33 169 0.61 3.37535 0.066178 ~ 0.661784
245 1 281 0 202 - 0.71780 0.396868 3.968681
247 0 282 1 201 0.00 1.39893 0.236903 2.36903
248 0 282 1 201 0.00 1.39893 0.236903 2.36903
250 144 138 82 120 1.53 5.18313 0.022807 0.228072
252 18 264 15 187 0.85 0.20143 0.653568 6.535679
253 1 281 0 202 - 0.71780 0.396868 3.968681
254 54 228 41 161 0.93 0.09834 0.753832 7.538317
256 1 281 0 202 - 0.71780 0.396868 3.968681
*The corrected p value was corrected by the number of alleles.
OR, odds ratio.
Table 2 Statistical results for D2S176
Allele Patient Negative Positive Negative OR x2 p* Pc
245 104 178 51 1561 1.73 7.31510 0.006838 0.047864
247 6 276 7 195 0.61 0.80573 0.369385 2.585696
249 72 210 70 132 0.65 472355 0.029752 0.208266
251 73 209 49 153 1.09 0.16568 0.683979 4.787854
253 22 260 23 179 0.66 1.79341 0.180511 1.26358
255 4 278 2 200 1.44 0.17638 0.674504 472153
261 1 281 0 202 - 0.71780 0.396868 2.778077

*The corrected p value was corrected by the number of alleles.
OR, odds ratio.

DISCUSSION

Based on recent knowledge, the average length for an estimated
LD between the disease-susceptible SNPs and the nearby MS
alleles is 100 kb or longer."*"® In other words, if the disease-
susceptible SNPs are located between two neighbouring MS
markers at an interval of 200 kb or less, and the disease alleles of
the two neighbouring MS markers are in LD, then the
intervening disease-susceptible SNPs will also be in LD and
associated with disease.

We found an association between D2S176 on chromosome
2q12.2 and NTG in the Japanese. The association is not too
strong, as it just reaches statistical significance (0.047864:
corrected p value for D25176). Therefore, it follows that this
locus might contain an unknown candidate gene for NTG. The
nearest gene to the D2S176 marker is the NCK2 gene
(NM_003581), which is about 24 kb from the marker and
within the expected LD region of the D25176 marker. This is
the first report to point to the NCK2 gene as a disease-
susceptibility gene for NTG. NCK2 gene encodes a member of
the NCK family of adaptor proteins, and the adaptor protein
which associates with tyrosine-phosphorylated growth factor
receptors of their cellular substrates.”

Another weak, but significant, MS marker, D252264, is
located on 2q11.2. This marker is within the MAP4K4 gene
sequence (NM_145686) that codes a member of the serine/
threonine protein kinase family.”? There have been no previous
reports suggesting any connection between NCK2 and/or
MAP4K4 and NTG.

In conclusion, we performed an association analysis of
normal tension glaucoma using a high-density set of poly-
morphic MS markers between cases and controls from the
Japanese population. The MS markers were used in the
association analysis to find statistically significant regions
associated with potential susceptibility genes. Although the
outcome of this study is insufficient to draw a definite
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conclusion about the true candidate gene for NTG, the study
points to NCK2 as a disease candidate gene and further supports
the GLC1B locus as an important genomic region that is
associated with the genetic predisposition to glaucoma. The
next step is to find susceptibility variants within the NCK2 and
MAP4K4 genes by SNP analysis. The future analysis of these
genes is expected to open the door to a better understanding of
the genetic predisposition to NTG.
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Table 1 Intima-media thickness values at different carotid artery
districts (mm; mean (SD)) in patients with RA subdivided according to
the presence of absence of serum anti-CCP antibodies

Total Patients  Patients  Anti-CCP-
Normal patients with RA  with RA  versus
controls  with RA anti-CCP- anti-CCP+ anti-
n=7% n=381 n=29 n=52 CCP+P
Age (mean (SD)) 61 (13) 63 (10) 62 (10) 63 (11) 0.54
Sex (males %) 29.3 28.4 13.7 36.5 0.02 (£9)
Disease duration - 11(9) 10 (7) 13 (10) 0.41
(years)

Common carotid  0.81 (0.24) 0.84 (0.22)t 0.82 (0.18) 0.85 (0.24) 0.44
Carotid bifurcation 0.89 (0.24) 1.02 (0.25)+ 1.05 (0.26) 1.01 (0.24) 0.52
Internal carotid 0.74 (0.23) 0.76 {0.21)t+ 0.70 (0.16) 0.80 (0.23) 0.03
Carotid artery* 0.86 (0.25) 0.87 (0.19)1 0.85 (0.16) 0.89 (0.20) 0.47

*Values of carotid artery are the average of common carotid, carotid bifurcation and
internal carotid intima-media thickness values.

1p<<0.05 versus normal controls.

RA, rheumatoid arthritis; anti-CCP, anti-cyclic citrullinated peptides.

patients with RA without overt CVD was analysed by
ultrasound, as described.® Seventy-five age- and sex-matched
healthy subjects with a similar distribution of risk factors
(smoking, high body mass index, hypercholesterolaemia, hyper-
tension, diabetes mellitus and CVD family history) formed the
control group. Evaluation of anti-CCP was performed in all
patients by an enzyme-linked immunosorbent assay (Diastat,
Axis-Shield Diagnostics, Dundee, UK). The study was approved
by the local ethical committee.

IMT values were higher in the patients than in controls at all
artery domains examined (common, bifurcation and internal
carotid) (table 1). Patients with RA with detectable circulating
anti-CCP had higher IMT at internal carotid arterial wall than
patients without evidence of these antibodies. The fact that we
found differences only at the internal carotid may be due to a
low number of enrolled patients, but it may also be explained by
the observation that atherosclerosis primarily involves the upper
carotid tract (internal carotid and bifurcation).”

The patients who were anti-CCP positive did not differ from
the other patients for age, disease duration, traditional risk
factors and treatment (data not shown), but included a higher
number of males. This finding agrees with the demonstration
that male patients with RA are more likely to be seropositive
for, and have higher titres of anti-CCP compared with female
patients.® Although this may represent a confounding factor
that might explain the higher internal carotid IMT found in the
patients who were anti-CCP positive, a multivariate analysis
showed that only age, smoking and anti-CCP, but not sex or
other traditional risk factors, were predictors of internal carotid
thickening in our series.

The role of age and smoking as predictors of atherosclerosis in
RA has been described in several studies.! 2° * However, to our
knowledge, this is the first report showing an association
between anti-CCP and subclinical atherosclerosis in patients
with RA. The finding that smoking may trigger immunity to
citrullinated proteins in genetically predisposed subjects with
RA ' may represent a fascinating pathogenic link between
smoking, anti-CCP and atherosclerosis acceleration in RA.
Further studies with higher number of patients are ongoing to
verify the benefit of anti-CCP determination in identifying
patients with RA at high risk for CVD.
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Association of the toll-like receptor
4 gene polymorphisms with
Behget's disease

Behget’s disease (BD) is a multisystemic inflammatory disorder
characterised by recurrent ocular symptoms, oral and genital
ulcers, and skin lesions.* ? The aetiology of BD remains unclear,
but likely both genetic and environmental factors play an
important part in BD development.

Ann Rheum Dis May 2008 Vol 67 No 5

We performed a whole-genome association analysis of BD
using 23 465 microsatellite markers and ultimately found
significant association for 147 markers (unpublished data).
One of the 147 markers is located within 100 kb from the toll-
like receptor (TLR) 4 gene on chromosome 9. Among the TLR
family members, TLR4 is the receptor most exhaustively
investigated and has been shown to recognise and interact
with heat shock protein (HSP) and lipopolysaccharide (LPS),? ¢
which are regarded as antigens in BD.*® Therefore, we
hypothesised that TLR4 polymorphisms may be associated
with the risk of BD and conducted single-nucleotide poly-
morphisms (SNPs) analysis of TLR4 in BD. To our knowledge,

725



Downloaded from ard.bmj.com on May 1, 2011 - Published by group.bmj.com

this study is the first attempt to analyse SNPs of the TLR4 gene
in BD.

Nine SNPs (fig 1) in TLR4 were genotyped by TagMan method,
following the manufacturer’s instructions, in 200 unrelated
Japanese patients with BD and 102 unrelated healthy Japanese
controls. Strong linkage disequilibrium (LD) existed across
nine SNPs in TLR4 (D'=082). But, only in rs7037117
(named SNPB8) located in the 3'-untranslated region, a significant
difference was observed between cases and controls (p = 0.02)
(table 1).

We analysed clinical features according to the polymorphism
of SNP8 (table 1). After stratification for the effect of onset age,
a highly significant association was observed between controls
and 94 cases where onset age was <34 years (p = 0.002). When
BD patients with complete type or incomplete type were
compared with controls, there was statistically significant
difference between 110 incomplete-type cases and controls for
SNP8 (p =0.003). Further, SNP8 polymorphism was associated
with four major symptoms and two minor symptoms, and
besides was strongly associated with BD with minor
symptom(s) (p = 0.009). There was no significant difference in
allele frequency of SNP8 between male and female or
between HLA-B*51 carriers and non-carriers (data not shown).
In other SNPs, minor allele frequencies of five SNPs
(named SNP1, 2, 3, 4 and 5, respectively) were significantly
increased in incomplete-type BD, BD where onset age was
<34 years, and BD with minor symptom(s) (p<0.05, data not
shown).

In haplotype analysis, the frequency of one haplotype,
consisting of six minor allele of SNP1, 2, 3, 4, 5 and SNP8,
was increased in the patients (23.8% vs 15.7%, OR = 1.67, 95%
CI=1.08 to 2.60, x*=5.29, p=0.03). However, this increase
did not reach statistical significance after Bonferroni correction
(pc>0.05). There was strong LD between these six SNPs
(D'>0.97).

This study shows that one SNP in TLR4 is associated with
BD, and six SNPs have an effect on clinical features of BD. Our
data are consistent with the interpretation that the immune
response against TLR4 ligands, such as HSP and LPS, plays an
important part in BD development. Therefore, it will be
essential to identify the antigens associated with the TLR4
sequence variant and subsequent signalling pathways in BD.
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Table 1 Association of minor allele of rs7037117, SNP for the TLR4
gene, with BD

Minor allele
frequency
n (%) OR (95% C1) p Value (x’)
Controls 102 15.7
Patients with BD 200 240 1.70 (1.09 to 2.64) 0.02 (5.59)
Onset age
=35 years 97 2041 1.35 (0.81 to 2.26) 0.29 ({1.32)
<34 years 94 287 217 (1.32 to 3.54) 0.002 (9.71)
Classification
Complete BD 90 194 1.30 (0.77 to 2.20)  0.35 (0.94)
Incomplete BD 110 277 2.06 (1.28 to 3.33) 0.003 (8.96)
Major symptoms
Oral ulcer 196 24.0 1.70 (1.09 to 2.64) 0.02 (5.54)
Skin lesion 174 236 1.66 (1.06 to 2.60) 0.03 (4.87)
Ocular lesion 179 229 1.60 (1.02 to 2.51)  0.049 (4.19)
Genital ulcer 122 242 1.71 (1.06 to 2.76)  0.03 (4.95)
Minor symptoms
Arthritis 71 254 1.83 (1.07 to 3.11)  0.03 (4.95)
Epididymitis 15  30.0 2.30 (0.97 t0 5.48)  0.07 (3.71)
Gastrointestinal lesion 22 29.6 2.25 (1.07 to 4.77)  0.049 (4.68)
Vascular lesion 17 214 1.47 (0,39 to 5.55) 0.48 {0.32)
Central nervous 18 30.6 2.37 (1.06 to 5.28) 0.06 (4.60)
system lesion
BD with minor 96 26.6 1.94 (1.19 t0 3.19)  0.009 (7.06)
symptom(s)

Onset age of BD was ascertained in 191 cases, and the average was 34.5 years old.
BD, Behget's disease.
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Figure 1 Toll-like receptor 4 gene structure
l l l with four transcript isoforms (A-D) and nine
single nucleotide polymorphisms (SNPs)

variants with minor allele frequencies >5%
from the National Center for Biotechnology
Information dbSNP. SNPs are indicated by

the following numbers: {1) rs10759930; (2)
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Expression of high mobility group
protein 1 in the sera of patients and
mice with systemic lupus
erythematosus

High mobility group protein 1 (HMGB1) is a non-histone nuclear
protein with a dual function. Inside the cell, HMGB1 binds to
DNA and modulates a variety of processes, including transcrip-
tion. Outside the cell, HMGBI1 can serve as an alarmin to mediate
disease manifestations in animal models of sepsis and arthritis; in
these models, blocking HMGB1 can attenuate disease.'*

In in vitro experiments, HMGB1 translocation and cellular
release can occur during activation as well as cell death and is
present in tissue in conditions, such as rheumatoid arthritis and
cutaneous lupus.* * While original studies suggested that release
occurs only with necrosis,® more recent studies have shown that
HMGB1 release also occurs in late apoptosis.”® As increased
apoptosis and decreased clearance of apoptotic material may
underlie the pathogenesis of systemic lupus erythematosus
(SLE), these findings suggest that extracellular HMGB1 levels
rise in this disease and promote systemic and local inflamma-
tion.

To elucidate the expression of HMGB1 in SLE, we have
investigated blood levels of HMGB1, using Western blotting to
analyse serum samples from a murine lupus model and patients
with SLE. We obtained serum samples from MRL/Mp]-lpr/lpr

and BALB/c mice purchased from the Jackson Laboratory (Bar
Harbor, MA, USA). Human SLE serum samples were purchased
from Immunovision (Springdale, AR, USA). For Western
blotting, electrophoresis was performed using a 4-12% Bis-Tris
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(Invitrogen, San Diego, CA, USA). Protein was transferred on
to PDVF membrane and blotted with a rabbit anti-HMGB1
polyclonal antiserum (gift of Dr Kevin Tracey, North-Shore
Jewish Hospital, Long Island, NY, USA) followed by HRP-
conjugated anti-rabbit IgG and Super Signal West Femto
substrate (Pierce, Rockford, IL, USA). Images were captured
with a CCD camera.

As data in fig 1 indicate, sera from patients with SLE as well
as MRL/Mp]-lpr/lpr mice show increased levels of HMGB1 by
Western blotting. To assess the extent of this increase, the
density of the HMGB1 band was analysed by AlphaEasyFC
version 3.1.2 and the value expressed as fold increase over
control. In samples studied, for human sera, the amounts of
HMGBI1 increased 2.8-36-fold while, for the murine sera, the
values increase 1-28-fold over controls. Furthermore, in MRL/
Mp]-lpt/lpr mice, the HMGB1 levels rose with disease progres-
sion (data not shown). Together, these data indicate that
HMGB1 release occurs with SLE and can produce increased
levels in the sera similar to that occurs in sepsis and shock.??
Further analysis will be need to determine the relationship to
disease activity and treatment.

In the context of SLE, increased levels of other nuclear
constituents in the blood (eg, DNA) have been attributed to cell
death, with impaired clearance mechanisms (eg, complement
deficiency) preventing normal disposal. Extracellular HMGB1 in

MRL/MpHpr/lpr

@ months

10 months

HMGBI1
31kD
‘@& ‘@0 Commercial human SLE sera
HMGBI
31kD

Figure 1

Detection of high mobility group protein 1 (HMGB1) in mouse and human sera. Sera from either mice (A) or human (B) were resolved on

sodium dodecyl sulphate—polyacrylamide gel electrophoresis and analysed by Western blotting with an anti-HMGB1 antibody. SLE, systemic lupus

erythematosus.
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Abstract

Stroke is the world’s third leading cause of death. One cause of stroke, intracranial aneurysm, affects
~2% of the population and accounts for 500,000 hemorrhagic strokes annually in midlife (median
age 50), most often resulting in death or severe neurological impairmentl. The pathogenesis of
intracranial aneurysm is unknown, and because catastrophic hemorrhage is commonly the first sign
of disease, early identification is essential. We carried out a multistage genome-wide association
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study (GWAS) of Finnish, Dutch and Japanese cohorts including over 2,100 intracranial aneurysm
cases and 8,000 controls. Genome-wide genotyping of the European cohorts and replication studies
in the Japanese cohort identified common SNPs on chromosomes 2q, 8q and 9p that show significant
association with intracranial aneurysm with odds ratios 1.24-1.36. The loci on 2q and 8q are new,
whereas the 9p locus was previously found to be associated with arterial diseases, including
intracranial aneurysm2 -3, Associated SNPs on 8(§hkely act via SOX17, which is required for
formation and maintenance of endothelial cells® sug%estmg arole in development and repair of
the vasculature; CDKN24 at 9p may have a similar role”. These findings have implications for the
pathophysiology, diagnosis and therapy of intracranial aneurysm.

Siblings of intracranial aneurysm probands are at ~fourfold increased risk of hemorrhage from
intracranial aneur{sm ,suggesting a genetic component to risk10. Genome-wide linkage studies
of familial cases! ! and rare apparently mendelian kindreds have not thus far identified robustly
replicable loci, and no underlying mutations have been identified12-14 . Similarly, examination
of candidate genes in small case-control studies has failed to produce replicable results12

These considerations motivate the use of GWAS to identify common variants that contribute
to intracranial aneurysm. We carried out a multistage intracranial aneurysm GWAS in three
cohorts: a Finnish cohort of 920 cases and 985 controls, a Dutch cohort of 781 cases and 6,424
controls and a Japanese cohort of 495 cases and 676 controls (see Supplementary Methods
online).

The study design consisted of a first stage of genome-wide genotyping of the European cohorts
on the Illumina platform, careful matching of cases and controls, and identification of intervals
harboring SNPs that surpassed a significance threshold of 5 x 107 for association with
intracranial aneuryst. This discovery phase had 80% power to detect common alleles that
confer a genotype relative risk (GRR) of 1.31 and 50% power to detect a GRR of 1.25 (assuming
an additive model in log-odds scale). Replication of association of SNPs in these intervals was
tested in the Japanese cohort, setting P < 0.05 for significant replication. The replication study
had 80% and 66% power to replicate SNPs with GRRs of 1.31 and 1.25, respectively. The
utility of using a genetically diverse population for replication has been demonstrated by recent
studies !, thereby extending association results to a broad segment of the world’s population.
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Discovery phase genotypes were processed using rigorous quality controls; because Dutch
controls and some Finnish controls were genotyped separately on Illumina chips of varying
SNP density, particular attention was paid to ensuring consistent genotyping performance and
excluding nonrandom genotyping error within and across cohorts (Supplementary Methods
and Supplementary Tables 1 and 2 online). To control for gopulation stratification, we
genetically matched cases and controls from each cohort! , resulting in a dataset in which
cases and controls are similarly distributed along axes of significant principal components
(Supplementary Table 1).

We tested for association between each SNP and intracranial aneurysm by using the Cochran-
Armitage trend test in each cohort and combined the results using the Mantel extension test.
The distribution of test statistics for association of SNPs with intracranial aneurysm in the
combined cohort is shown in Figure 1a. The genomic inflation factor (1) was 1.043 and 1.136
for the mesh and Dutch, respectively, and 1.114 combined, indicating well-matched
populatxons (Fig. 1a); further logistic regression including principal components as
covariates? did not significantly change 4 (Supplementary Fig. 1 online), nor did exclusion of
SNPs with call rates <99% in any case or control cohort (Sup; ]plementary Methods); in contrast,
because genomic inflation factor increases with sample size" ©, the large Dutch control sample
was a major contributor to 1 (Supplementary Methods). The association results reveal anumber
of SNPs whose P values exceed those expected under the null hypothesis; these persist after

&
x
U
=
(@)
i
=
=
o
)
= ]
7
@
L]
o
c
°
>
c
ik
=7
o
o
<
)
S
=
@
Q
=},
5=
{ o

Nat Genet. Author manuscript; available in PMC 2009 June 1.



jduosnuepy loyiny dnous) siepung DHIANAMN

&
A
U
=2
O
m
=
=
O
®
%
%
®
—
@)
&
o
>
&
=
=
o]
beoen ¥
<
©
=
=
@
o
=]
o
o

Bilguvar et al.

Page 3

correction for A (Fig. 1b). The P values across each chromosome are shown in Figure 1c. Four
intervals (on 1q, 2q, 8q and 9p) harbored SNPs that surpassed the threshold for genome-wide
significance; these include multiple SNPs with correlated P values and comprise 15 of the 16
SNPs with P < 106 (Fig. 1c). Associated SNPs in each interval have very high call rates in
every cohort and none violate HWE in any cohort (Supplementary Table 2). The first three
loci have not previously shown association with intracranial aneurysm or other diseases,
whereas SNPs on 9p are in the block of linkage disequilibrium (LD) that has previously been
shown to be associated with myocardial infarction2- , abdominal aortic aneurysm and
intracranial aneurysms. Both Finnish and Dutch cohorts contributed to the significance of each
locus, the risk alleles were identical and their odds ratios were not significantly different
between cohorts (Table 1).

To attempt to replicate these four loci, we genotyped 15 SNPs from these intervals in the
Japanese cohort (Supplementary Tables 2 and 3 online). Eight of the 15 SNPs showed
significant association with intracranial aneurysm; these included SNPs on 2q, 8q and 9p (Table
1). At eachlocus, SNPs in strong LD in the Japanese sample showed highly correlated P values
(Fig. 2). For associated SNPs, risk alleles in Japan were identical to and showed similar odds
ratios to those found in Europe (Table 1 and Supplementary Table 3). Using the Mantel
extension test to combine data from all three cohorts, we found the following P values and
odds ratios for the SNPs showing the strongest evidence for association at each locus: 2q, P =
4.4 x 108 (odds ratio (OR) = 1.24); 8q, P= 1.4 x 10'10 (OR = 1.36); 9p, P= 1.4 x 10"10 (OR
=1.29) (Table 1). No locus showed significant deviation from an additive model (log-odds
scale) (Supplementary Table 3).

We examined the distributions of P values in each significant interval. At 2q, association in
Europe lies within a large block of LD (197.8-198.6 Mb; Fig. 2 and Supplementary Table 4
online). In Asian subjects, this segment is divided into two smaller blocks of LD and the
association seen in Japan is confined to SNPs in the more telomeric block (198.2-198.5 Mb).
This interval contains four known genes; the two most strongly associated SNPs, 15700651
and rs700675, lie in introns of adjacent genes, BOLL and PLCLI. PLCLI1 is of interest because
it has significant homology to phospholipase C, which lies downstream of VEGFR2
signaling19. VEGFR2 is a marker of endothelial progenitor cells and has a role in central
nervous system angiogenesiszo.

The LD structure at 8q is also of interest (Fig. 2 and Supplementary Table 4). SNP rs10958409
shows the most significant association; SNPs in high LD with rs10958409 show correlated P
values. In addition, however, rs9298506, which lies 110 kb distally and shows virtually no LD
with rs10958409 (2 = 0.004 in European HapMap subjects2], 0.004 in Finnish cases and
0.0005 in Dutch cases) none-theless also revealed significant association in Europeans;
adjacent SNPs in LD showed correlated P values. This observation suggests the presence of
two independent risk alleles. A conditional test of association demonstrated that after
accounting for the association with rs9298506, rs10958409 still showed significant association
with intracranial aneurysm (and vice versa), consistent with two risk loci (Supplementary Table
4). The Japanese cohort replicated association at rs10958409, but not rs9298506, despite
having had 88% power to detect association of this latter SNP (Supplementary Table 3). Further
work will be required to determine whether the European association with rs9298506 is a true
positive result. This 8q interval contains a single gene, SOX17, which lies between these two
association peaks, 43 kb from rs10958409 and 64 kb from rs9298506. The next closest genes
lie 201 kb distal and 266 kb proximal to rs10958409. Sox17 has an important role in formation
and maintenance of the endothelium (see below).

Finally, SNPs on 9p that showed association with intracranial aneurysm (22.07-22.10 Mb)
(Fig. 2 and Supplementary Table 4) were in LD with SNPs that have previously shown
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association with multiple arterial diseases24. Adjacent SNPs that are associated with type 2
diabetes mellitus22-2% showed no significant association with intracranial aneurysm. The
strongest association was with rs1333040, which lies 74 kb from the 5’ end of CDKN2B and
88 kb from CDKN2A. These genes encode the cyclin-dependent kinase inhibitors p15MNK4b
and p16™NK42, a5 well as ARF, a regulator of p53 activity. In addition, a non-protein-coding
transcript (ANRIL) lies within this interval2>. Among these, p16™K#2 is of particular interest
(see below).

To determine whether the effects of these loci are influenced by known risk factors, we
examined the odds ratios of the most significant allele at each locus after partitioning cases by
gender, family history of intracranial aneurysm, age (older half versus younger) and ruptured
versus unruptured aneurysm. The results showed no significant difference in odds ratios after
any of these partitions, suggesting independent contributions to risk (Supplementary Table 5
online).

Finally, to assess the combined effects of the three loci, we defined each subject’s risk score
by summing the logarithm of the odds ratio for each risk allele they harbor as determined in
each cohort. The observed intracranial aneurysm risk showed a significant linear relationship
with risk score in each cohort, with a more than threefold increase from lowest to highest strata
(Table 2 and Supplementary Table 6 online).

This study provides the first results of a large GWAS of intracranial aneurysm or stroke. Three
significant loci have been identified. These results cannot be explained by nonrandom
genotyping error or population stratification and are robust to alternative analyses
(Supplementary Fig. 1). We calculate that these loci collectively account for 38-46% of the
population-attributable fraction of intracranial aneurysm and 2.3-3.8% of the sibling recurrence
risk (Table 1). Additional common variants are likely to have a role in intracranial aneurysm,
as the study was not well powered to find loci with GRR <1.25. In addition, population-specific
effects were not considered in this study design. Given the risk allele frequencies and odds
ratios of the identified loci, future replication cohorts will require ~900 to 1,600 cases and
controls to have 80% power for replication (o = 0.05).

After genomic control correction and exclusion of SNPs at the four top loci, 37 SNPs remained
with P values less than 10 (28 are expected by chance). Some of these may prove to be true
risk alleles as additional cohorts are evaluated, as has occurred with type 2 diabetesZ6. In
addition, rare variants with larger effects at these same loci may also contribute to the
occurrence of intracranial aneurysm27’2 . '

Intracranial aneurysms predominate at arterial branch points and sites of shear stress, locations
that incur endothelial damage. Vascular injury mobilizes bone marrow-derived cells that
localize to these sites and contribute to repair29’30. S0X17, amember of the Sry-related HMG
box transcription factor family, is of particular interest because it is required for both
endothelial formation and maintenance®-8. Sox17 plays a key role in the generation and
maintenance of fetal and neonatal stem cells of both hematopoietic and endothelial lineages
and is expressed in adult endothelium®. Sox77 mice show ‘multiple vascular
abnormalities’; moreover, whereas Sox]8”- mice are normal, Sox/8"-;Sox17+- mice show
defective endothelial sprouting and vascular remodeling®. Similarly, p16™K42 has a role in
regulation of stem (progenitor) cell populations, including bone marrow-derived cells of the
vasculature?. These considerations suggest that intracranial aneurysm may result from
defective stem (progenitor) cell-mediated vascular development and/or repair.

Finally, these findings have implications for identification of individuals with intracranial
aneurysm before morbid events. The odds ratio of intracranial aneurysm increases greater than
threefold in subjects with the highest versus the lowest risk (Table 2 and Supplementary Table

Nat Genet. Author manuscript; available in PMC 2009 June 1.



Bilguvar et al. Page 5

6). Although we caution that further work is required, these findings advance the potential for
preclinical diagnosis by combined assessment of inherited susceptibility with previously
established risk factors.

METHODS

Cohorts

The study protocol was approved by the Yale Human Investigation Committee (HIC protocol
7680). In all cases, the diagnosis of intracranial aneurysm was made with computerized
tomography angiogram, magnetic resonance angiogram or cerebral digital subtraction
angiogram and confirmed at surgery, when applicable. Rupture of aneurysm was defined by
identification of acute subarachnoid hemorrhage (via computerized tomography or magnetic
resonance imaging) from a proven aneurysm. Cases with a first-degree relative with
intracranial aneurysm were considered familial, and other cases were considered sporadic.

Three cohorts from independent studies in Finland, The Netherlands and Japan were collected
and all participants provided informed consent. There were 960 Finnish cases and 1,017
controls; 786 Dutch cases and 6,424 controls; and 495 Japanese cases and 676 controls.
Japanese controls were screened for not harboring intracranial aneurysm.

Genotyping and SNP quality control

Genome-wide genotyping in European cohorts was done on the Illumina platform according
to the manufacturer’s protocol (Illumina). We genotyped subjects on either the CNV370-Duo,
HumanHap300 or HumanHap550 chips. SNPs shared across all platforms (n =314,125) were
extracted. We applied prespecified criteria to exclude samples and SNPs that performed poorly
as well as samples that could not be genetically well matched (Supplementary Table 1 and
Supplementary Methods). The overall median genotype call rate was 99.7% and the mean
heterozygosity of all SNPs was 35%. Seventy-two duplicate pairs of samples were genotyped
and showed 99.91% genotype identity. We carried out detailed analysis of the performance of
SNPs across cohorts and platforms to ensure that significant associations observed were not
due to differences in SNP performance (Supplementary Table 2).

1duosnuely Joyiny dnodsy sispund DAIAMN

Cryptic relatedness

We determined the identity by state (IBS) similarity and estimated the degree of relatedness
for each pair of samples in the GWAS (Supplementary Methods) and excluded inferred first-
and second-degree relatives (Supplementary Table 1).

Analysis of population structure

In order to identify population outliers and cases whose genetic ancestry cannot be properly
matched to controls (and vice versa), we used the Genetic Matching (GEM) method described
previously1 6 based on principal component analysis (PCA). After this matching process, three
significant principal components remained in the Finnish cohort and none in the Dutch cohort,
as previously observed (Supplementary Methods).

After quality control and analysis of population structure, there remained 874 cases and 944
controls in the Finnish cohort and 706 cases and 5,332 controls in the Dutch cohort. Among
the Finnish cases, 57% were female; 73% had suffered ruptured aneurysm and 43% had positive
family history; the median age at diagnosis was 50 years (those with rupture 49 years versus
those without rupture 52 years). In the Dutch cohort, 69% were female, 92% had ruptured
aneurysm, 15% had a positive family history and the median age was 49 years.
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SNP association analysis

To test for association of each SNP with intracranial aneurysm, we assumed an additive (in
log-odds scale) model. We used the Cochran-Armitage trend test for each cohort. For the
combined sample of European descent or of European and Japanese cohorts, we used the
Mantel extension test (Supplementary Methods).

We calculated the per-allele and genotype-specific ORs and their 95% confidence intervals by
fitting 1-d.f. and 2-d.f. logistic models, respectively. We assessed heterogeneity of ORs among
populations by considering the likelihood ratios of a logistic model with population by
genotype interaction term(s) versus a linear model without the interaction term(s) and used a
P value <0.05 as evidence of significant heterogeneity (Supplementary Table 3). To evaluate
the degree of overdispersion of test statistics, we calculated the genomic inflation factor (4) for
each statistical test by the ratio of the mean of the lower 90% of observed test statistics to that
of the expected x? values!7. We applied the genomic control method to correct for A (Fig. 1b)
and then compared a pairwise plot of P values for each SNP in the trend and corrected tests to
determine the potential effect of any residual population stratification (Supplementary Fig.
1a,b and Supplementary Methods).

We also examined the validity of the assumption of additivity (in log-odds scale) in the
association tests by comparing likelihood ratios assuming alternative models of dominance
and rejected additivity for P < 0.05 (ref. 2 and Supplementary Table 3).
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For each chromosome segment showing significant association with intracranial aneurysm, we
investigated whether more than one SNP had an independent marginal effect on intracranial
aneurysm by the Mantel extension test conditioned on genotypes for SNPs within each interval
(Supplementary Table 4).

To assess the robustness of our GWAS results, we also performed a weighted Z-score test and
found that the results of this alternative analysis were highly correlated with the results of the
Mantel extension test (Supplementary Fig. 1c).

Replication study in Japanese cohort

For the Japanese replication study, allelic discrimination assays were done with 15 SNPs on
the Sequenom iPLEX genotyping platform according to the manufacturer’s protocol. For SNPs
that showed significant P values, genotypes were repeated and P values confirmed on the
TagMan platform (Applied Biosystems). Association tests were done as described above, using
P =0.05 (in the Cochran-Armitage trend test with the same allele found associated in Europe)
as the threshold for significance (Supplementary Table 3).

Subset analysis

For SNPs with the most significant P values we investigated whether the association results
were affected by potential confounding variables such as rupture status, family history or
gender. We compared genotype distributions of cases stratified by these variables using the
trend test (Supplementary Table 5). ‘

Population-attributable fraction and proportion of genetic variance attributable to SNPs

We investigated two risk measures based on replicated SNPs: the population attributable
fraction (PAF) and the proportion of the sibling recurrence risk attributable to a SNP
(‘recurrence risk fraction’) as previously described (Table 1 and Supplementary Methods). For
these calculations we assumed intracranial aneurysm population prevalence of 2% and Ay, of
4 (ref. 10). The combined contribution of SNPs was obtained by assuming the multiplicative
model (Supplementary Methods).
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Cumulative effects of risk alleles

We analyzed the cumulative effects of the risk alleles at the most significant SNP at 2q, 8q and
9p (rs700651, rs10958409 and rs1333040) by calculating the risk score for each individual by
the weighted sum of the number of risk alleles as defined by

Risk score=Z¢ [{1n[i]

where y[i] is the logarithm of the calculated per-allel odds ratio at each locus and n[i] is the
number of risk alleles at the same locus. We then assessed the risk score for each of the 27
possible three-locus genotypes in each cohort (Supplementary Table 6). We fitted a simple
linear logistic model with an additive effect (on log-odds scale) for each cohort and performed
alikelihood-ratio test. For display purposes, the 27 strata of Supplementary Table 6 are
compressed into 5 strata shown in Table 2 according to the absolute number of risk alleles,
which closely parallels the risk score.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Ggr‘llome-widc association of SNPs with intracranial aneurysm in the combined European
cohort. (a) Quantile-quantile plot of the observed x2 values derived from the Mantel-extension
test statistics versus the expected 2 distribution. The solid line represents concordance of
observed and expected values. The slope of the dashed line represents the genomic inflation
factor (1=1.11). (b) The plot of expected and observed 2 values for association of SNPs with
intracranial aneurysm after correction for the genomic inflation factor (1 = 1.0). Significant
deviation from the expected values suggests association of these SNPs with intracranial
aneurysm phenotype. (¢) The -log;o of uncorrected P values for association of each SNP and
intracranial aneurysm is plotted according to its physical position on successive chromosomes.
Green dots indicate SNPs yielding P values <1 x 103, and red dots denote SNPs that surpass
a significance level of 5 x 10°7.
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Figure 2.

Regional association plots and linkage disequilibrium structure. (a-c) The -log;o of the P value
for association of each SNP and intracranial aneurysm in discovery phase across segments of
2q (a), 8q (b) and 9q (c) are shown as small diamonds (using NCBI build 36 for map locations).
Fifteen SNPs that were genotyped in the Japanese replication cohort are shown as triangles
that show the combined (discovery + replication) P values: blue triangles represent SNPs that
demonstrate replication in the Japanese cohort with P < 0.05, and gray triangles denote SNPs
with P> 0.05 in the replication study. SNPs with the most significant P values in each interval
in the combined analysis are marked with their SNP IDs. Known transcripts (RefSeq database)
are represented as horizontal bars at the bottom of each panel. Population-specific LD structures
based on D’ are shown for the HapMap European (CEU) and Asian (CHB + JPT) cohorts21
The results demonstrate that on chromosome 2, SNPs spanning an ~800-kb interval are in
strong LD in the CEU population and show evidence of association with intracranial aneurysm
in the Finnish and Dutch cohorts. In Asia, this segment is broken into two smaller blocks of
LD that are not strongly correlated with one another, and significant association with
intracranial aneurysm in Japanese cohott is seen only for the telomeric segment. For
chromosome 8, SNPs in two blocks that are not in significant LD with one another both show
significant association with intracranial aneurysm in the European cohort; only SNPs located
within the proximal block replicate in Japan. Cohort-specific 72 values among all SNPs
genotyped in the replication studies are shown in Supplementary Table 4.
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