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Takayasu arteritis (TAK) is a systemic vasculitis with severe complica-
tions that affects the aorta and its large branches. HLA-B*52 is an
established susceptibility locus to TAK. To date, there are still only a
limited number of reports concerning non-HLA susceptibility loci to
TAK. We conducted a genome-wide association study (GWAS) and a
follow-up study in a total of 633 TAK cases and 5,928 controls. A total
of 510,879 SNPs were genotyped, and 5,875,450 SNPs were imputed
together with HLA-B*52. Functional annotation of significant loci, en-
hancer enrichment, and pathway analyses were conducted. We identi-
fied four unreported significant loci, namely rs2322599, rs103294,
rs17133698, and rs1713450, in PTK2B, LILRA3/LILRB2, DUSP22, and
KLHL33, respectively. Two additional significant loci unreported in
non-European GWAS were identified, namely HSPA6/FCGR3A and
chr21q.22. We found that a single variant associated with the ex-
pression of MICB, a ligand for natural killer (NK) cell receptor, could
explain the entire association with the HLA-B region. Rs2322599 is
strongly associated with the expression of PTK2B. Rs103294 risk
allele in LILRA3/LILRB2 is known to be a tagging SNP for the deletion
of LILRA3, a soluble receptor of HLA class I molecules. We found a
significant epistasis effect between HLA-B*52 and rs103294 (P =
1.2 × 10−3). Enhancer enrichment analysis and pathway analysis
suggested the involvement of NK cells (P = 8.8 × 10−5, enhancer
enrichment). In conclusion, four unreported TAK susceptibility loci
and an epistasis effect between LILRA3 and HLA-B*52 were identi-
fied. HLA and non-HLA regions suggested a critical role for NK cells
in TAK.

genome-wide association study | Takayasu arteritis | autoimmunity | HLA |
epistasis

Takayasu arteritis (TAK) is a systemic vasculitis affecting the
aorta and its large branches and is classified as one of the two

major categories of large-vessel vasculitis (1). TAK mainly affects
young women and was first reported in Japan (2), which is one of
the countries with the highest prevalence of TAK. Currently,

approximately 5,000 people in Japan are known to have the disease
(∼0.005% prevalence), but patients with TAK have been detected
all over the world (2). Inflammation of aorta and its branches results
in occlusion of arteries and organ damage (2). The resultant severe
complications include aortic regurgitation, blindness, pulseless lower
and upper limbs, pulmonary infarction, and renal failure. Although
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corticosteroid and immunosuppressant agent are usually effec-
tive for patients, no gold standard exists for TAK treatment.
Thus, innovative effective treatment and therapeutic targets are
strongly desired.
Environmental and genetic factors are involved with TAK (2).

The HLA-B locus, especially HLA-B*52 (3), is associated with its
onset, and this association can be observed all over the world (2). In
addition to HLA-B*52, HLA-B*67, another rare HLA-B allele, is
also involved with TAK (4). Recently, two groups, including our
own, simultaneously reported non-HLA susceptibility genes to TAK
identified by genome-wide association study (GWAS), which in-
cluded IL12B (5, 6). Rs6871626, the top SNP in IL12B, also showed
associations with TAK severity (5). Based on the findings of the
central role played by IL12B in TAK, we conducted a pilot clinical
study of ustekinumab, a monoclonal antibody of IL12/23p40 enco-
ded by IL12B, in patients with refractory TAK and achieved fa-
vorable response (7). Other non-HLA susceptibility genes reported
in previous GWAS (5, 6, 8) include FCGR2A/3A, IL-6, RPS9/
LILRB3, chr21q22, and MLX, as well as multiple other suggestive
loci. The five significant loci except for MLX were reported in
European studies. Thus, it is uncertain whether TAK shows similar
genetic architecture aside from HLA-B and IL12B across different
populations. Further analyses of TAK with more samples and
denser markers would elucidate the genetic background and path-
ophysiology of TAK, as well as the critical cell types for potential
therapeutic targets. Here, we conducted a GWAS to reveal genetic
architectures and biological insights of TAK.

Results
GWAS of TAK Followed by Imputation. A total of 415 patients with
TAK, of which 167 samples were from our previous GWAS, and
2,170 controls were genome-scanned with the use of Illumina
Infinium arrays, and 510,879 SNPs were used for analyses (SI
Appendix, Table S1). After quality control, 411 cases and 2,158
controls with 255,400 SNPs remained for subsequent analyses
(Methods and SI Appendix, Fig. S1). Mean call rates for subjects
and SNPs were both 99.9%. We next imputed genotypes across
the whole genome by using the 1000 Genome p3v5 panel (9) as
reference. We removed markers with r2 less than 0.5 and allele
frequency less than 5% in controls because this study is un-
derpowered to detect rare alleles (SI Appendix, Table S2), and,
as a result, 5,875,450 SNPs remained. We supplemented this with
2,625 SNPs in the arrays that satisfied quality control criteria and
were not in the imputed 5.8 million SNPs to maximize the sta-
tistical power. We conducted logistic regression analysis to
compare allele frequencies between cases and controls. Con-
founding bias to cause inflation of statistics was minimal [λ =
1.069, intercept after linkage disequilibrium (LD) score re-
gression = 1.029; SI Appendix, Fig. S1]. We observed significant
associations in PTK2B on chromosome 8 and PTPN2 on chro-
mosome 18, in addition to the two known loci, namely the HLA
locus and IL12B region (5) (Fig. 1).

Clarification of Associations Between the HLA and TAK.We obtained
evidence that there is an additional independent locus apart from
HLA-B in the HLA region, and that a single SNP associated with
MICB expression explains the association of HLA-B. We imputed
classical HLA alleles, amino acids, and SNPs in the HLA region by
using SNP2HLA and combined them with the GWAS data.
Rs117298325 in HLA-B demonstrated the smallest P value (P =
3.6 × 10−34; Fig. 2A). The C allele of rs117298325 was in strong LD
(r2 = 0.93) with the presence of HLA-B*52 (P = 3.9 × 10−30), which
showed imputation accuracy of 99.7%. Despite the strong LD, the
association of rs117298325 substantially remained after conditioning
on HLA-B*52 (P = 4.0 × 10−7; SI Appendix, Fig. S2), but not vice
versa (P = 0.17; Fig. 2A). We found that this was because the
rs117298325 C allele also tagged the presence of HLA-B*67, an-
other rare independent HLA-B allele (4) (Fig. 2B). The C allele was
also associated with increased expression of MICB, MHC class I
polypeptide-related sequence B, which encodes a ligand for NKG2D
expressed on the surface of immune cells, especially natural killer
(NK) cells (Fig. 2C). Because the strength of association of the
top amino acid position (omnibus P = 1.0 × 10−24) was much
weaker compared with those of rs117298325 or HLA-B*52 (P ≤
3.9 × 10−30), the association of rs117298325 or HLA-B*52 could not
be explained by amino acid positions. Conditioning on rs117298325,
we observed a substantial association in the intronic region ofHLA-
G (rs2523774; P = 1.2 × 10−7; Fig. 2A and SI Appendix, Table S3).
Rs2523774 was strongly associated with the expression of HLA-F
(SI Appendix, Fig. S3). HLA-G and HLA-F serve as ligands of NK
cell receptors as well as classical HLA class I molecules (10).

Replication Study for 14 Regions.We conducted a replication study
of non-HLA markers by using 219 cases and 3,770 controls, and
a total of 14 regions were selected (detailed in Methods). All of
the top markers in the suggestive regions (P < 5.0 × 10−5) not
selected for replication are shown in SI Appendix, Table S4. All
14 regions showed call rates higher than 0.95 in cases and con-
trols. Ten of the 14 regions showed the same risk alleles as the
GWAS, and 4 of them demonstrated P values less than 0.01
(Table 1 and SI Appendix, Table S5). The PTPN2 variant did not
show the same risk allele as GWAS.

Combined Study. The overall associations revealed a total of six loci,
namely PTK2B on chromosome 8, LILR2B/3A on chromosome 19,
DUSP22 on chromosome 6, KLHL33 on chromosome 14, HSPA6/
FCGR3A on chromosome 1, and a region on chr21q22, showing
GWAS-significant associations (Table 1 and SI Appendix, Fig. S4).
None of the significant markers showed deviation of Hardy–Weinberg
equilibrium in GWAS or the replication study (P ≥ 0.10). This
study shows unreported GWAS-significant association of PTK2B,
LILR2B/3A, DUSP22, and KLHL33, although the suggestive as-
sociation of PTK2B and LILR3A were previously reported in a
European population (we confirmed that the LILR3A association
we found was different from that reported in the European pop-
ulation, as discussed later). Associations of HSPA6/FCGR3A and
chr21q22 with TAK were reported in European populations (6, 8).

Functional Annotations of the Six Loci. All six loci showed evidence
of associations with gene expression (SI Appendix, Table S6).
Assessing the unreported susceptibility loci in detail, we found
that none of the missense variants were in strong LD (r2 > 0.8)
with the top markers. The regional plots are shown in SI Appendix,
Fig. S4. Rs2322599, which is located in an intronic region of
PTK2B, showed the strongest expression quantitative trait loci
(eQTL) association with PTK2B expression in the largest eQTL
data set from whole blood (eQTL browser; SI Appendix, Fig. S5)
(11). This could suggest that the association of TAK could be
explained by PTK2B expression. The minor allele was protective
against TAK and was associated with increased expression (SI
Appendix, Table S7). Furthermore, we found a strong LD (r2 =
0.81 in Japanese study) between rs2322599 and rs13260543, the
top marker identified in the Turkish/US study (8) (P = 9.0 × 10−6

in the Turkish/US study), suggesting a common causative variant.

Fig. 1. GWAS reveals susceptibility loci to TAK. Manhattan plot of GWAS is
indicated. Genes in bold red and black indicate unreported susceptibility loci
across populations and in Asian GWAS, respectively. PTPN2 reached GWAS
significance, but this was not supported in replication.
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Rs103294 is sandwiched by LILRB2 and LILRA3 (SI Appendix,
Fig. S4), which belong to LILR, leukocyte Ig-like receptor member
genes of Ig superfamily. Regarding copy numbers, LILRA3 is highly
polymorphic among populations (12). Previous studies have shown
that the risk allele T of rs103294 tags a 6.7-kb deletion of LILRA3,
which is common in Asian populations (12–14). In fact, the T allele
was strongly associated with decreased expression of LILRA3 in the
Japanese population (P = 7.4 × 10−13; Fig. 3A). The top SNP
tagging a deletion indicates that the LILRA3 gene is the responsible
gene in this region. Although the Turkish/US study reported LILRA3
as a suggestive locus, we found no evidence for LD between the
top variants in the two studies (r2 < 0.040).
Rs1713450 is located in the promoter region of KLHL33,

Kelch-like family member 33 (SI Appendix, Fig. S4). This region
is far from and not in LD with the HLA region. Genotype-Tissue
Expression (GTEx), the biggest source of tissue-specific eQTL,
revealed a significant association between expression of KLHL33
across all cell types and rs1713450 (random-effect meta-P =
2.5 × 10−22). Rs67506652 is adjacent to rs1713450, and the two
SNPs are almost in complete LD.
HSPA6/FCGR3A and chr21q22 regions were reported by the

US/Turkish group, but were reported here in a non-European
GWAS. The two top SNPs in both regions showed strong LD (r2 >
0.93), so we have demonstrated that the two regions are suscep-
tibility loci beyond populations.

Total Variance Explained by Significant Non-HLA Signals. A total of
6.1% variance in disease liability was explained by the eight non-HLA

markers (the six SNPs identified here and the two loci we pre-
viously reported) and the top HLA SNP. The six loci explained
2.9% variance in disease liability.

Comparison of Genetic Associations Between Populations. Although
we found involvement of the same loci with TAK beyond
populations, we also found clear genetic differences between
populations. The previous US/Turkish group reported IL6
(rs2069837) and LILRB3/RPS9 (rs11666543) loci (8) to be as-
sociated with TAK, but we did not find associations of these
variants (P ≤ 0.25; SI Appendix, Table S8) and other markers in
these two loci (SI Appendix, Fig. S6).

Interaction Between HLA-B and a Variant in LILRA3. Based on the
molecular binding of HLA class I and LILRA3 (15), we hy-
pothesized that rs109264 and HLA-B*52 might show an in-
teraction. rs109264 and HLA-B*52 demonstrated a significant
multiplicative interactive effect (interaction P = 1.2 × 10−3; Fig. 3B;
detailed in Materials and Methods). The association of rs109264
was heavily dependent on the presence of HLA-B*52 (Fig. 3B).
HLA-B*52 showed its association in a dominant manner (SI Appendix,
Fig. S7 and Table S9).

Enrichment Analysis Using Enhancer Marks. We found that NK cells
showed the strongest signal among immune-related cells when we
assessed cell type-specific enrichment of enhancer marks in non-
HLA markers (P = 8.8 × 10−5; Fig. 3C and SI Appendix, Table S10).
When we added the two US/Turkish-specific associations, we
obtained the same result (P = 1.0 × 10−5). We further analyzed
our GWAS data with PASCAL, which uses P values of gene regions
for its pathway analysis, controlling for LD structure in neighboring
genes. NK cell pathway showed the most significant association (P =
1.4 × 10−4; SI Appendix, Table S11), and was the only pathway ex-
ceeding a significant level after Bonferroni’s correction. Considering
that the HLA region showed associations of classical/nonclassical class
I molecules, which are strongly related to LILRA3, and that the
top SNP is associated with MICB expression, HLA and non-HLA
regions suggest the importance of NK cells in TAK. In fact, pre-
vious pathological analyses revealed that NK cells are one of the
major tissue-infiltrating cells in patients with TAK (16).

Associations Between Unreported Signals and Clinical Phenotypes.
No significant associations were found between the six SNPs and
clinical phenotypes (P > 0.06; SI Appendix, Table S12). We did not
find significant interactive effects on clinical manifestations.

Discussion
In the present study, we identified eight GWAS-significant loci to
TAK, including two known regions, IL12B and the HLA region.
This study contains more than 10% of all Japanese patients with
TAK. Four loci were unreported, and two were unreported in the
Japanese patients but in common with the Turkish/US populations.
We showed clear genetic overlap of TAK beyond populations with
some exceptions. We also found an epistatic multiplicative in-
teractive effect between LILRA3A and HLA-B*52.

Table 1. Six loci showing significant associations in the 14 loci selected for replication study

SNP CH:BP Region A1/A2

GWAS Replication Combined Study

A2 freq P value A2 freq P value OR (95% CI) P value

rs2099684 1:161500130 FCGR3A T/C 0.35/0.26 1.7 × 10−7 0.36/0.26 7.8×10−6 1.54 (1.36–1.75) 7.1 × 10−12

rs17133698 6:255562 DUSP22 C/T 0.20/0.29 8.1 × 10−8 0.28/0.32 0.099 0.66 (0.57–0.76) 2.8 × 10−9

rs2322599 8:27211910 PTK2B A/G 0.89/0.80 7.0 × 10−10 0.87/0.79 2.5×10−4 1.94 (1.62–2.31) 2.9 × 10−13

rs1713450 14:20896245 KLHL33 T/C 0.22/0.15 6.5 × 10−7 0.16/0.13 0.071 1.55 (1.34–1.80) 7.0 × 10−9

rs103294 19:54797848 LILR3A C/T 0.81/0.74 2.6 × 10−5 0.83/0.75 1.4×10−4 1.53 (1.31–1.77) 2.9 × 10−8

rs4817988 21:40468838 21q.22 A/G 0.89/0.82 2.3 × 10−6 0.86/0.80 0.001 1.77 (1.48–2.11) 2.8 × 10−10

BP, base position of National center for Biotechnology Information build 37; CH, chromosome; A2 freq, A2 frequency in cases and
controls, respectively.

Fig. 2. Association between the HLA region and TAK susceptibility is
explained by two variants in HLA class I, including HLA-B. (A) Sequential
conditioning analyses in the HLA region. After condition on rs117298325,
HLA-B associations disappeared and rs2523774 showed substantial evidence
of association (Middle). After conditioning on the two SNPs, no markers showed
association (Bottom). Color saturation indicates LD strength with the top SNPs
measured by r2. (B) Rs117298325 tags the two susceptibility HLA-B alleles,
HLA-B*52 and B*67. OR, odds ratio with 95% CI. Haplotypic frequencies in
cases and controls are indicated in the fifth and sixth columns. Ref, reference.
(C) Rs117298325 risk allele (C allele) is associated with increasedMICB expression
in the Japanese eQTL data (35).
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Although we set the relatively nonstringent cutoff of Hardy–
Wenberg equilibrium (HWE) before imputation to maximize the
number of variants, we confirmed that none of the significant
variants showed deviation from HWE, indicating that the cutoff
did not lead to false-positive results. The present study is un-
derpowered to detect low allele susceptibility variants and
multiple signals in a single locus, but more samples in the future
might clarify these points.
DUSP22 and KLHL33 did not show strong associations in the

replication study, but overall associations exceeded the level of
significance. These suggest that the associations were mainly driven
by the GWAS and that true effect sizes in the two loci might be
smaller than those in the combined study. Further replication is
essential to obtain convincing evidence of these associations.
The association of rs665268 in MLX, one of the two loci we

found in the previous GWAS, was not strengthened in the pre-
sent study [odds ratio (OR), 1.25; 95% CI, 1.08–1.45; P = 0.0034],
suggesting that further increases in samples are necessary to achieve
GWAS-significant association in this locus.
PTK2B encodes PYK2, a cytoplasmic tyrosine kinase activated

by intracellular calcium influx and related with MAPK activa-
tion. PYK2 is expressed in a wide variety of cells, including
lymphocytes and NK cells (17).
LILRA3 is the only member of the LILR family encoded as a

soluble protein. LILRA3 binds to HLA class I molecules and is
speculated to function as a regulator of other LILR family mem-
bers (18). Its detailed functions and mechanisms are still not known.
Previous studies reported associations between the risk allele of
LILRA3 in the present study and susceptibility to or clinical man-
ifestations of rheumatic diseases in Chinese subjects (14).
KLHL33 encodes a member of a family of proteins with BTB/

POZ domain, a BACK domain, and Kelch motifs. KLHL33 shows
a tissue-specific expression pattern, and the heart, which is com-
monly affected in TAK, is one of the organs in which KLHL33 is
strongly expressed according to GTEx. Based on histone modifi-
cation and eQTL association, this region seems to be associated
with TAK through alteration in the gene expression of KLHL33.
Rs17133698 is located 36 kb away from DUSP22, and its

immune-related functions are not known. Further accumulation
of functional analyses including trans-eQTL and interaction may
clarify the association.
PTPN2 showed a significant association in GWAS, but the as-

sociation was not replicated. A subset of GWAS publications re-
port variants as significant if their result exceeds the significant
level at some point in their analysis, even if the overall association
does not show significance. However, we should carefully assess
the association of PTPN2, and, because there is no concrete evi-
dence for association, we should regard this as inconclusive.
This study identified unreported GWAS significance in PTK2B

and LILRA3 among various traits subjected to GWAS. The US/

Turkish group reported suggestive associations in these two regions.
There are clear genetic similarities beyond population observed for
PTK2B, but this is not true for LILRA3. As LILR family genes
display population-specific LD structures (12), it would be in-
teresting to assess an association of deletion of LILRA3 in the
US/Turkish population. Associations were not observed for the
IL6 and RPS9/LILRB3 regions in which the top two variants in
the Turkish/US study were well-imputed (r2 = 0.87) and geno-
typed, respectively. Although the two SNPs shared the risk directions
with the US/Turkish data, the results suggest that these associations
were population-specific or that the causative variants were not
present in the Japanese population. Because it is obvious that there
is a substantial overlap of susceptibility loci to TAK beyond pop-
ulations, it would be feasible to conduct a transethnic meta-analysis
of GWAS.
The present findings provide potential cellular candidates of

therapeutic targets including NK cells. If animal models of TAK
are developed, it would be interesting to test efficacy of deple-
tion of NK cells on the phenotype.
The interactive effect between LILRA3 and HLA-B*52 might

suggest a strong direct or indirect binding of HLA-B*52 over
other alleles. We did not find an interactive effect between
rs103294 and HLA-B*67, with imputation accuracy of 91.7%.
HLA-B*67 is specific to East Asian subjects and is relatively rare
[1.2% incidence in the Japanese population (19)], and the pre-
sent study is underpowered to detect significant effects. It would
be interesting to assess interactive effects between HLA-B and
LILRA3 in patients with TAK in different populations. It will
also be interesting to analyze the interactions between LILRA3
and HLA class I in various diseases in which HLA class I plays
central effects.
Enhancer mark enrichment analysis suggested NK cells as the

most promising cell type playing central roles in TAK. CD8+

T cells, the second promising cell type, also seems compatible to
TAK pathophysiology (16). It is not surprising that these cell
types play critical roles in TAK based on pathological evidence,
but it is important to identify critical cell types supported by
genetic evidence. Although further experiments are necessary to
confirm the critical cell types, together with the SNPs clustered
in the enhancer marks, the list of the susceptibility regions also
seems to support the involvement of NK cells.
Suppression of inhibitory mechanisms of NK cells and over-

activation of NK cells may be involved with TAK. Inhibitory
receptors in NK cells include KIR, CD94, and LIT-2 encoded by
LILRB1. All recognize classical and/or nonclassical HLA class I
molecules, including HLA-B and HLA-G. Binding between
LILRA3 and HLA class I molecules, especially HLA-B*52, may
be critical to preserve this inhibitory mechanism, and the de-
letion of LILRA3 might result in failure of inhibition and lead to
overactivation of NK cells and onset of TAK.

Fig. 3. Rs103294 is associated with LILRA3 expression and shows a multiplicative interactive effect with HLA-B52. (A) Rs103294 risk allele (T allele) is asso-
ciated with decreased expression of LILRA3 in the Japanese eQTL data (35). (B) An epistatic interactive effect is observed between TT genotype of rs103294
and HLA-B*52. TT genotype without HLA-B*52 did not show significant association with TAK susceptibility (P = 0.13; OR = 1.20; 95% CI = 0.95–1.53). Overall
interactive and epistasis effects are evaluated by multiplicative interaction model in logistic regression (Methods). (C) Cell-specific enhancer enrichment
analysis using non-HLA susceptibility SNPs to TAK revealed strongest signal in primary NK cells. We used the six loci in the present study and the two loci in our
previous study. The vertical broken line indicates a significant level based on Bonferroni’s correction.
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Activatory receptors of NK cells include NKG2D and CD16
encoded by FCGR3A. HSP6A encodes heat-shock protein 70,
which is a stress-induced protein like MICB. Both are ligands of
activating receptors in NK cells, and their increased expressions
are associated with missing self recognition by NK cells (20) and
activation of NK cells. PYK2 is a downstream molecule of acti-
vatory and inhibitory receptors in NK cells. As overexpression of
PYK2 results in inhibition of cytolytic activity of NK cells (21),
the protective association between TAK susceptibility and the A
allele of rs2322599, which is associated with increased expres-
sion, seems compatible. IL-12 is important to regulate secretion
of IFN-γ from NK cells (22).
The present study provides important clues in the understanding

of TAK pathophysiology. Further analyses of TAK with more
samples, together with extensive functional analyses, are necessary
to expand our knowledge of TAK and obtain clues for effective
management and treatment. It would also be interesting to analyze
disease-specific, cell-specific gene expressions and epigenetic fea-
tures to capture the entire genetic feature of TAK.

Methods
The Local Ethical Committee in Each Institution Approved the Study. This study
was approved by ethical committees in Kyoto University Graduate School of
Medicine, The University of Tokyo, Tokyo Medical and Dental University,
Tohoku University School of Medicine, Osaka University Graduate School of
Medicine, Yokohama City University Graduate School of Medicine, Aichi
Cancer Center Research Institute, Nagasaki University Graduate School of
Biomedical Sciences, Hokkaido University Graduate School of Medicine,
Kawasaki Medical School, Ehime University Graduate School of Medicine,
Sapporo Medical University School of Medicine, University of Occupational &
Environmental Health, and Keio University. Written informed consent was
obtained from each participant.

Study Subjects for GWAS. DNA obtained from 415 subjects collected by Kyoto
University and 2,170 control subjects collected by Aichi Cancer Center Research
Institute were used as case and control subjects for GWAS, respectively. All
subjects were Japanese. The 415 subjects contained 167 case subjects from our
previous study. TAK was diagnosed according to the criteria of the American
College of Rheumatology (23) or the guideline provided by the Japanese
Circulation Society (24). The control subjects were part of the hospital-based
Epidemiologic Research Program at Aichi Cancer Center II who were originally
recruited to serve as controls in association studies (25), and all participants
were confirmed as not having any type of cancer.

Genotyping Method for GWAS. We performed GWAS for subjects by Illumina
Infinium Human Core Exome Array or Human Core Array in combination with
Human Exome Array (SI Appendix, Table S1). After the previous GWAS (5) using
Human Exome Array, we expanded our samples, and they were genotyped
by Human Core Exome Array. We additionally rescanned the case samples in
the previous GWAS by Human Core Array. SNPs covered by the combination
of the two arrays are almost identical to those by Human Core Exome Array.

Quality Control in GWAS. Quality control was performed on subjects and SNPs
by using the following exclusion criteria in the GWAS. Subjects showing a call
rate lower than 0.97 and relatedness with other subjects [PI_HAT calculated
by plink >0.15; PI_HAT is the proportion of identity by descent (IBD) and
defined as probability (IBD = 2) + 0.5 × probability (IBD = 1)] and outliers of
the East Asian cluster based on principal component analysis were excluded
from further analysis. SNPs with low call rate less than 0.95 and allele fre-
quency less than 0.01 in cases or controls and showing deviation from
Hardy–Weinberg equilibrium (P < 1.0 × 10−7 in control subjects) were
excluded from imputation.

Imputation of Genotypes. Whole-genome imputation was performed to as-
sess entire associations. GWAS data after the aforementioned quality control
for SNPs in common among the three types of GWAS arrays (HumanCoreExome
and the combination of HumanCore and HumanExome) was used for impu-
tation. We imputed the GWAS data with use of the 1000 Genome Project p3v5
data as reference by using shapeit (26) andminimach3 (27) software for phasing
and imputation, respectively.

Imputation of the HLA Region by Using SNP2HLA. HLA alleles and amino acid
residues together with SNPs in the HLA region were imputed by SNP2HLA

(19). We used the Japanese HLA reference panel (28) to obtain the best
imputation accuracy. Imputation accuracy of HLA-B*52 and B*67 were cal-
culated by comparing genotyping results previously described (4) and im-
puted results by means of correlation of dosage of the alleles. Because the
association of B*67 with TAK was established, B*67 was included in the data
set even though its frequency is less than 0.05 (as detailed later). When HLA-
B*52 genotyping or imputation data were not available, rs9263739, in al-
most complete LD with HLA-B*52:01 (5), was used as a proxy of HLA-B*52 to
assess synergistic effects of genetic determinants along with HLA-B*52.

Quality Control After Imputation. After imputation, cases of allele frequency
less than 0.05 in control subjects were excluded. Markers with low imputation
scores (r2 < 0.5) were excluded from the analyses. We undertook this two-
step filtering of allele frequency to ensure imputation accuracy of SNPs with
allele frequency of approximately 0.05 and to avoid false-positive signals.

Evaluation of Confounding Bias. Confounding bias leading to inflation of
statistics, including population structure, was assessed by a quantile-quantile
plot first. Then, we conducted LD score regression (29) to assess an intercept
of the present study. We used the LD score data of East Asian subjects originally
contained in ldsc software (29).

Study Subjects for Replication. The replication study included 219 subjects
collected by Tokyo Medical and Dental University or Tokyo University and
3,770 healthy subjects collected by Kyoto University. All subjects were Jap-
anese. Again, TAK was diagnosed based on the criteria of American College
of Rheumatology (23) or the guideline provided by the Japanese Circulation
Society (24). The control subjects were obtained from the Nagahama study, a
community-based prospective cohort study (30).

Selection of SNPs for Validation. After exclusion of the HLA region and the
two loci identified in our previous GWAS, we obtained a list of SNPs showing
P values less than 5.0 × 10−6 as candidate susceptibility markers. We regar-
ded a set of variants as located in the same region if they were within 250 kb
from the top SNPs. As a result, we identified 14 loci. We conducted condi-
tioning analyses with the top variant as a covariate (discussed later) to assess
potential multiple associations in a single locus and regarded other markers
as independent only if they still satisfied P values less than 5.0 × 10−6. None
of the loci contained multiple independent signals. We further added one
locus to the 14 loci that showed suggestive association (5.0 × 10−6 < P < 5.0 ×
10−5) in this study and was reported to show suggestive association in the
US/Turkish study. TaqMan probe design for replication failed for a top SNP,
rs7280413 (P = 4.1 × 10−6) on chromosome 21, so this SNP was excluded.

Genotyping Method for Replication. The TaqMan assay was adopted as the
genotypingmethod for replication study. For the replication study, because it
was difficult to amplify 80 DNA samples extracted many years ago with the
use of TaqMan probes for rs564264, rs1569722, and rs72848097, we con-
ducted direct sequencing for these SNPs.We did not observe allelic difference
between different genotyping methods.

General Statistical Framework. Allele frequencies were compared between
cases and controls by logistic regression analysis in GWAS, replication study,
and the combined study. Overall significance for GWAS was evaluated in the
results of the combined study in which we pooled the two studies in the same
manner as in our first GWAS study of TAK (5). SNPs with P values less than
5.0 × 10−8 were regarded as significant. Cutoff significant levels of 0.05 with
Bonferroni’s correction were adopted for interactive effects, associations
with clinical manifestations, and enhancer enrichment analysis. Statistical
analyses were performed with R statistical software or PLINK version 1.90 (31).

Conditioning Analyses. We conducted conditioning analyses to find multiple
susceptibility variants to TAK in a single locus.We added to covariates genotype
dosages (0, 1, or 2) of variant(s) for which we wanted to perform adjustments.

Omnibus Test for the HLA Region. We conducted an omnibus test (SI Ap-
pendix) to assess associations of amino acid position based on imputed re-
sults by SNP2HLA. Detailed methods have been previously described (32).

Evaluation of LD and Haplotype. LD was assessed by Plink software version
1.9 (31) or Haploview software (33). Haplotype analysis was conducted by
Haploview.
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Functional Annotation. Functional annotation of topmarkers in the significant
regions and other markers in strong LD (r2 > 0.8) were evaluated by Hap-
loReg (34). We selected enhancer and promoter histone marks and DNase
and eQTL hits to show components related with gene expressions.

Evaluation of Associations Between SNPs and Gene Expression. We evaluated
eQTL association of genetic determinants by using Japanese eQTL data from
whole blood of 300 healthy individuals (35), GTEx (various kinds of cells) (36),
and eQL browser (whole blood) (11). We took advantage of the Japanese
data for gene expression of HLA and LILR regions because the HLA region is
highly polymorphic and the LD structure of the two regions is diverse across
different populations (13, 28). We reported the eQTL associations only if the
association showed a P value less than 1.0 × 10−9. We confirmed that the
probes used to quantify gene expression did not hybridize sequences con-
taining common variants (allele frequency > 1%) in MICB and HLA-F.

Pathway Analysis. We performed pathway analysis by using all GWAS signals,
not just the significant loci, with PASCAL software (37). To avoid strong influ-
ence of GWAS-significant associations, we adopted the sum of P values of gene
regions rather than the best P values to calculate gene scores used for pathway
enrichment estimation. Because we conducted this analysis to find important
cellular pathways, we focused on pathways in the BIOCARTA database.

Variance Explained. We calculated variance explained by the significant loci
based on liability threshold model (38) assuming prevalence of TAK as
0.005%, in which we assume that subjects have a continuous risk score and

that subjects who exceed a certain threshold develop TAK. Further details
are described in SI Appendix.

Evaluation of Multiplicative Interactive Effects. An interactive effect was
regarded as significant only if the interactive term showed a significant P
value. We regarded multiplicative interaction as epistatic only when we
found a significant multiplicative interaction and a genetic effect without
the presence of the HLA-B allele with a P value more than 0.05. Further
details are described in SI Appendix.
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