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Fig. 2. Mouse growth curves, blood glucose concentrations, GTT and ITT. (A) Time course of body weight of KO/Akita, Akita, KO, and WT mice from 6 to 20 weeks of age. (B)
Time course of 16 h fasting blood glucose concentrations in KO/Akita, Akita, KO and WT mice from 6 to 20 weeks of age. Glucose concentrations in KO and WT mice were
measured at 10 and 18 weeks of age. (C) Six hours fasting blood glucose concentrations in 18 week old KO/Akita, Akita, KO, and WT mice. (D and E) GTT of 18 week old KO/
Akita, Akita, KO, and WT mice. Blood glucose concentrations are shown at indicated times after glucose injections. Area under the curve was calculated for these mice. (F) ITT
in 18 week old KO/Akita, Akita, KO, and WT mice. Blood glucose concentrations are shown at indicated times after insulin injections. Data are shown as mean # SD. *p < 0.05 vs

Akita, #p < 0.05 vs KO, $p < 0.05 vs WT, NS, Not significant.

cantly higher in KO/Akita than in Akita mice (Supplemental
Fig. 2B). Pancreas weight was similar in these 4 groups (Supple-
mental Fig. 3A).

3.8. Immunohistochemical assays of insulin and CHOP, and electron
microscopy of islets

No morphological abnormalities were observed in the pancreas
or islets of KO/Akita and KO mice. Immunohistochemical examina-
tion showed that a higher proportion of insulin-positive B cells was
preserved in the islets of KO/Akita (0.141 + 0.046 insulin positive
cells/islet) than of Akita (0.088 + 0.042 insulin positive cells/islet)
mice, although both were lower than in KO (0.643 + 0.080 insulin
positive cells/islet) and WT (0.616 % 0.076 insulin positive cells/is-
let) mice (Fig. 4B). Mean islet area did not differ among KO/Akita,
Akita, KO and WT mice (Supplemental Fig. 3B).

CHOP is an ER stress-inducible transcription factor that pro-
motes apoptosis [18] and that has been used as a marker of ER
stress-mediated apoptosis in B cells of Akita mice [19]. To test
whether ER stress occurs in the B cells of KO/Akita mice, we as-
sayed for CHOP immunohistochemically. The percentage of
CHOP-positive cells in islets was significantly lower in KO/Akita
(0.102£0.042 CHOP positive cellsf/islet) than in Akita
(0.135 £ 0.037 CHOP positive cells/islet) mice, but were much low-
er in KO (0.002+0.000 CHOP positive cellsfislet) and WT
(0.002 £ 0.000 (CHOP positive cells/islet) mice (Fig. 4C), indicating
that ER stress is lower in the B cells of KO/Akita mice.

Electron microscopy of B cells in WT mice revealed abundant
mature secretory granules in the cytoplasm, inconspicuous ER,

and intact mitochondria with cristae (Fig. 4D, WT). KO mice
showed no morphological abnormalities (Fig. 4D, KO). In contrast,
examination of Akita mice showed a small number of secretory
granules, a tubulovesicular structure comprised of markedly en-
larged ER, and swelling or disruption of mitochondria (Fig 4D, Aki-
ta), indicators of insulin secretory pathway impairment and ER
stress. Unlike Akita mice, KO/Akita mice showed mild ER enlarge-
ment and slight swelling of the mitochondria in § cells, although
the number of secretory granules was markedly reduced (Fig. 4D,
KO/Akita), suggesting less ER stress in the B cells of these mice than
in Akita mice. The o cells of KO/Akita, Akita, KO and WT mice were
morphologically similar (data not shown).

4. Discussion

We have shown here that targeted disruption of Rnf213 unex-
pectedly improved glucose tolerance in Akita mice, although insu-
lin sensitivity was not altered. These findings are consistent with
results showing that plasma and pancreatic insulin levels were
higher in KOJAkita than in Akita mice. Moreover, disruption of
Rnf213 reduced hyperphagia by elevating plasma insulin concen-
trations in KOJAkita, but did not alter plasma leptin concentrations
in these mice. Taken together, these findings suggest that ablation
of Rnf213 may mitigate the diabetic phenotype by preserving B cell
function.

Amelioration by Rnf213 ablation contradicts a mechanistic link
between MMD and diabetes [8], if variants were associated with
MMD by loss-of-function or haploinsufficiency of RNF213. Alterna-
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Fig. 3. Plasma insulin and leptin concentrations and food intake at 18 weeks of age. (A) Plasma insulin concentrations in KO/Akita, Akita, KO, and WT mice after a 6 h fast.
Data are shown as mean * SE. (B) Correlation between blood glucose and plasma insulin concentrations of KO/Akita and Akita mice after fasting for 6 h and 16 h (combined).
(C) Food intake by KO/Akita, Akita, KO, and WT mice. (D) Plasma leptin concentrations of KO/Akita, Akita, KO, and WT mice after 16 h fasting. Data are shown as mean * SD
except for plasma insulin concentrations. *p < 0.05 vs Akita, *p < 0.05 vs KO, %p < 0.05 vs WT, NS, not significant.

tively, pathological variants including R4810K of RNF213 may
cause MMD and diabetes by a gain-of-function or in a dominant-
negative fashion. Among MMD predisposing diseases, diabetogenic
mechanisms are well defined in MOPDI], a rare genetic disease
characterized by severe growth retardation and early onset diabe-
tes, as well as complication by MMD. Pericentrin, the causative
gene for MOPDII, may regulate the intracellular distribution and
secretion of insulin, and mutations of pericentrin may result in B-
cell dysfunction [20]. The findings presented here indicate that p-
cell dysfunction may have a mechanistic link with MMD.

Akita mice carrying a heterozygous C96Y mutation in the Ins2
gene spontaneously develop hyperglycemia at an early age with
reduced pancreatic B cell mass [12,13]. This C96Y mutation causes
a conformational change in the insulin molecule, resulting in ER
stress. ER stress, in turn, induces an unfolded protein response
(UPR), indicating increased degradation of unfolded proteins by

ER-associated degradation (ERAD), which is associated with E3 li-
gase and AAA + ATPase.

Recent studies [21,22] have demonstrated that the Ins2°%Y al-
lele acts dominantly to enhance degradation of both the Akita
and wild-type allele proinsulins by the ERAD pathway. We hypoth-
esize that ablation of Rnf213 may impair ERAD and lead to the
sparing of wild-type proinsulin. Then we should explain how such
preserved insulin secretion in KO/Akita mice reduced ER stress, as
indicated by a reduction in the relative abundance of CHOP posi-
tive cells in these mice. Diabetes progresses more rapidly in male
than female Akita mice [12]. This gender difference in susceptibil-
ity can be reversed by castration of males, thus suppressing hyper-
phagia [16]. Hyperphagia increases insulin demand due to elevated
energy uptake, resulting in enhanced ER-stress with stimulated
production of Ins2%°%Y, Such a vicious cycle may likely accelerate
the progression of diabetes in male Akita mice. We found that
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Fig. 4. Pancreatic insulin contents, insulin and CHOP immunohistochemistry, and electron microscopy of 18 week old mice. (A) Pancreatic insulin contents of KO/Akita, Akita,
KO, and WT mice. (B) Representative images of islets stained with anti-insulin antibody (lower) and insulin positive cells per islet (upper) of KO/Akita (n = 4), Akita (n = 4), KO
(n=3), and WT (n = 3) mice. Quantification was performed on more than 20 islets from each mouse. Scale bar indicates 50 pm. (C) Representative images of islets stained
with anti-CHOP antibody (lower) and CHOP positive cells per islet (upper) of KO/Akita (n = 4), Akita (n = 4), KO (n = 3), and WT (n = 3) mice. Quantification was performed on
more than 20 islets from each mouse. Scale bar indicates 50 pm. (D) Electron micrographs of islets of KO/Akita, Akita, KO, and WT mice. Scale bar indicates 2 um. Data are
shown as mean + SD. *p < 0.05 vs Akita, *p < 0.05 vs KO, $p < 0.05 vs WT, NS, Not significant.

the higher serum insulin levels in KO/Akita mice were sufficient to
suppress hyperphagia. Thus, RNF213 ablation can spare wild-type
insulin, thereby ameliorating this viscous cycle. Further study is
warranted to test whether RNF213 is involved in the ERAD
pathway.

RNF213 is a single protein with two types of enzymatic activity,
E3 ligase and AAA + ATPase [9]. AAA + ATPase is involved in various
cellular processes, including vesicular transport, UPR, motor pro-
teins and microtubule severing [11]. The association between
Rnf213 and B cell function is likely mediated by both E3 ligase
and AAA + ATPase activities. The core assumption, that the normal
allele of Ins2 is also a target of degradation by ERAD, is intriguing

and requires more quantitative assessment in the future. Future
studies may help provide clues into a new therapeutic approach
for diabetes as well as to gain insight into RNF213 function.
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Abstract

Background Moyamoya disease—an idiopathic vascular
disorder of intracranial arteries—is often accompanied by
hypertension. RNF213 has been identified as a suscepti-
bility gene for moyamoya disease. In the present study, the
association of p.R4810K (G>A) with blood pressure (BP)
was investigated in a Japanese population.
Methodology/principal findings Three independent study
populations, the Nyukawa (n = 984), Noshiro (n = 2,443)
and Field (n = 881) studies, joined this study. BP, body
weight and height were measured. Past and present symp-
toms and disease and medication histories were assessed
by interview. Associations of p.R4810K (rs112735431,
$8179362673) of RNF213 with BP were investigated.
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Two linkage disequilibrium blocks were constructed for
moyamoya patients with p.R4810K (n = 140) and the gen-
eral population (n = 384) using 39 single nucleotide poly-
morphisms (SNPs) spanning 390 kb around RNF213. A total
of 60 carriers (3 for AA genotype and 57 for GA genotype)
were found in these samples, and the minor allele frequencies
were 1.4 % in the Nyukawa and Field studies and 0.2 % in
the Noshiro study. Regression analyses adjusted for age, sex
and body mass index based on an additive model demon-
strated significant associations with systolic BP (mmHg/
allele): 8 (standard error) was 8.2 (2.9) in the Nyukawa study
(P = 4.7 x 107%), 18.7 (5.4) in the Noshiro study (P =
4.6 x 107 and 8.9 (2.0) (P = 1.0 x 107) in the three
populations. In contrast, diastolic BP showed significant
associations only in the Noshiro study. Linkage disequilib-
rium blocks contained none of the BP-associated proxy SNPs
reported by previous studies.

Conclusions/significance  Our study suggests that p.R4810K
of RNF213 is associated strongly with systolic BP.

Keywords RNF213 - Moyamoya disease - P.R4810K -
Systolic blood pressure - Hypertension

Introduction

Moyamoya disease is an idiopathic occlusive vascular
lesion that occurs at the terminal portion of internal carotid
arteries in the circle of Willis [1, 2]. Familial clustering has
been reported for moyamoya disease, with 15 % of cases
being reported to have a family history [3]. This familial
clustering led to searches for genetic factors, which iden-
tified several loci, including 3p24-p26 [4], 6925 [5], 8g23
[6] and 1725 [7, 8]. The locus on 17q25.3 was further
refined by a linkage analysis [9] and an association study
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[10]. Finally, RNF213 was identified as the susceptibility
gene of the 17g25.3 locus for moyamoya disease [11].

Several polymorphisms specific to Japanese, Korean,
Chinese and Caucasian patients with moyamoya disease
have been found in RNF213 [11]. Of these, the p.R4810K
(rs 112735431, ss179362673; G>A) polymorphism is a
founder variant found commonly in Japanese, Korean and
Chinese patients. In particular, it is found at rates of >90 %
in Japanese patients and approximately 80 % in Korean
patients. More surprisingly, 2-3 % of the Japanese and
Korean general populations are carriers of this variant [11].
Given that the prevalence of moyamoya disease in patients
is 10.5 per 10° people [12] and the rate of carriers of
p-R4810K is 3 %, only a minor portion of carriers will
develop moyamoya disease.

We conducted molecular cloning of a full-length cDNA
of RNF213 and found that it comprises 5,207 amino acids.
RNF213 has two well-known domains, a RING finger
domain and a Walker motif that show ubiquitin ligase
activity and ATPase activity, respectively [11]. RNF213
was shown to be a novel functional E3 ligase [11]. Two
splicing variants of RNF213 were detected ubiquitously in
cDNAs isolated from various types of cells, including
vascular endothelial cells [11]. After knockdown of
RNF213 in zebrafish embryos, severely abnormal sprouting
vessels were seen in the cranial vessels. However, the
p-R4810K variant had no apparent detrimental effects on
E3 ligase activity.

Moyamoya disease is often accompanied by hyperten-
sion [13, 14]. The pathogenesis of hypertension in patients
with moyamoya disease has been attributed to stenosis of
the renal arteries, i.e., renovascular hypertension. However,
in some cases, hypertension was reported to occur without
stenosis of the renal arteries [15]. Such observations sug-
gest that hypertension in moyamoya disease may be caused
by a novel mechanism associated with RNF213 variants. If
this is the case, it can be hypothesized that hypertension is
a phenotype of p.R4810K carriers.

In the present study, we investigated whether p.R4810K
elevates blood pressure (BP) in p.R4810K carriers. To
examine this possibility, we conducted a genetic epidemi-
ological study in three independent populations.

Methods

Ethical statement

Ethical approval for the three independent studies was
given by the Institutional Review Board and Ethics Com-
mittee of Kyoto University School of Medicine, Kyoto

University, Japan (Approval number: G140 approval date
10/18/2004). All the subjects provided written informed

@ Springer

consent. All the studies involved the use of humans and
adhered to the principles of the Declaration of Helsinki and
Title 45, US Code of Federal Regulations, Part 46, Pro-
tection of Human Subjects.

Study population

Hypertension was defined as systolic blood pressure (SBP)
of >140 mmHg and/or diastolic blood pressure (DBP) of
>90 mmHg or treatment with antihypertensive medication.
The pulse pressure (PP) was calculated as the difference
between SBP and DBP.

Samples were donated by participants in three inde-
pendent studies: the Nyukawa, Noshiro and Field studies.
The Nyukawa and Noshiro studies are cohort studies to
investigate common diseases. An annual health check-up is
provided to the residents as a subsidy program run by the
local autonomy at its public health center under the
Industrial Safety and Health Act or Elderly Health law.
Weight was measured in light clothes on an electrical
balance, and height was measured with a stadiometer.
Body mass index (BMI) was computed as weight in kilo-
grams divided by the square of the height in meters. BP
was measured on the right arm of seated participants by
public health nurses after 5 min of rest at each examination
using a mercury sphygmomanometer. BP was measured
once or more than once when the readings were much
higher than past records, i.e., 10 mmHg for SBP and
5 mmHg for DBP. In cases with more than one reading, the
later BP reading was used. Clinical data such as past his-
tory of medication, past disease history, past and present
symptoms, and demographic data (age and birth date) were
collected by interview by public health nurses during the
clinical examinations. The Nyukawa study started in 2004
in Nyukawa town in Gifu prefecture and has continued to
the present, while the Noshiro study started in 1998 in
Noshiro city in Akita prefecture and has continued to the
present. All participants who underwent health check-ups
at local health centers were recruited, and >95 % of the
potential candidates agreed to join the present study.
The participants donated blood samples at start of the
studies and data collected at the start of the studies were
used. Although these two studies are cohort studies, the
study design for the present study was a cross-sectional
association.

The Field study started in the early 1990s and ended in
the mid-1990s as an environmental and nutritional study
designed to evaluate exposure to environmental pollutants
through dietary routes in nationwide general populations
[16, 17]. Participants were recruited from among farmers
by local community farming support stations. More than
90 % of subjects agreed to join the study. Owing to its
focus on household information, such as dietary habits and
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sources of vegetables, we selectively recruited more
unrelated housewives than males. The researchers visited
local towns and collected blood samples. Weight was
measured in light clothes on a scale and height was mea-
sured with a stadiometer. BP was measured on the right
arm of seated participants by physicians after 5 min of rest
at each examination using a mercury sphygmomanometer.
BP readings were measured once, and more than once
when readings were much higher (i.e., 10 mmHg for SBP
and 5 mmHg for DBP) than the values anticipated by the
participants. In cases with more than one reading, the later
BP reading was used. Clinical data such as past history of
medication, past disease history, past and present symp-
toms, and demographic data (age and birth date) were
collected by interview by physicians during the partici-
pant’s visit. The samples and data were donated to the
Kyoto Specimen sample bank [18, 19]. Since the minor
allele frequency (MAF) of p.R4810K in the general pop-
ulation was significantly lower for the Noshiro population
(0.2 %) than for the Nyukawa population (1.4 %), we
selected populations in the western part of Japan in the
Field study, i.e., Niigata, Ishikawa, Toyama, Tokyo,
Gunma, Nagano, Aichi, Shiga, Kyoto, Kochi, Ehime,
Shimane, Yamaguchi and Kagoshima.

We excluded from the analyses subjects with chronic
kidney disease, polycystic kidney diseases, diabetic nep-
hropathy and secondary hypertension based on the infor-
mation obtained by interview. Blood-relatedness of the
participants was checked by address, family names and
interviews. If there was blood-relatedness among partici-
pants, one of the blood-related participants was selected and
others were excluded from the analyses. For carriers,
interview sheets describing blood-relatedness among car-
riers within the same communities were re-reviewed. Car-
riers or related family members were re-interviewed if
needed.

Linkage disequilibrium around ss179362673

In the Japanese population, haplotypes carrying p.R4810K in
RNF213 were reported to be derived from a common founder
[11]. We investigated linkage disequilibrium (LD) blocks in
unrelated Japanese controls (n = 384) in the Kyoto and Osaka
areas in western Japan, and in Japanese patients with p.R4810K
and moyamoya disease (n = 140) [11]. Thirty-two single
nucleotide polymorphisms (SNPs) (rs6565649, 157216577,
rs7406843, 158078855, 157217421, 1s9902702, 1511869363,
rs$12451808, 1555996424, 157222014, 135968416, 154890012,
1812150356, 138070106, rs4889848, rs6565683, rs9913006,
156565686, 158065843, rs4074303, rs4890025, rs11869626,
159898443, 1s12601738, rs12185227, rs7502866, rs9911978,
1s12950635 154890047, 1rs4889863, 13511655474, rs8080957)
were selected on the basis of information in the Hapmap

database (http:/hapmap.ncbinlm.nih.gov/) to cover a region
spanning 390 kb from the 5’ end of SGSH to the 5" end of
Raptor. These 32 SNPs were selected to illustrate the LD
blocks using the Tagger program, with criteria of * > 0.65 and
a MAF of >0.05 in Japanese people. Typing for these 32 SNPs
plus 7 rare SNPs (55179362670, ss179362671, ss179362672,
88179362673, $s179362674, ss179362675, ss161110142) was
selected. Each LD block was constructed using SNP & Vari-
ation Suite V7. LDs were evaluated by D).

Genotyping and quality control

Genomic DNA was extracted from blood samples with a
QIAamp DNA Blood Mini Kit (Qiagen, Tokyo, Japan).
Genotyping of the 39 SNPs was conducted using TagMan
probes (TagMan SNP Genotyping Assays; Applied Bio-
systems, Tokyo, Japan) using a 7300/7500 Real-Time PCR
System (Applied Biosystems, Foster City, CA) as previ-
ously reported [11]. Data were cleaned using a quality control
process. This process included evaluation of sample and
marker call rates, mismatches of sex, age and BP readings,
past histories, duplicates and batch effects. Sample relatedness
and population stratification were not evaluated genetically.
The genotyping results for p.R4810K were confirmed by
direct sequencing by the Sanger method in 42 subjects out of
140 patients, as previously reported [11]. The genotype of
p-R4810K in two independent genotyping procedures was
perfectly matched for control 384 subjects. The call rates for
the 39 SNPs were 100 %.

Statistical analysis

Hypertension was analyzed as a binary trait (cases vs
controls) using a logistic model under an additive model.
Association of p.R4810K with BP was also analyzed by an
additive model as a quantitative trait using linear regression
models. For subjects taking antihypertensive therapies, BPs
were imputed by adding 10 and 5 mmHg to the SBP and
DBP values, respectively [20]. Unless otherwise specified,
analyses were based on the protocol used in the large
studies [21-23]: adjustment for age, sex and BMI: inclu-
sion of subjects taking antihypertensive medications and
imputation of their BP. Genetic association analyses were
performed using SNP & Variation Suite V7 (Golden Helix,
Bozeman, MT). In the analyses, we tested additive and
dominant models. Odds ratio was calculated by the SNP &
Variation Suite for dichotomous phenotypes. Hardy-
Weinberg equilibrium (HWE) was tested in entire popu-
lations. The exclusion criteria was HWE <107,

A Bonferroni correction of P = 0.05/2 = 0.025 was
applied to the regression analysis. This correction was
selected because two parameters, SBP and DBP, were
independent, while the other parameters (PP and adjusted
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values) were derivatives of these values. Other statistical
analyses were conducted using SAS software (SAS Insti-
tute, Cary, NC). A value of P < 0.05 was considered to
indicate statistical significance.

Results
Demographic characteristics of three populations

The demographic characteristics of the participants in the
three studies are summarized in Table !. The numbers of
participants were 984 for the Nyukawa study, 2,443 for the
Noshiro study and 881 for the Field study. The percentages
of patients taking antihypertensive agents or diuretics

ranged from 10.8 % in the Field study to 15.8 % in the
Noshiro study. The percentages of patients with hyperten-
sion ranged from 12.8 % in the Field study to 17.6 % in the
Noshiro study.

The MAFs of p.R4810K were 1.4 % in the Nyukawa
and Field studies, and 0.2 % in the Noshiro study
(Table 2). The MAF was significantly lower in the Noshiro
study than in the Nyukawa and Field studies (Fisher’s exact
test, P<1 x 10"5). Based on interview, none of the car-
riers had any symptoms related to moyamoya disease or
past history of stroke.

Blood-relatedness checked by address and family names
did not exclude any subjects in three studies. None of the
60 carriers were confirmed to be blood-related by re-review
of the interview sheets.

Table 1 Demographic

characteristics of the three Characteristics Nyukawa study Noshiro study Field study
samples Observation period 2004-present 1998-present 1990s
Number of participants 984 2,443 881
Men:women 425:559 1,229:1,214 188:693
Age (years) 56.1 £ 15.1 499 + 14.0 50.8 + 104
Body mass index (BMI) 223 +29 233 £ 3.1 232 £ 3.0
SBP (mmHg) 1252 £ 19.2 126.6 = 18.2 129.1 £ 13.8
DBP (mmHg) 727 £ 12.1 77.5 £ 11.9 76.6 + 10.3
Data are shown as values or % Taking antihypertensive or diuretics 10.9 15.8 10.8
mean = standard deviation % Hypertension 15.5 17.6 12.8
(SD)
;;‘:tlgl%KA;i‘;f‘ﬁ;;Zn‘fnsmn by Sudy p.R4310K genotype (G>A) Dichotomous
additive model AA GA GG Total MAF (%) HT (+) HT (-)
Nyukawa 2 23 959 984 14 AA 1 1
AG 6 17
GG 145 814
Odds (95 % CI)  2.09 (0.96-4.58)
HWE  0.012 P 0.08
Noshiro 0 11 2,432 2,443 0.2 AG 3 8
GG 428 2004
Odds (95 % CI)  1.76 (0.46-6.64)
HWE 1 P 0.368
Field 1 23 857 881 14 AA 0 1
AG 5 18
GG 108 749
Odds (95 % CI)  1.93 (0.70-5.30)
HWE  0.159 P 0.329
Combined 3 57 4,248 4308 0.7 AA 1 2
AG 14 43
MAF minor allele frequency, GG 681 3567
HT hypertension, CI confidence Odds (95 % CI)  1.71 (0.93-3.13)
interval, HWE Hardy—Weinberg HWE 139 x 10~3 P 0.055

equilibrium
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Table 3 Association of p.R4810K with blood pressures by additive model and dominant model
SBP DBP PP
B SE p B SE 2 B SE P
Additive model study
Raw data (mm Hg)
Nyukawa 8.2 2.9 4.7 % 107" —0.4 2.0 0.83 8.5 2.1 4.6 x 107>
Noshiro 187 54 4.6 x 107*" 114 3.4 6.6 x 107 73 2.8 1.0 x 107
Field studies 47 24 56 x 1072 —~0.4 2.0 0.83 5.1 22 1.8 x 107
Combined 8.9 2.0 1.0 x 107" 0.6 1.9 0.70 8.3 13 5.4 x 107"
Adjusted data (mmHg)
Nyukawa 10.0 3.2 1.6 x 107" 0.5 2.1 0.82 9.6 22 1.7 x 107"
Noshiro 19.1 5.8 1.0 x 107%" 11.6 3.6 12 x 107 75 3.0 14 x 107>
Field studies 6.1 2.6 2.0 x 107%* 03 2.0 0.88 5.8 2.2 8.6 x 107>
Combined 10.0 22 5.0 x 107> 12 1.4 0.40 8.9 13 2.3 x 1071
Dominant model study
Raw data (mm Hg)
Nyukawa 9.2 3.2 44 x 107 —02 2.2 0.94 9.4 24 7.6 x 1075
Noshiro 18.7 5.4 46 x 107% 11.4 3.4 6.6 x 107% 73 2.8 1.0 x 107
Field studies 6.3 1.7 3.0 x 107% 0.04 1.4 0.97 6.2 15 3.1 x 1075
Combined 9.9 22 5.7 x 107" 1.1 1.5 0.46 8.8 1.4 1.0 x 10710"
Adjusted data (mmHg)
Nyukawa 10.8 3.5 23 x 107 0.6 23 0.78 10.2 25 4.0 x 107"
Noshiro 19.1 5.8 1.0 x 107" 11.6 3.6 12 x 1073 75 3.0 14 x 107
Field studies 6.7 2.8 2.0 x 107% 0.5 22 0.82 6.9 2.5 5.4 % 107"
Combined 10.8 2.4 49 x 107" 15 1.5 0.92 92 14 8.5 x 1071

* Significant association p < 0.025

Association of p.R4810K with hypertension

The associations of p.R4810K by the additive model for
dichotomous traits (hypertension vs normal) were not sig-
nificant in any of the populations (Table 2).

Regression analyses adjusted for age, sex and BMI
revealed significant associations of p.R4810K with SBP
and PP (Table 3). Specifically, the § [standard error (SE)]
values for SBP were 8.2 (2.9) mmHg/allele for the Nyuk-
awa study and 18.7 (5.4) mmHg/allele for the Noshiro
study, while those for PP were 8.5 (2.1) mmHg/allele for
the Nyukawa study, 7.3 (2.8) mmHg/allele for the Noshiro
study and 5.1 (2.2) mmHg/allele for the Field study. The
associations of p.R4810K with therapy-adjusted SBP and
PP were also confirmed in the three studies. In the three
combined populations, p.R4810K was highly associated
with SBP [8.9 (2.0) mmHg/allele] and adjusted SBP [10.0
(2.2) mmHg/allele]; with PP [8.3 (1.3) mmHg/allele] and
adjusted PP [8.9 (1.3) mmHg/allele]. The results by addi-
tive model are essentially the same by dominant model.

The characteristic features of carriers are shown in
Table 4. SBP was significantly higher for the AA + GA
genotype than for the GG genotype [136.4 (20.3) vs 126.4

(18.2) mmHg/allele, P < 0.001], while the male/female
ratios, age and BMI did not differ significantly between any
two groups. Adjusted SBP (mmHg/allele: mean + SD)
was 155.3 (19.7) for the AA genotype, 137.8 (22.7) for the
GA genotype and 138.7 (22.7) for the AA + GA genotype,
which is significantly higher than 127.7 (19.9) with the
GG genotype (P < 0.001). On the other hand, neither DBP
nor adjusted DBP differed between any two groups: the
adjusted BP was 78.2 (13.2) and 769 (12.5) for GG
genotypes, respectively. The % hypertension was margin-
ally higher in the AA + AG group than in the GG group
(Fisher’s exact test, P = 0.06).

Effects on associations of protocol changes
for statistical analysis

The present statistical analyses were based on the same
protocol [21-23]. The protocol included subjects with
antihypertensive medications and adjustment for age, sex
and BMI. We investigate the effects of modifications of the
protocol on the statistical analyses to determine to what
degree the current results are dependent on the protocol.
First, we eliminated subjects with antihypertensive
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Table 4 Characteristics of p.R4810K carriers. Values are mean (standard deviation)

Genotype N M:F Age (years) BMI Raw blood pressure (mmHg) % Hypertension
SBP DBP

AA 3 1:2 72.7 (5.1) 23.2 (4.8) 145.3 (19.7) 73.3 (5.8) 66.7

GA 57 14:43 51.9 21.4) 23.5(3.9) 135.9 (20.4) 77.3 (13.1) 24.6

AA + GA 60 15:45 52.4 (14.0) 23.5 (3.9 136.4 (20.3)* 77.1 (12.8) 25.0

GG 4,248 1,827:2,421 51.1 (13.9) 23.0 (3.0) 126.4 (18.2) 76.2 (11.8) 16.0

* Significantly different from the values in GG genotype P < 0.001

medications to investigate the effect of genotypes without A ENDOV

modifications by medications. Although reduced numbers SLC26A11 LO‘; 100294362 :l"‘ A RPTOR

of subjects decreased statistical power, there were signifi- SGS';. T ":'::::n. e '

cant associations of p.R4810K with SBP and PP (Table J pRrastok

S1). Second, analyses were conducted without adjustment
for BMI for the population including subjects with anti-
hypertensive medications. The associations were repro-
duced without adjustment for BMI (Tables S2 and S3).
Changes in the statistical analysis protocol did not alter the
results by quantitative regression analyses extensively,
suggesting that associations of p.R4810K are robust and
reproducible.

LD blocks around p.R4810K of RNF213

Analyses of the LD blocks of 39 SNPs spanning 390 kb in
patients with p.R4810K and moyamoya disease demon-
strated that p.R4810K was in LD with the 3’ half of
RNF213 and ENDOV (Fig. 1a). Similar LD blocks were
observed in the general control population (Fig. 1b). LD
blocks of p.R4810K did not contain any proxy SNPs,
which have been reported to be associated with BP in East
Asian people or other ethnicities, even when less stringent
statistical criteria are applied [21-23].

Discussion

In the present study, quantitative trait locus analyses
demonstrated that p.R4810K was associated significantly
with SBP and PP in the general population. The p.R4810K
allele resulted in consistently elevated SBP from 4.7 to
18.7 mmHg/allele and PP from 5.1 to 8.5 mmHg/allele.
Such large and consistent contributions support our hypoth-
esis that p.R4810K increases SBP.

Several large-scale studies have used the genome-wide
association study (GWAS) approach [21-23]. However,
none of these studies detected a locus on 17q25.3 for
hypertension. Investigations of the LD blocks of p.R4810K
failed to reveal any SNPs that have been reported to be
associated with BP, even with less stringent P values
[21-23]. There is no doubt that recent association studies
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Fig. 1 Linkage disequilibrium (LD) blocks from a region spanning
390 kb from SGSH to RAPTOR in two independent populations. The
LD blocks were constructed with 39 single nucleotide polymorphisms
(SNPs). Scales are D'. The physical positions refer to Genome View
Build 36 (http://www.ncbi.nlm.nih.gov/mapview/). a LD blocks for
140 unrelated Japanese patients with p.R4810K and moyamoya dis-
ease. b LD blocks for 384 unrelated Japanese subjects

have been successful; however, we consider that there are
three major reasons for the failure to detect an association
of RNF213 polymorphisms with hypertension. First, the
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critical assumption for the efficient detection of associa-
tion through GWAS using LD mapping with TagSNPs
>5 % is that, for the susceptibility locus, there is only low
level allelic heterogeneity. In the presence of allelic het-
erogeneities, GWAS with TagSNPs may have missed
potentially significant associations [24, 25]. Second,
another GWAS assumption is that variants are common.
The GWAS protocol usually discards minor alleles, i.e.,
with allele frequencies smaller than 10 %. Thus, minor
alleles in RNF213, such as p.R4810K, might have been
eliminated from the analysis. Third, even large studies are
not free from sample size limitations to detect small
population effects even using TagSNPs. For example, a
simple genetic power calculation [26] on the assumption
(HT prevalence 0.2; risk of the allele = 2.0; D’ between
a tag SNP and risk allele 0.9; tag SNP allele fre-
quency = 0.5) reveals that to obtain alpha = 0.05 and
power = 0.80, more than 50,000 HT Japanese cases
would be needed for the low frequencies of risk allele
~0.01. Given the lower frequencies in the Tohoku areas
of Japan, more cases would have been needed. Collec-
tively, although p.R4810K has a discernible influence on
BP in individuals, its small contribution to the population
BP makes it extremely difficult to detect, even in large
scale GWAS studies.

Given that the current observation can be generalized,
carriers of p.R4810K are at risk of high SBP, urrespective
of whether they have moyamoya disease. An increase of
this magnitude overwhelms the population average of BP
treatment effects for single antihypertensive agents [27].
Moreover, it has been suggested that differences in SBP of
this magnitude elevate total mortality and the incidence of
stroke [28]. Therefore, p.R4810K carriers may need special
attention to control their SBP to prevent cerebrovascular
events, regardless of whether they are affected by moya-
moya disease. In this regard, it remains an enigma why
p-R4810K has a strong association with SBP while it does
not with DBP. Further studies are warranted to explain the
preferential association with SBP.

Hypertension in patients with moyamoya disease has
been postulated to be caused by renovascular hypertension
[13, 14]. Similarly, it may occur in carriers without man-
ifestation of moyamoya disease. There may also be other
possibilities for the mechanisms of hypertension. For
example, it remains to be addressed why hypertension
occurs in some patients with moyamoya disease without
stenosis of the renal arteries [15]. The physiological role of
the p.R4810K variant of RNF213 in the pathological pro-
cess is unknown. RNF213 comprises a novel class of E3
ligase and is involved in angiogenesis [11]. Therefore, its
biochemical and physiological functions need to be eluci-
dated. Further studies are required with a focus on the
functional aspects of p.R4810K of RNF213 in SBP.

Except for Down syndrome [29], various disorders
associated with moyamoya syndrome are also known to be
associated with BP, including Sickle cell disease [30, 31],
neurofibromatosis I [32], Noonan syndrome [33, 34],
Seckel syndrome [35], familial thoracic aortic aneurysm/
dissection syndrome caused by ACTA2 mutations [36] and
X-linked moyamoya syndrome [37]. The genetic associa-
tion between BP and p.R4810K of RNF2I3 may not be
unique to moyamoya disease, but could instead be common
to the pathophysiology associated with moyamoya syn-
drome. The common pathological processes in these dis-
eases are associated with occlusive vascular lesions.
The biomedical mechanisms associated with occlusive
vascular lesions may be attributable to endothelial dys-
function, as is the case for prehypertension [38]. Alterna-
tively, it is interesting that patients with ACTA2 mutations
have excessive proliferation of vascular smooth muscle
cells, and thereby elevated BP [36].

The present study has several limitations, the most
major being the population sizes of the carriers of
p-R4810K. Although we performed extensive genotyping
in the three populations, we could not obtain large numbers
of carriers because of the low prevalence of p.R4810K. It is
of particular interest that the MAF of p.R4810K is signif-
icantly lower in the eastern part of mainland of Japan than
in the western part of Japan. It should be investigated in
future whether or not the prevalence of moyamoya disease
has geographic differences in Japan. Specifically, it may be
lower in the eastern part of mainland Japan than in the
western part of Japan, as predicted by the low prevalence in
Caucasians [11]. In this regard, although we cannot elim-
inate the effects of population stratification completely, the
strength of the present study, namely a single ethnicity, can
mitigate such biases. In addition, we did not test genetic
relatedness among participants, although we checked it
with indirect information. Thus, blood-related samples may
be contaminated in associations and lead to inflation of
associations. The second limitation of this study is that
clinical data were not available for examining renovas-
cular hypertension in carriers. Third, it could be argued
p-R4810K is a proxy SNP or that RNF213 is associated
directly with BP, and that p.R4810K of RNF2I3 may
elevate BP. At present, we cannot say whether RNF213 is
associated with BP, and whether p.R4180K elevates BP
directly or not. Further evidence is required to explain the
association of p.R4810K with BP biologically. Finally,
we cannot exclude a healthy participant effect in the cur-
rent study. In fact, most of the participants are active
both mentally and physically. Handicapped subjects with
hypertension-associated cardiovascular diseases or subjects
receiving clinical care might have been eliminated in the
communities. The present findings may help to determine
the pathological consequences of moyamoya disease in

@ Springer

-329-



128

Environ Health Prev Med (2013) 18:121-129

carriers of p.R4810K. Furthermore, our findings suggest
that high SBP may be a common phenotype of carriers of
p-R4810K. Finally, although the MAF of p.R4810K in the
general population is small, antihypertensive measures may
be efficient for this high-risk population.
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Genetics of rheumatoid arthritis contributes to
biology and drug discovery

A list of authors and their affiliations appears at the end of the paper

A major challenge in human genetics is to devise a systematic strat-
egy to integrate disease-associated variants with diverse genomic
and biological data sets to provide insight into disease pathogenesis
and guide drug discovery for complex traits such as rheumatoid arth-
ritis (RA)". Here we performed a genome-wide association study
meta-analysis in a total of >100,000 subjects of European and Asian
ancestries (29,880 RA cases and 73,758 controls), by evaluating ~10
million single-nucleotide polymorphisms. We discovered 42 novel
RA riskloci ata genome-wide level of significance, bringing the total
to 101 (refs 2-4). We devised an in silico pipeline using established
bioinformatics methods based on functional annotation®, cis-acting
expression quantitative trait loci® and pathway analyses’”—as well
as novel methods based on genetic overlap with human primary immuno-
deficiency, haematological cancer somatic mutations and knockout
mouse phenotypes—to identify 98 biological candidate genes at these
101 risk loci. We demonstrate that these genes are the targets of approved
therapies for RA, and further suggest that drugs approved for other
indications may be repurposed for the treatment of RA. Together,
this comprehensive genetic study sheds light on fundamental genes,
pathways and cell types that contribute to RA pathogenesis, and
provides empirical evidence that the genetics of RA can provide
important information for drug discovery.

We conducted a three-stage trans-ethnic meta-analysis (Extended
Data Fig. 1). On the basis of the polygenic architecture of RA'® and
shared genetic risk among different ancestry™*, we proposed that com-
bining a genome-wide association study (GWAS) of European and
Asian ancestry would increase power to detect novel risk loci. In stage 1,
we combined 22 GWAS for 19,234 cases and 61,565 controls of European
and Asian ancestry®™. We performed trans-ethnic, European-specific
and Asian-specific GWAS meta-analysis by evaluating ~10 million
single-nucleotide polymorphisms (SNPs)"'. Characteristics of the cohorts,
genotyping platforms and quality control criteria are described in Extended
Data Table 1 (overall genomic control inflation factor Agc < 1.075).

Stage 1 meta-analysis identified 57 loci that satisfied a genome-wide
significance threshold of P < 5.0 X 1078, including 17 novel loci (Extended
Data Fig. 2). We then conducted a two-step replication study (stage 2
for in silico and stage 3 for de novo) in 10,646 RA cases and 12,193
controls for the loci with P< 5.0 X 10~° in stage 1. In a combined ana-
lysis of stages 1-3, we identified 42 novel loci with P< 5.0 X 1072 in
any of the trans-ethnic, European or Asian meta-analyses. This increases
the total number of RA risk loci to 101 (Table 1 and Supplementary
Table 1).

Comparison of 101 RA risk loci revealed significant correlations of
risk allele frequencies (RAFs) and odds ratios (ORs) between Europeans
and Asians (Extended Data Fig. 3a-c; Spearman’s p = 0.67 for RAF
and 0.76 for OR; P< 1.0 X 10™'?), although five loci demonstrated
population-specific associations (P < 5.0 X 10™® in one population but
P > 0.05 in the other population without overlap of the 95% confidence
intervals (95% Cls) of the ORs). In the population-specific genetic risk
model, the 100 RA risk loci outside of the major histocompatibility com-
plex (MHC) region' explained 5.5% and 4.7% of heritability in Europeans
and Asians, respectively, with 1.6% of the heritability explained by the
novel loci. The trans-ethnic genetic risk model, based on the RAF from
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one population but the OR from the other population, could explain
the majority (>80%) of the known heritability in each population
(4.7% for Europeans and 3.8% for Asians). These observations support
our hypothesis that the genetic risk of RA is shared, in general, among
Asians and Europeans.

We assessed enrichment of 100 non-MHC RA risk loci in epigenetic
chromatin marks" (Extended Data Fig. 3d). Of 34 cell types investigated,
we observed significant enrichment of RA risk alleles with trimethylation
of histone H3 at lysine 4 (H3K4me3) peaks in primary CD4" regulatory
T cells (Teg cells; P < 1.0 X 107%). For the RA risk loci enriched with Treg
H3K4me3 peaks, we incorporated the epigenetic annotations along with
trans-ethnic differences in patterns of linkage disequilibrium to fine-map
putative causal risk alleles (Extended Data Fig. 3e, f).

We found that approximately two-thirds of RA risk loci demon-
strated pleiotropy with other human phenotypes (Extended Data Fig. 4),
including immune-related diseases (for example, vitiligo, primary bili-
ary cirrhosis), inflammation-related or haematological biomarkers (for
example, fibrinogen, neutrophil counts) and other complex traits (for
example, cardiovascular diseases).

Each of 100 non-MHC RA risk loci contains on average ~4 genes in
the region of linkage disequilibrium (in total 377 genes). To prioritize
systematically the most likely biological candidate gene, we devised an
in silico bioinformatics pipeline. In addition to the published methods
that integrate data across associated loci”®, we evaluated several bio-
logical data sets to test for enrichment of RA risk genes, which helps to
pinpoint a specific gene in each loci (Extended Data Figs 5, 6 and
Supplementary Tables 2-4).

We first conducted functional annotation of RA risk SNPs. Sixteen
per cent of SNPs were in linkage disequilibrium with missense SNPs
(#* > 0.80; Extended Data Fig. 5a, b). The proportion of missense RA
risk SNPs was higher compared with a set of genome-wide common
SNPs (8.0%), and relatively much higher in the explained heritability
(~26.8%). Using cis-acting expression quantitative trait loci (cis-eQTL)
data obtained from peripheral blood mononuclear cells (5,311 indivi-
duals)® and from CD4" T cells and CD147CD16~ monocytes (212
individuals), we found that RA risk SNPs in 44 loci showed cis-eQTL
effects (false discovery rate (FDR) g or permutation P << 0.05; Extended
Data Table 2).

Second, we evaluated whether genes from RA risk loci overlapped
with human primary immunodeficiency (PID) genes', and observed
significant overlap (14/194 = 7.2%, P = 1.2 X 10~ % Fig. 1a and Extended
Data Fig. 5¢). Classification categories of PID genes showed different
patterns of overlap: the highest proportion of overlap was in ‘immune
dysregulation’ (4/21 = 19.0%, P = 0.0033) but there was no overlap in
‘innate immunity’.

Third, we evaluated overlap with cancer somatic mutation genes',
under the hypothesis that genes with cell growth advantages may contri-
bute to RA development. Among 444 genes with registered cancer somatic
mutations', we observed significant overlap with genes implicated in
haematological cancers (17/251 = 6.8%, P =12 X 10™*% Fig. 1b and
Extended Data Fig. 5d), but not with genes implicated in non-haema-
tological cancers (6/221 = 2.7%, P = 0.56).
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Table 1 | Novel rheumatoid arthritis risk loci identified by trans-ethnic GWAS meta-analysis in >100,000 subjects

SNP Chr Genes Al/A2 Trans-ethnic European Asian
+) OR (95% Cly OR (95% Cl) P OR (95% Cl) P
rs227163 1 TNFRSF9 C/T 104(1.02-106) 39x107* 1.00 (0.97-1.03) 93 x107!  1.11(1.08-1.16)* 3.1 x107%*
1528411352 1 MTF1-INPP5B T/C 1.11(1.08-1.14)* 28x1071%*  1.10(1.07-1.14)* 59 x107%*  1.12(1.06-1.19) 7.8 x107°
rs2105325 1 LOC100506023 C/A 1.12(1.08-1.15)* 69 %1073+ 112(1.08-1.15)* 33 x107* 113(1.04-123) 52x1073
rs10175798 2 LBH A/G  1.08(1.06-1.11)* 1.1x107%  1.09(1.06-1.12)* 42x107%  107(1.02-1.13) 6.4 x1073
rs6732565 2 ACOXL A/G 107 (1.05-1.10)* 27 x 1078  110(1.07-1.14)* 94 x107%*  1.04(1.00-1.08) 4.0x1072
rs6715284 2 CFLAR-CASPS8 G/C  1.15(1.10-1.20)* 18x107%*  1.15(1.10-1.20)* 25 x107% - -
rs4452313 3 PLCL2 T/A 1.09(1.06-1.12)* 1.6x1071%  1.11(1.08-1.15)* 52 x107*  1.04(0.99-1.09) 9.2 x1072
rs3806624 3 EOMES G/A  1.08(1.05-1.11)* 86 x107%*  1.08(1.05-1.12)* 28x107%  1.06(0.99-1.14) 1.0x107}
rs9826828 3 IL20RB A/G 144 (1.28-1.61)* 86 x1071%  144(1.28-1.61)* 87 x 10710 - -
rs13142500 4 CLNK C/T 1.10(1.07-1.13)* 30x107%  1.10(1.06-1.15) 24x107° 1.10(1.04-1.15) 28 x107*%
rs2664035 4 TEC AG  1.07(1.04-1.10) 95%x107%  1.08(1.05-1.11)* 33 x107%  1.03(097-1.08) 3.3 x107!
rs9378815 6 IRF4 C/G 1.09(1.06-1.12)* 1.7 x107'% 109 (1.05-1.12) 1.4x1077 1.10(1.04-1.15) 23 x107*%
rs2234067 6 ETV7 C/A  1.15(1.10-1.20)* 1.6x107% 1,14 (1.09-1.19)* 4.1 x107%  122(1.06-141) 7.0x1073
rs9373594 6 PPIL4 T/C 1.09(1.06-1.12)* 30x107™%  1.07(1.02-1.12) 65x%107°  1.11(1.07-1.15)* 4.8 x 107 8=
rs67250450 7 JAZF1 T/C 1.10(1.07-1.14)* 37 x107%  1.11(1.07-1.14)* 26x107%  1.02(0.84-1.23) 85 x 1071
rs4272 7 CDK6 G/A  1.10(1.06-1.13)* 50x107%%  1.10(1.07-1.14)* 12x1078  106(0.98-1.15) 13 x107}
rs998731 8 TPD52 T/C 1.08(1.05-1.11)* 19x107% 109 (1.06-1.12)* 66 x107%*  1.02(096-1.10) 4.9 x 107}
rs678347 8 GRHL2 G/A  1.08(1.05-1.11)* 1.6x107%  1.10(1.06-1.13)* 73 x107%*  1.03(098-1.10) 26x107!
rs1516971 8 PVT1 T/C 1.15(1.10-1.20)* 1.3 x 10710  116(1.11-1.21)* 3.2 x 10 }* - -
rs12413578 10 10p14 C/T 120(1.13-1.29* 48x1078  120(1.12-129) 75x1078 - -
rs793108 10 ZNF438 T/C  1.08(1.05-1.10)* 13x107% 107 (1.04-1.10) 6.1 x1077 1.09 (1.04-1.14) 44 x107*
rs2671692 10 WDFY4 A/G 107 (1.05-1.10)* 28 x107%*  1.06(1.03-1.09) 26x107° 1.10(1.05-1.14) 99 x107°
rs726288 10 SFTPD T/C 1.14(1.07-1.20) 16x1073 096 (0.86-1.06) 4.1 x107'  1.22(1.14-131)* 88 x107°*
15968567 11 FADSI-FADS2-FADS3 C/T 1.12(1.07-1.16)* 18x107%  1.12(1.07-1.16)* 18 x1073* - -
rs4409785 11 CEP57 C/T 1.12(1.09-1.16)* 12x1071*  1.12(1.08-1.16)* 36x107%*  1.16(1.07-1.27) 43 x107*
chr11:107967350 11 ATM A/G 1.21(1.13-1.29)* 14 x107%  121(1.13-1.29)* 1.1 x1078* - -
rs73013527 11 ETS1 C/T 1.09(1.06-1.12)* 12x1071%  108(1.05-1.11) 1.0x107° 1.14 (1.08-121) 4.1 x10°¢
rs773125 12 CDK2 A/G  1.09(1.06-1.12)* 1.1x1071%  109(1.06-1.12)* 21x107%  110(1.04-1.17) 1.1 x1073
rs10774624 12 SH2B3-PTPN11 G/A  1.09 (1.06-1.13)* 68 x107%  1.09 (1.06-1.13)* 6.9 x 107+ - -
rs9603616 13 C0G6 C/T 1.10(1.07-1.13)* 1.6 %1071 111 (1.07-1.14)* 28 x1071*  108(1.02-1.14) 1.0x1072
rs3783782 14 PRKCH A/G 1.14(1.09-1.18)* 22 x107%* 1.12(096-131) 14x107'  1.14(1.09-1.19)* 4.4 x10°*
rs1950897 14 RAD51B T/C 1.10(1.07-1.13)* 82 x107!'*  1,09(1.06-1.12)* 50x107%  116(1.08-1.25) 1.1 x107*
rs4780401 16 TXNDC11 T/G  1.07(1.05-1.10)* 4.1 x107%  109(1.06-1.13)* 87 x107%  1.03(098-1.08) 25x107*
rs72634030 17 C10BP A/C 1.12(1.08-1.17)* 15 x107%* 1.12(1.06-1.19) 29x10°° 1.12(1.07-1.18) 9.6 x 1078
rs1877030 17 MED1 C/T 1.09(1.06-1.12)* 1.9 x 1078+ 1.09(1.05-1.13) 13x107° 1.09(1.04-1.14) 32x107*
rs2469434 18 CD226 C/T 107 (1.05-1.10)* 89 x1071%  105(1.02-1.08) 6.7x107% 1.11(1.07-1.15)* 1.2 x107%
chr19:10771941 19 ILF3 C/T 147 (130-1.67)* 86 x1071%% 147 (1.30-1.67)* 88 x 10710 - -
rs73194058 21 IFNGR2 C/A 108(1.05-1.12) 12x107°%  1.13(1.08-1.18* 26x1078  103(098-1.08) 29 x107!
rs1893592 21 UBASH3A A/C 1.11(1.08-1.14)* 7.2x107'%* 111(1.07-1.15* 98x107%*  1.11(1.05-1.18) 13 x107*%
rs11089637 22 UBE2L3-YDJC C/T 1.08(1.05-1.11)* 21x107%  1.10(1.06-1.15) 20x1077 1.06 (1.02-1.10) 89 x107™*
rs909685 22 SYNGR1 AT 1.13(1.10-1.16)* 14 x107!% 111 (1.08-1.15)* 64 x107'%*  123(1.14-1.33) 20 x1077
chrX:78464616 X P2RY10 A/C 1.11(1.07-1.15)* 35x107%  1.16(0.78-1.75) 4.6x107!  1.11(1.07-1.15)* 3.6 x 1073

SNPs newly associated with P < 5.0 x 10~8in the combined study of the stage 1 GWAS meta-analysis and the stages 2 and 3 replication studies of trans-ethnic (Europeans and Asians), European or Asian ancestry
are indicated. SNPs, positions and alleles are based on the positive (+) strand of NCBI build 37. Al represents an RArisk allele. Chr, chromosome; OR, odds ratio; 95% CI, 95% confidence interval. Full results of the
studies are available in Supplementary Table 1. Hyphens between gene names indicate that several candidate RA risk genes were included in the region.

*Association results with P< 5.0 x 1078,

Fourth, we evaluated overlap with genes implicated in knockout mouse
phenotypes'. Among the 30 categories of phenotypes's, we observed 3
categories significantly enriched with RA risk genes (P < 0.05/30 = 0.0017):
‘haematopoietic system phenotype’, ‘immune system phenotype’, and
‘cellular phenotype’ (Extended Data Fig. 5e).

Last, we conducted molecular pathway enrichment analysis (Fig. 1c
and Extended Data Fig. 5f). We observed enrichment (FDR g < 0.05)
for T-cell-related pathways, consistent with cell-specific epigenetic marks,
as well as enrichment for B-cell and cytokine signalling pathways (for
example, interleukin (IL)-10, interferon, granulocyte-macrophage colony-
stimulating factor (GM-CSEF)). For comparison, our previous RA GWAS
meta-analysis® did not identify the B-cell and cytokine signalling path-
ways, thereby indicating that as more loci are discovered, further bio-
logical pathways are identified.

On the basis of these new findings, we adopted the following 8 criteria
to prioritize each of the 377 genes from the 100 non-MHC RA riskloci
(Fig. 2 and Extended Data Fig. 6a-c): (1) genes with RA risk missense
variant (n = 19); (2) cis-eQTL genes (n = 51); (3) genes prioritized by
PubMed text mining’ (n = 90); (4) genes prioritized by protein—protein
interaction (PPI)® (n = 63); (5) PID genes (n = 15); (6) haematological
cancer somatic mutation genes (n = 17); (7) genes prioritized by associated
knockout mouse phenotypes (n = 86); and (8) genes prioritized by
molecular pathway analysis® (n = 35).

Ninety-eight genes (26.0%) had a score =2, which we defined as ‘can-
didate biological RA risk genes’. Nineteen loci included multiple bio-
logical RA risk genes (for example, IL3 and CSF2at chromosome 5q31),
whereas no biological gene was selected from 40 loci (Supplementary
Table 5).

To provide empirical evidence of the pipeline, we evaluated relation-
ships of the gene scores to independent genomic or epigenetic informa-
tion. Genes with higher biological scores were more likely to be the
nearest gene to the risk SNP (18.6% for gene score <2 and 49.0% for
gene score =2; P =2.1 X 107%), and also to be included in the region
where RA risk SNPs were overlapping with H3K4me3 T peaks (41.9%
for gene score <2 and 57.1% for gene score =2; P = 0.034). Further,
Teg cells demonstrated the largest increase in overlapping proportions
with H3K4me3 peaks for increase of biological gene scores compared
with other cell types (Extended Data Fig. 6d).

Finally, we evaluated the potential role of RA genetics in drug dis-
covery. We proposed that if human genetics is useful for drug target
validation, then it should identify existing approved drugs for RA. To
test this ‘therapeutic hypothesis™, we obtained 871 drug target genes
corresponding to approved, in clinical trials or experimental drugs for
human diseases'”"® (Supplementary Table 6). We evaluated whether
any of the protein products from the identified biological RA risk genes,
or any genes from a direct PPI network with such protein products
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chr1:2523811 (1p36) TNFRSF14 7
152301888 (1p36) PADI4 2
rs2476601 (1p13) PTPN22
1s2228145 (1621) IL6R
chr1:161644258 (1923) FCGR2B
rs17668708 (1931) PTPRC
1$34695944 (2p16-p15) REL 4
rs9653442 (2g11) AFF3 4
rs11889341 (2q32) STAT4 3
rs6715284 (2G33) CFLAR 3
rs1980422 (2G33) cD28 4
rs3087243 (2G33) CTLA4 4
rs45475795 (4926-q27) L2
rs657075 (5q31) IL3 4
1$657075 (531) CSF2 4
152233424 (6p21) NFKBIE
rs7752903 (6623) TNFAIP3
rs1571878 (6027) CCR6 2
rs4272 (7G21) CDK6 4
chr7:128580042 (7G32) IRF5 4
rs10985070 (9933) TRAF1 4
r$10985070 (9933) cs 4
rs706778 (10p15) IL2RA
rs331463 (11p12) TRAF6 4
rs331463 (11p12) RAGT 4
rs508970 (11912) cDs 4
chr11:107967350 (11g22)  |ATM 4
rs773125 (1213) CDK2 3
rs1633360 (12q13-q14) CDK4 3
rs10774624 (12G24) SH2B3
chr17:38031857 (17q12-q21) |IKZF3 4
chr17:38031857 (17q12-21) |CSF3 4
158083786 (18p11) PTPN2 3
r$34536443 (19p13) ICAM1
rs34536443 (19p13) TYK2
r$4239702 (20q13) cD40
rs73194058 (21G22) IFNGR2
rs2236668 (21922) ICOSLG
rs2236668 (21922) AIRE 4
rs3218251 (22q12) IL2RB 3
|rs5987194 (Xa28) IRAKT

Figure 2 | Prioritized biological RA risk genes. Representative biological RA

risk genes. We list the summary gene score derived from individual criteria

(filled red box indicates criterion satisfied; 98 genes with a score =2 out of 377
genes included in the RA risk loci were defined as ‘biological candidate genes’s
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see Extended Data Fig, 6). Filled blue boxes indicate the nearest gene to the RA
risk SNP. Filled green boxes indicate overlap with H3K4me3 peaks in immune-
related cells. Filled purple boxes indicate overlap with drug target genes. For full
results, see Supplementary Table 5.

-334 -



® Biological RA risk genes
@  Drug target genes

18 overlapping genes
3.7-fold enrichment

LETTER

b 98 biological
RA risk genes
+
2,332 genes
in direct PPI

247 overlapping genes
1.7-fold enrichment

2.2-fold enrichment
P=35%x103

27 drug target
genes of RA

871 drug target
genes from drug

—— Direct PPI treatment drugs databases
Biological genes  Genes in
c RA risk SNPs within the loci direct PPI Targeted drugs Diseases
Etanercept, infliximab, adalimumab
golimumab, certolizumab pegol
5657075 (5931 i
05 Tooizumab ]
chr17:38031857(17q12)—{ __CSF3. Y/
[ rs34536443 (19p13) —{ TYK2 |
151980422 (2G33) {_CD28 A CD80 |}
AM Abatacept
[ rs3087243 (2q33) | CTLA4 CD86
154239702 (20q13) _|—{___CD40 | MS4AT Rituximab Iz LS ]
[ rs1877080(17q12) —{ MED1 _}— PPARG | Sulfasalazine /
[rs10774624 (12g24) |— PTPN11_ | FKBPIA || Tacrolimus !
13RATIskSNPs {13 genes | JAK1/2/3 }—] Tofacitinib (CP-690, 550)
chri17:38031857(17q12)—{___CSF3 | ELANE Iguratimod (T-614) /
rs2233424 (6p2
rs73013527 (11g24) ETS1
L {12 NR3C1__—{Prednisolone, methylprednisolone
[rs1877030 (i7qi2) - MEDT
[rs73194058 (21g22) | IFNGR2 |
Biological genes
d RA risk SNPs within the loci Targeted drugs Diseases
Palbociolib (PD-0332991 Ereast cancer I

[ 154272 (7g21) H

Capridine-B

[rs1633360 (12q13-14) |  CDK4

:{{ Advanced solid tumours
Psoriatic disorders

Figure 3 | Connection of biological RA risk genes to drug targets. a, PPI
network of biological RA risk genes and drug target genes. b, Overlap and
relative enrichment of 98 biological RA risk genes with targets of approved RA
drugs and with all drug target genes. Enrichment was more apparent than that

In support for repurposing, one CDK6/CDK#4 inhibitor, flavopiridol,
has been shown to ameliorate disease activity in animal models of
RA?. Further, the biology is plausible, as several approved RA drugs
were initially developed for cancer treatment and then repurposed for
RA (for example, rituximab). Although further investigations are neces-
sary, we propose that target genes/drugs selected by this approach could
represent promising candidates for novel drug discovery for RA treatment.

We note that a non-random distribution of drug-to-disease indications
in the databases could potentially bias our results. Namely, because RA
risk genes are enriched for genes with immune function, spurious
enrichment with drug targets could occur if the majority of drug indi-
cations in databases were for immune-mediated diseases or immune-
related target genes. However, such enrichment was not evident in our

Chronic lymphocytic leukaemia
Flavopiridol, avocidib |<

from all 377 RA risk genes (Extended Data Fig. 7c). ¢, Connections between RA
risk SNPs (blue), biological genes (purple), genes from PPI (green) and
approved RA drugs (orange). For full results, see Extended Data Fig. 8.

d, Connections between RA genes and drugs indicated for other diseases.

analysis (~11% for drug indications and ~9% for target genes; Extended
Data Fig. 7b).

Through a comprehensive genetic study with >100,000 subjects, we
identified 42 novel RA risk loci and provided novel insight into RA
pathogenesis. We particularly highlight the role of genetics for drug
discovery. Although there have been anecdotal examples of this***, our
study provides a systematic approach by which human genetic data
can be efficiently integrated with other biological information to derive
biological insights and drive drug discovery.

METHODS SUMMARY

Details can be found in Methods, Extended Data Fig. 1, Extended Data Table 1 and
Supplementary Information, including (1) information about the patient collections;
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(2) genotyping, quality control and genotype imputation of GWAS data; (3) genome-
wide meta-analysis (stage 1); (4) in silico and de novo replication studies (stages 2
and 3); (5) trans-ethnic and functional annotations of RA risk SNPs; (6) prioritiza-
tion of biological candidate genes; and (7) drug target gene enrichment analysis.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Subjects. Our study included 29,880 RA cases (88.1% seropositive and 9.3%
seronegative for anti-citrullinated peptide antibody (ACPA) or rtheumatoid factor
(RF), and 2.6% who had unknown autoantibody status) and 73,758 controls. All
RA cases fulfilled the 1987 criteria of the American College of Rheumatology for
RA diagnosis®, or were diagnosed with RA by a professional rheumatologist. The
19,234 RA cases and 61,565 controls enrolled in the stage 1 trans-ethnic GWAS
meta-analysis were obtained from 22 studies on people with European and Asian
ancestries (14,361 RA cases and 43,923 controls from 18 studies of Europeans and
4,873 RA cases and 17,642 controls from 4 studies of Asians): BRASS?, CANADA?,
EIRA% NARACI1?%, NARAC2?, WTCCC? Rheumatoid Arthritis Consortium Inter-
national for Immunochip (RACI)-UK*, RACI-US* RACI-SE-E*, RACI-SE-U*,
RACI-NL', RACI-ES*, RACI-i2b2, ReAct, Dutch (including AMC, BeSt, LUMC
and DREAM), anti-TNF response to therapy collection (ACR-REF: BRAGGSS,
BRAGGSS2, ERA, KI and TEAR), CORRONA, Vanderbilt, three studies from the
GARNET consortium (BioBank Japan Project’, Kyoto University’ and IORRA?),
and Korea. Of these, GWAS data of 4,309 RA cases and 8,700 controls from six
studies (RACI-i2b2, ReAct, Dutch, ACR-REF, CORRONA and Vanderbilt) have
not been previously published.

The 3,708 RA cases and 5,535 controls enrolled in the stage 2 in silico replication
study were obtained from two studies of Europeans (2,780 RA cases and 4,700
controls from Genentech and SLEGEN) and Asians (928 RA cases and 835 con-
trols from China) (H.X. et al., manuscript submitted). The 6,938 RA cases and
6,658 controls enrolled in the stage 3 de novo replication study were obtained from
two studies of Europeans (995 RA cases and 1,101 controls from CANADAII?)
and Asians (5,943 RA cases and 5,557 controls from BioBank Japan Project, Kyoto
University and IORRA?).

All subjects in the stage 1, stage 2 and stage 3 studies were confirmed to be inde-
pendent through analysis of overlapping SNP markers. Any duplicate subjects were
removed from the stage 2 and stage 3 replication studies, leading to slightly different
sample sizes compared with previous studies that used these same collections®’.

All participants provided written informed consent for participation in the study
as approved by the ethical committees of each of the institutional review boards.
Detailed descriptions of the study design, participating cohorts and the clinical
characteristics of the RA cases are provided in detail in Extended Data Fig. 1 and
Extended Data Table 1a, as well as in previous reports®™.

Genotyping, quality control and genotype imputation of GWAS data. Genotyping
platforms and quality control criteria of GWAS, including cut-off values for sam-
ple call rate, SNP call rate, minor allele frequency (MAF), and Hardy-Weinberg
equilibrium (HWE) P value, covariates in the analysis, and imputation reference
panel information are provided for each study in Extended Data Table 1b. All
studies were analysed based on the same analytical protocol, including exclusion of
closely related subjects and outliers in terms of ancestries, as described elsewhere®.
After applying quality control criteria, whole-genome genotype imputation was
performed using 1000 Genomes Project Phase I (o) European (# = 381) and Asian
(n = 286) data as references''. We excluded monomorphic or singleton SNPs or
SNPs with deviation of HWE (P < 1.0 X 10™7) from each of the reference panels.
GWAS data were split into ~300 chunks that evenly covered whole-genome regions
and additionally included 300 kb of duplicated regions between neighbouring chunks.
Immunochip data were split into ~2,000 chunks that included each of the targeted
regions or SNPs on the array. Each chunk was pre-phased and imputed by using
minimac (release stamp 2011-10-27). SNPs in the X chromosome were imputed
for males and females separately. We excluded imputed SNPs that were duplicated
between chunks, SNPs with MAF < 0.005 in RA cases or controls, or with low
imputation score (Rsq < 0.5 for genome-wide array and < 0.7 for Immunochip)
from each study. We found that imputation of Immunochip effectively increased
the number of the available SNPs by 7.0 fold (from ~129,000 SNPs to ~924,000
SNPs) to cover ~12% of common SNPs (MAF > 0.05) included in the 1000 Genomes
Project reference panel for European ancestry'’.

Stage 1 trans-ethnic genome-wide meta-analysis. Associations of SNPs with RA.
were evaluated by logistic regression models assuming additive effects of the allele
dosages including top 5 or 10 principal components as covariates (if available)
using mach2dat v.1.0.16 (Extended Data Table 1b). Allele dosages of the SNPsin X
chromosome were assigned as 0/1/2 for females and 0/2 for males and analysed
separately. Meta-analysis was performed for the trans-ethnic study (both Europeans
and Asians), European study, and Asian study separately. The SNPs available in =3
studies were evaluated in each GWAS meta-analysis, which yielded ~10 million
autosomal and X-chromosomal SNPs. Information about the SNPs, including the
coded alleles, was oriented to the forward strand of the NCBI build 37 reference
sequence. Meta-analysis was conducted by an inverse-variance method assuming a
fixed-effects model on the effect estimates (ff) and the standard errors of the allele
dosages using the Java source code implemented by the authors®. Double GC cor-
rection was carried out using the inflation factor (Agc) obtained from the results of

each GWAS and the GWAS meta-analysis™ after removing the SNPslocated + 1 Mb
from known RA loci or in the MHC region (chromosome 6, 25-35 Mb). Although
there is not yet uniform consensus on the application of double GC correction, we
note that potential effects of double GC correction would not be substantial in our
study because of the small values of the inflation factors in the GWAS meta-
analysis (Agc <1.075 and Agc adjusted for 1,000 cases and 1,000 controls
(Aac_1,000) < 1.005; Extended Data Table 1b).

As for the definition of known RA risk loci in this study, we included the loci that

showed significant associations in one of the previous studies (P <<5.0 X 10~%) or
that had been replicated in independent cohorts. We consider the locus including
multiple independent signals of associations as a single locus, such as the MHC
locus' and TNFAIP3 (ref. 4). Although 6 of these 59 loci previously identified
as known RA risk loci did not reach a suggestive level of association (defined
as P<5.0 X 1075) in our stage 1 meta-analysis, previous studies have gone on to
replicate most of these associations in additional samples (Supplementary Table 1)>*.
Thus, the number of confirmed RA risk loci is 101 (including the MHC region).
Stage 2 and stage 3 replication studies. In silico (stage 2) and de novo (stage 3)
replication studies were conducted using independent European and Asian sub-
jects (Extended Data Table 1). The 146 loci that satisfied P <5.0 X 107° in the
stage 1 trans-ethnic, European or Asian GWAS meta-analysis were selected for the
stage 2 in silico replication study. The SNPs that demonstrated the most significant
associations were selected from each of the loci. When the SNP was not available in
replication data sets, a proxy SNP with the highest linkage disequilibrium (+* > 0.80)
was alternatively assessed. GWAS quality control, genotype imputation and asso-
ciation analysis were assessed in the same manner as in the stage 1 GWAS. For the
60 loci that demonstrated suggestive associations in the combined results of the
stage 1 GWAS meta-analysis and the stage 2 in silico replication study but were not
included as a known RA risk locus, we calculated statistical power to newly achieve
a genome-wide significance threshold of P < 5.0 X 1072 for Europeans and Asians
separately, which were estimated based on the allele frequencies, ORs and de novo
replication sample sizes of the populations. We then selected the top 20 SNPs with
the highest statistical power for Europeans and Asians separately (in total 32
SNPs), and conducted the stage 3 de novo replication study. Genotyping methods,
quality control and confirmation of subject independence in the stage 3 de novo
replication study were described previously**. The combined study of the stage 1
GWAS meta-analysis and the stages 2 and 3 replication studies was conducted by
an inverse-variance method assuming a fixed-effects model®.
Trans-ethnic and functional annotations of RA risk SNPs. Trans-ethnic com-
parisons of RAF (in the reference panels), ORs and explained heritability were
conducted using the results of the stage 1 GWAS meta-analysis of Europeans and
Asians. Correlations of RAF and OR were evaluated using Spearman’s correlation
test. ORs were defined based on minor alleles in Europeans. Explained heritability
was estimated by applying a liability-threshold model assuming disease prevalence
0f 0.5% (ref. 10) and using the RAF and OR of the population(s) according to the
genetic risk model. For the population-specific genetic risk model, the RAF and
OR of the same population was used. For the trans-ethnic genetic risk model, the
RAF of the population but the OR of the other population was used.

Details of the overlap enrichment analysis of RA risk SNPs with H3K4me3

peaks have been described elsewhere®. Briefly, we evaluated whether the RA risk
SNPs (outside of the MHC region) and SNPs in linkage disequilibrium (> 0.80)
with them were enriched in overlap with H3K4me3 chromatin immunoprecipita-
tion followed by sequencing (ChIP-seq) assay peaks of 34 cell types obtained from
the National Institutes of Health Roadmap Epigenomics Mapping Consortium, by
a permutation procedure with X 10° iterations.
Fine mapping of causal risk alleles. For fine mapping of the causal risk alleles, we
selected the 31 RA risk loci where the risk SNPs yielded P < 1.0 X 10~ in the stage
1 GWAS meta-analysis of both Europeans and Asians with the same directional
effects of alleles (outside of the MHC region). For fine mapping using linkage-
disequilibrium structure differences between the populations, we calculated aver-
age numbers of the SNPs in linkage disequilbrium (+* > 0.80) in Europeans,
Asians, and in both Europeans and Asians, separately.

For fine mapping using H3K4me3 peaks of Ty primary cells, we first evaluated
H3K4me3 peak overlap enrichment of the SNPs in linkage disequilbrium (in
Europeans and Asians) compared with the neighbouring SNPs (=2 Mb). We fixed
the SNP positions but physically slid H3K4me3 peak positions by 1kb bins
within 2 Mb regions of the risk SNPs, and calculated overlap of the SNPs in
linkage disequilibrium with H3K4me3 peaks for each sliding step, and evaluated
the significance of overlap in the original peak positions by a one-sided exact test
assuming enrichment of overlap. For the 10 loci that demonstrated significant
overlap (P < 0.05), we calculated the average number of the SNPs that were in linkage
disequilibrium in both Europeans and Asians and also included in H3K4me3
peaks.
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