Extended Data Table 1 | Characteristics of the study cohorts
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Sy stage Cohort Etnicly goptialorgn o NODRD RA casa sero
BRASS North America 4831631 2114 «W&»
CANADA Canada 589 1554 2,143 100% CCP+
EIRA Sweden 1,007 1044 2141 100% CCP+
NARAC! North America 863 1,191 2,054 100% CCP+
NARAC? North America 898 6,603 7,499 100% CCP+
WTCCC United Kingdom 1520 10507 12,027 100% CCP+ or RF+
RACHUK Unlted Kingdom 1645 6082 7777 100% CCP+
RACHUS North America 997 2132 3420 100% CCP+
RACHSE-E Eoropean Sweden 740 1117 1857 100% CCP+
RACHSE-U Sweden §22 962 1484 100% CCP+
RACHNL Neterland 303 2001 2304 1&&0&
RACHES in 397 39 798 1
GWAS meta-analysis o) ory Notameica 882 1863 2746 100% CCP+
(Sgo 1) RoAct France 205 804 1079 70% CCP+ of RF+
Dukch (AMC, BoSt, LUMC, DREAM) Neherland 1172 1684 2866 80% CCP+ or RF+
ACR-REF (BRAGGSS, BRAGGSS2, ERA, KI, TEAR) Norh America & Europe 347 264 611 85% CCP+ or RF+
CORRONA North Amarica 894 1,838 2732  61% CCP+or RF+, 32% unknown
Vanderbit North America 739 2247 2,086 31% CCP+ or RF+, 56% unknown
"GARNET {BioBank Japan Project, BBJ) Japan TATE 14,245 16650 79% CCPT, TR REF
GARNET (Kyoto University) Asian Japan 1,237 2,087 3324 85% CCP+, 86% RF+
GARNET (IORRA) Japan 423 55 982 87% CCP+, 88% RF+
Korea Korea 799 751 1,550 100% CCP+
European B - 4,367 43,923 58, -
Asian - . 4873 17,842 22515 -
Trans-etnic - - 19,234 61565 80,799 I
0 unknown
n-silco replication study Genenich European North America 2,780 4700 7480 81% RF+, 1.7% unknown
(Stage 2) China Asian China 928 B35 1763 48% CCP+
Total - - 3,708 5535 0243 -
Donovo reploaton siudy CANADAT European Canada 595 1901 2,006 T00% CCPr
: GARNET Asian Japan 5943 5557 11,500 81% CCP+, B6% RF+
(Stage 3) Towl N - 5936 6658 13,596 .
European . B 18,136 49,724 67,860 -
Total Aslan - - 11,744 24,034 35,778 -
Trans-ethnic - - 29880 73,758 103,638 -
b
GWAS QC crileria m mehod NoSNPsater C___ hiation fackor ehrom
Sudysage  Cohort Ganotyping platiorm Sample  SNP HWE Qualty Covarlates :
y w[ﬁ e MaE WE Relerence panel WA O Gononped mpued  Acs Aacwo data
BRASS Afymetix Genome-wide Human SNP Aray 80 >095 >095 001 »>10% 1000 Genomes Phase I(x) Europeans >0.005 >05 649,178 8201244 1015 1,008 Top5PCs Available
CANADA Humina HumanCNV370-Duo BeadChip 5095 >095 001 »10° 1000 Genomes Phase |(«) Europeans >0.005 >05 205430 7.933,623 1002 1001 Top5PCs Available
" ERA HumanHap300 BeadChip 5095 >095 >0.01 >10° 1000 Genomes Phase I(«) Europeans >0.005 >0.5 208,193 8,163,538 0991 0994 Top5PCs  NA.
NARAC1 Hiumina HumanHap550 BeadChip 5005 >095 >0.01 >10¢ 1000 Genomes Phase I(c) Europeans >0.005 >05 479671 8254787 1017 1012 Top5PCs  NA.
NARAC2 HumanHap300 BeadChip 5095 >085 »>0.01 >10° 1000 Geromes Phase i(c) Europeans >0.005 >05 261874 7,733592 1023 1003 Top5PCs  NA.
wrcee Afymetix Genome-wide Human SNP Aay 50 089 >099 >0.01 >10° 1000 Genomes Phase | («) Europeans >0.005 >05 339,790 7385370 1043 1004 Top5PCs  NA.
RACHUK Hlumina immunochip cusiom aray >0.89  >089 >0.01 >10° 1000 Genomes Phase }{«) Europeans >0.005 >0.7 126,740 873,840 1058 1008 Top10PCs Avallable
RACHUS Blumina Immunochip custom array >0.99 >099 >0.01 >10° 1000 Genomes Phase I{x) Europsans >0,005 >0.7 120589 843385 1.031 1012 Top10PCs Avallable
RACHSE-E HHlumina immunochip cusiom array >0.89  >0.99 >0.01 >10° 1000 Genonies Phase |{«) Europeans >0.005 >0.7 124,801 870585 1.003 1.002 Top 10 PCs Available
RACHSE-U Humina Immunochip cusiom array 5099 5089 >0.01 >10¢ 1000 Genomes Phase |(u) Europeans >0.005 >07 123,998 870,797 0966 0988 Top10PCs Avallable
RACINL Bumina mmunochip cusiom array >089 >099 >0.01 >10° 1000 Gepomes Phase I{x) Europeans >0.006 >0.7 124,480 862815 1.108 1.051 Top 10PCs Available
RACHES Humina inmunochip cusiom amay 5099 >089 001 »10° 1000 Genomes Phase I(c) Europeans >0.005 >07 124450 859,540 1081 1.152 Top 10PCs Available
"RACH?2b2 Humina immunochip cusiom amay >099 >099 »001 >10° 1000 Genomes Phase | (o) Europeans >0.005 >0.7 118731 820,507 1003 1001 Top10PCs Available
Redct Humina OmniExpress Bead Chip 5008 089 5001 >f0f 1000 >0 0
GWAS Huming Human 680W-Quad BoadChip X X 01 >10 Genomes Phase | (c«) Europeans >0.005 >0.5 257,299 7,588,538 0.992 0991 Top5PCs Available
mets-analysia Humina Human 860W-Quad BeadChip
(Stage 1) Dukh ¥umina HumanHap550 BaadChip >095 085 >0.01 >10° 1000 Genomes Phase | (o) Europeans >0.005 >05 284,884 7,956,686 1.023 1011 Top5PCs Avallable
Humina HumanCNV370-Duo BeadChip
ACR-REF m:uh:::m"smms&m 085 085 >001 »10® 1000 Genomes Phase |(o) Evropeans >0.005 >05 234075 7503678 1026 1070 Top5PCs Avallable
CORRONA Humina OmniExpress BeadChip 5098 >099 001 >10° 1000 Genomes Phase I(w) Europeans >0.005 >0.5 552,806 6400238 1001 1000 Top5PCs Avallable
Vanderbit Humina OmniExpress BeadChip 5098 >099 >0.01 >10* 1000 Genomes Phase |(a) Europeans >0.005 >0.5 541143 8,372,866 0.987 0985 Top6PCs Avaliable
BBJ Hlumina HumanHap610-Quad BeadChip >008 >099 >001 >{07 1000 GenomesPhase|(«) Asians  >0.005 >0.5 477,784 6874738 1038 1.002 Avallable
Humina HumaHap610-Quad BeadChip
Kyolo Humina HumanHap550 BoadChip >090 >085 >005 >107 1000 GenomesPhase I(w)Asians  >0.005 >05 227,348 6254431 1099 1.038 NA.
Humina HumanCNV370-Duo BeadChip
IORRA Afymetix Genome-wide Human SNP Aray 80 >0.95 >0.98 >0.05 >10° 1000 Genomes Phase |() Asians  >0.005 >0.5 465,832 6,567,023 0.9982 0989 B Avallable
Korea ”ﬁ?&;ﬁ:ﬁﬁgﬁ:&?b 5080 2080 >001 >10° 1000 GenomesPhasal{o) Asians >0.005 >05 418,837 6424378 1007 1007 - Avallsble
European - B - - - - - - - 8,747,962 1073 1.003 . -
Aslan - - : - - - - - - 8819871 1041 1.005 - .
Trans-stnic . - - - - - - - - 9739303 1072 1.002 . .

. 89*::::0% Genentech MMIn;ﬁxm:&?Exﬂ‘B 085 >095 5010 >1g* 1000 GenomesPhese l(u) Ewropeans 0005 505 - . .. TopEPCs  NA.
(Stage2) China AtymgtixGemme—videHmngn SNPAmay60  >0.85 >085 >0.05 >10° 1000 Genomes Phase | (x) Asians ~ >0.005 >0.5 - . - Top§PCs  NA
De-nove i

replicaton sty CANADAI iPlex genotying sysiem . . . R B N . Avallable
(Stage3)  GARNET Taqman genolyping sysem - - - - - - - - - - Avaliable

a, Characteristics of the cohorts and subjects enrolied in the study. b, Genotype and imputation methods of the studies. CCP, anti-citrullinated peptide antibody} chrom, chromosome; N.A,, not available;
PC, principal component; QC, quality control; RF, rheumatoid factor.
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Extended Data Table 2 | cis-eQTL of RA risk SNPs

RANSKSNP  Cir. Posiion(bp) oG gene e el O — e i o o P77
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36451818 7.7E-10 <0.25
36,456,108 1.2E-113 <0.25
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485,315 9.8! <0.26

18227163 1 7,961,206

828411352 1 38278579

182476601 1 114,377,568

. 154,283,875
154120287 154,426,284 3. X 164537545 154,418,879

52228145 1 154,426,970

BE. "4129?’23 154426284 B.7E-08 1.00 154,538,554 3.9E-2
FCRLS ~ rs3761650 157,660,278 17E.00 087 167,530,007
2317230 1 ASTETASST oz rsysomess 157 157,688,983 0.6E-198
184656842 1 160,831,048 LYs 84656942 . 514 3
SDHC 1512731080 161410458 55E-05 0.07 14E-142 <025
r72717009 1 161405053 rogeon 112731669 161410458 4.2E-83 087 161,618,151 9.8E-188 <0.25
17688708 1 198640488  PTPRC rs17680032 5. 188686,232 2.1E.05 0.78.
$1980422 2 204,610,306 co28 re1080421 7 ‘ 7
10028001 4 79502072  ANXA3  re10028001 1. 14975144 '
PAM 18411648 2,  ra2431321
B6UTT S 102608924 Gy 52285788 13608 100 red24d
657075 6 131430118  ACSL6 19657075 3 26
onB1403212 B8 14,103,212 D83 512530008 2 1516874872 1
KCTDZO0 14713969 ¥ 184711453
STK38 164713089 51812018
. 182234067 8 36,355,654 A 14713069 1510847614
SRSy reisoes | IST743306.
59377204 158322188
789370564 & 1408454 wpgs  rsarraae re9B8E350 150,06
2451258 8 150508600  RSPH3 rs2a85353 1512218498
181571878 6 167,540,842 RNASET2 1571878 15420083
753807306
chr7:128580042 7 128,580,042 310220001 589,
187607018 128,640,188
redB40568 11,351,010
(42736337 8 11.341,880 poreigly b
(52416804 123,676,308
s10885070  © 123,636,121 £10760129

123,700,183 2.

13947474 10 6,390,450
ra2671692 10 50,097,819

rs968567 11 61,585,564

rs10774624 12 111,833,788
164780401 16 11,839.326

rs72634030 17 5272,580

1512937013

PPPIR1B rs1877030

51877030 17 37,740,161 N 1511657058
- re907092

IKZF3 1511557467

chr17:38031857 17 38,031,857 9.6E-198 0.98 189901148

9.8E-198 0.98 rs8078131
2.3E-33

GSDMB 1310852936
ORMDL3  rs10852836
(52468434 1B 67,544,046 CD226 181610555
154235702 20 44,749,251 cb40 154239702
IL10RE 1511702844
IFNAR1 511702844

7314088 21 BAT64288  pumyiseg  rst1702844 3AE-11 097
- 511702844 28E-34 097 s 2, 190
(51883582 21 43,855,067  UBASH3A 1893592 B.4E-92 1.00 43,855,087
rs2236666 21 45,650,000 ICOSLG (87276940 37E06 1.00 45,668,171
511080637 22 21,979,096 - 1511089637 21,970,096 9.8E-188 1.00 21,839,675 5
js009685 22 39747671 SYNGRY 15000685 39,747,671 1.0£-140 1.00  rs900685 671 40 1.00
74 MAPIK7IP1 __rs000665 30747671 13E.05 100 reS7o0s24 39830123 GOE.07 028
b Nominal P for Gis-eQiL
SNP Chr. Position {bp) eQTL gene D4’ Tcel CD14'16
] 36616
ra28411352 1 38278579 e
r$2317230 1 157,674,997 0.¢
rs9653442 2 100,825,367
IS7731626 5 55,444,683
152234067 6 36,355,654
rs9373594 8 149,834,574
rs1671878 6 167,540,842
1ef ) 7 28,
chr7-128580042° 7 128,580,042

rs10885070 9 123,836,121

rs968567 1"
rs11605042 11
rs4408785 11
15773125 12
rs1633360 12
rs9603616 13
rs4780401 16
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chr17:380318571 17 38,031,857
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UBASH3A
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a, cis-eQTL of PBMCs in the RA risk SNPs. Significant cis-eQTLs of RA risk SNPs is indicated (FDR ¢ < 0.05). SNPs and positions are based on the positive strand of NCB! build 37. Linkage disequilibrium of the proxy
SNPs evaluated in the eQTL study and the best cis-eQTL SNP in the region with the RA risk SNPs is indicated as P values, When the expression probe was not assigned to any genes, the eQTL gene is labelled with a
dash. b, cis-eQTL of T celis and monocytes in the RA risk SNPs. Significant cis-eQTLs of RA risk SNPs are indicated in bold (gene-based permutation P < 0.05).

* cis-eQTL of the proxy SNP (rs3807307, 2 = 0.96) was evaluated.

+cis-eQTL of the proxy SNP (rs11557466, 2 = 0.98) was evaluated,
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Rheumatoid arthritis (RA) is one of the most common autoimmune diseases. As with other complex
traits, genome-wide association studies (GWASs) have tremendously enhanced our understanding of
the complex eticlogy of RA. In this review, we describe the genetic architecture of RA as determined
through GWASs and meta-analyses. In addition, we discuss the pathologic mechanism of the disease
by examining the combined findings of genetic and functional studies of individual RA-associated genes,
including HLA-DRB1, PADI4, PTPN22, TNFAIP3, STAT4, and CCR6. Moreover, we briefly examine the
potential use of genetic data in clinical practice in RA treatment, which represents a challenge in medical
genetics in the post-GWAS era.
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1. Genetic aspects of rheumatoid arthritis

Rheumatoid arthritis (RA) is one of the most common forms of
autoimmune arthritis, affecting approximately 0.5-1.0% of the
world’s population. The serum of most RA patients contains auto-
antibodies, such as rheumatoid factor (RF) or anti-citrullinated
protein antibodies (ACPAs), the presence of which constitutes
one of the new classification criteria for RA revised in 2010 [1].
Although RF is also present in other autoimmune diseases and

* Corresponding author. Address: Laboratory for Autoimmune Diseases, Center
for Integrative Medical Sciences, RIKEN, Yokohama 230-0045, Japan.
E-mail address: ykochi@src.rikenjp (Y. Kochi).

http://dx.doi.org/10.1016/j.bbrc.2014.07.085
0006-291X/© 2014 Elsevier Inc. All rights reserved.

immunological conditions, such as chronic infection and inflam-
mation, ACPAs have a higher specificity, suggesting a central role
for citrulline as an antigenic determinant in this disease [2]
(Fig. 1). This suggests that autoimmunity to citrullinated proteins
may be the hallmark of RA pathogenesis. However, the rest of RA
patients lack these autoantibodies, suggesting a heterogeneity in
the disease etiology. In clinical practice, the appearance of biolo-
gics that target inflammatory cytokines has dramatically
improved the outcome of RA, although some patients still suffer
destructive arthritis that leads to disability. The limitations of
current RA therapies underscore the need for further investigation
of disease pathogenesis and identification of new therapeutic
targets.
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Fig. 1. Citrullination of arginine residues by PADI enzymes.

As with other complex traits, evidence from familial studies
suggests that RA is caused by a combination of genetic and envi-
ronmental factors. For instance, a recent population-based epide-
miologic study in Sweden demonstrated that the familial odds
ratio for RA is approximately 3 in first-degree relatives of RA
patients and 2 in second-degree relatives [3]. In addition, higher
concordance rates in monozygotic twins over dizygotic twins sug-
gest the involvement of genetic factors [4-6]. The heritability of a
disease, which is defined as the contribution of genetic variation to
variation in the liability of that disease, has been estimated at
around 60% in RA by the above-mentioned studies.

The establishment of a comprehensive catalog of common
genetic variants in human populations by the HapMap project
{71, as well as significant recent advances in genotyping technol-
ogy, now enable searching of the entire genome at once for risk loci
for complex diseases. This methodologic approach, now broadly
known as the “genome-wide association study (GWAS),” has
greatly advanced understanding of the genetic background of com-
plex traits such as RA. In contrast, with a few exceptions, such as
cigarette smoking, infections, and diet, little is known about the
role of environmental factors in the development of RA. Although
environmental aspects of RA are beyond the topic of this review,
readers are referred to other excellent articles [8,9].

2. HLA-DRB1 gene

Since the first evidence suggesting the involvement of human
leukocyte antigens (HLAs) in RA was reported in 1969 [10], poly-
morphisms in the HLA region have been at the center of genetic
studies of RA. That study demonstrated reduced lymphocyte
responses in autologous mixed cultures of cells from RA patients,
suggesting that polymorphisms in HLA genes (which encode the
major histocompatibility complex [MHC] molecules that present
antigens to T cells) are shared among patients [10]. Subsequently,
serologic studies showed that the frequency of the HLA-DR4 sero-
type is higher in RA patients compared with control subjects
{11,12]. Other serotypes, such as DR1, are also associated with
increased risk for RA, although the increase in risk is moderate
compared with that of DR4 [13]. Sequencing of HLA-DRB1, which
encodes the polymorphic B-chain of the DR molecule, revealed that
the prominent subtypes of DR4 differ between populations. For
example, Europeans harbor the *04:01 and *04:04 DRBI1 alleles
and East Asians harbor the *04:05 allele. In addition, several sub-
types of the DR4 allele, such as *04:02 and *04:03, were shown
to protect against the disease. These observations led to the
hypothesis that a conserved epitope (i.e., QKRAA/QRRAA/RRRAA)

spanning amino acid residues 70-74 in the third hypervariable
region of the B chain (which is now referred to as a “shared epitope
[SE]") is associated with RA susceptibility [14]. Although this. SE
hypothesis is generally accepted, there have been several attempts
to reclassify or refine it. Recently, two studies demonstrated that
the amino acids at residues 11 and 13 are also independently asso-
ciated with the disease, which may explain the higher risk associ-
ated with DR4 (*04:01/*04:04/*04:05) compared with DR1 (*01:01)
[15,16].

As the importance of ACPAs in RA has become apparent over the
last decade, the strong association between SE alleles and the
appearance of ACPAs in RA patients has been demonstrated in mui-
tiple populations [17-20], suggesting that DR molecules encoded
by SE alleles are involved in the presentation of citrullinated pep-
tides to T cells (Fig. 2). This hypothesis is supported by the obser-
vation in human DR4-transgenic mice that the conversion of
arginine (positively charged) to citrulline (neutral) leads to a sub-
stantial increase in HLA-peptide affinity and subsequent activatiort
of CD4 T cells [21]. The molecular basis of these observations was
determined in a recent crystal structure analysis showing that cit-
rulline residues of peptides are accommodated within the electro-
positive P4 pocket of DRB1*04:01/04, whereas the electronegative
P4 pocket of the non-risk allele product *04:02 are not accommo-
dated [22]. As the amino acid residues at positions 13 and 71 com-
prise the P4 pocket and directly contact the citrulline residue, the
nature of these residues may be crucial in the presentation of cit-
rullinated peptides and may explain the genetic association
between HLA-DRB1 and RA.

The primary citrullinated autoantigens that directly cause RA
are poorly defined because clinical laboratory testing of serum
samples from RA patients typically involves an artificial cyclic-cit-
rullinated peptide that reacts with multiple citrullinated self pro-
teins. However, fibrinogen, a-enolase, vimentin, immunoglobulin
binding protein (BiP), and type II collagen, all of which are
expressed in the synovial joint tissues, are potential candidates
[23]. The primary autoantigen may differ between individuals, as
a study examining patient serum samples showed that epitope
spreading with an increase in the recognition of citrullinated anti-
gens occurs before the onset of RA [24]. Differences in antibody
profile between patients could depend on other genetic and envi-
ronmental factors. Cigarette smoking is an environmental factor
that substantially increases the risk of ACPA appearance. Intrigu-
ingly, gene-environment interactions (defined as a departure from
a multiplicative model) between the HLA-DRB1 SE allele and smok-
ing have been reported [25-27]. Another study demonstrated that
the combination of smoking and genetic factors, including HLA-
DRB1, may determine the specificity of ACPAs in RA patients
[28,29].

The association between HLA-DRB1 and ACPA-negative RA has
been relatively understudied due to the higher prevalence of
APCA-positive RA. In Europeans, HLA-DR3 (DRB1*03:01) is associ-
ated with ACPA-negative RA [30,31]. A study of Japanese popula-
tions (in which the DRB1*03:01 allele is rare) indicated that both
ACPA- and RF-negative RA are associated with DR14 and the
HLA-DR8 homozygote [32]. These observations suggest that the
contribution of HLA-DRB1 alleles is distinctly different in ACPA-
negative RA. However, the lack of a specific serologic test for
ACPA-negative RA could result in heterogeneity in studies of differ-
ent cohorts. To overcome this problem, a recent study of ACPA-
negative patients that statistically adjusted for the clinical hetero-
geneity of ACPA-negative RA identified two independent associa-
tion signals in the HLA-DRB1 and HLA-B gene products: serine 11
(encoded by DRB1*03) and aspartate 9 (encoded by HLA-B*08),
respectively, providing additional evidence that ACPA-positive
and -negative RA are genetically distinct [33].
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Fig. 2. Genetic factors involving autoimmunity to citrullinated proteins.

3. Insights from GWASs

In a GWAS, ~1 million single-nucleotide polymorphisms (SNPs)
are simultaneously genotyped for affected patients (cases) and
non-affected individuals (controls). The null hypothesis of a GWAS
is that there is no association between a given SNP and disease sus-
ceptibility and is tested by comparing the allele frequency or.geno-
type frequency between cases and controls. If the null hypothesis is
rejected with a genome-wide significance level, which is usually
set at ¢ =5 x 1078, the genetic marker indicates the presence of a
causal variant(s) in the locus. Following the first GWAS, which
was performed in a Japanese population and covered only the gene
regions and not the intergenic regions [34], multiple GWASs have
been performed in worldwide populations. These individual
GWASs identified a number of RA-susceptibility loci, including
PADI4 [34], PTPN22 [35), TNFAIP3 [36), TRAF1/C5 [37], REL [38],

and CCR6 [39]. However, each of these studies lacked sufficient sta-
tistical power to detect loci that have a moderate effect size. To
overcome this limitation, meta-analyses of GWASs of both Euro-
pean and Asian populations were conducted, which increased the
number of risk loci [40,41]. More recently, a multi-ethnic meta-
analysis of GWASs was performed that involved collaboration
between 25 study groups worldwide and a total of over 100,000
subjects (29,880 RA cases and 73,758 controls) of European or
Asian ancestry [42]. This was the largest meta-analysis of autoim-
mune disease GWASs ever performed and identified 101 RA risk
loci.

Although a GWAS can identify disease risk loci, it can directly
identify neither the responsible genes nor disease-causing variants
in the loci. The disease-causing variants can affect the function of
the responsible genes by (1) introducing stop codons or frame-shift
mutations, (2) changing the amino acid sequence, (3) affecting
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alternative splicing, or (4) regulating the level of transcript expres-
sion. Among the 100 risk-associated SNPs in non-HLA RA risk loci,
only 16% are in linkage disequilibrium with missense SNPs, indi-
cating that the majority of causal variants in the risk loci affect
splicing or the level of gene expression. In fact, RA-risk SNPs were
found in 44 cis-acting expression quantitative trait loci (cis-eQTL)
identified in peripheral blood mononuclear cells [43], indicating
that disease-causing variants in the risk laci affect the expression
level of genes in cis. Similar observations have been reported for
other autoimmune diseases, indicating that the accumulation of
quantitative differences in risk genes leads to disease onset [44,45].
As the regulation of gene expression in cells of the immune sys-
tem, including T cells, B cells, and macrophages, is quite sophisti-
cated, the cis-eQTL effects may also be cell specific. Data from
recent human genome studies, such as the Encyclopedia of DNA
Elements (ENCODE) project, provide clues that may help elucidate
the underlying mechanism of cell-specific eQTL effects for many
loci identified in GWASs. Using omics data (e.g., genomic, epige-
. nomic, transcriptomic) obtained via next-generation sequencing
technologies, the ENCODE project developed a comprehensive
“parts list” of functional elements in the human genome that
included descriptions of regulatory elements that control cells
and the circumstances under which a given gene is active [46].
Analyses of non-HLA RA risk loci for enrichment in epigenetic chro-
matin marks revealed significant trimethylation of histone H3 at
lysine 4 (H3K4me3), which is a promoter- and enhancer-specific
modification associated with active transcription [47]. Among 34
cell types investigated, H3K4me3 peaks were particularly enriched
in primary CD4" regulatory T cells (Treg cells) [42]. This observa-
tion suggests that a substantial proportion of RA risk variants are
involved in transcriptional regulation of genes in Treg cells and
that modulating the activity of Treg cells by targeting these
GWAS-identified genes could be used to treat RA.

4. RA risk genes and pathogenesis

As mentioned above, GWASs have identified more than 100 RA
risk loci. Although the effect of each individual locus is moderate
(e.g., the odds ratio for most individual alleles ranges between
1.1 and 1.3), detailed analyses of individual loci to identify dis-
ease-causing variants and to determine the effect of the identified
variants on responsible genes (e.g., gain-of-function or loss-of-
function) would enhance our understanding of the disease. Exam-
ples of RA risk genes and their role in the pathogenesis of RA are
discussed below.

4.1. PADI4

PADI4 was the first RA susceptibility gene identified in a GWAS
of an Asian population [34]. PADI4 is a member of the peptidyl argi-
nine deaminase gene family and encodes an enzyme that converts
arginine into citrulline in a posttranslational modification (Fig. 1).
Although the physiological role of citrullination of proteins is not
well understood, the specific presence of autoantibodies to citrul-
linated proteins (i.e., ACPAs) in RA supports the hypothesis that cit-
rullination of autoantigens leads to autoimmunity in RA. Through
in vitro assays, we have shown that transcripts of the risk haplo-
type of PADI4 are more stable than transcripts of the non-risk hap-
lotype, suggesting that increased expression and function of PADI4
could increase the risk of developing RA. Interestingly, the effect
size of PADI4 variants on the risk of developing disease differs
between European and Asian populations, with greater effects
observed in Asian populations {48]. One possible explanation for
this genetic heterogeneity is the impact of environmental factors.
For example, we demonstrated that PADI4 variants exert an

.

epistatic effect in conjunction with cigarette smoking, especially
in males [49]. Because 40-60% of East Asian males smoke, com-
pared with 10-30% of European males, the higher effect size of
PADI4 in Asian populations may be partially explained by the
difference in smoking rates.

4.2. PTPN22

Among the RA-associated common variants outside the HLA
region that have been identified by GWASs, the missense variant
of the protein tyrosine phosphatase nonreceptor 22 (PTPN22) gene
has the strongest effect [50]. To date, this missense variant (PTPN22
R620W) has been associated with over 20 different autoimmune
diseases in European populations, including systemic lupus erythe-
matosus (SLE), type 1 diabetes, and Graves disease and is consid-
ered a common autoimmune gene [51]. Interestingly, this variant
is very rare or is not polymorphic in Asian and African populations
[52,53] and provides another example of genetic heterogeneity
among populations.

PTPN22 encodes lymphoid tyrosine phosphatase (LYP), which
dephosphorylates the phosphotyrosine residues of target proteins
in lymphocytes. The disease-associated variant exchanges the argi-
nine residue at position 620 in the proline-rich 1 motif to trypto-
phan. In vitro assays demonstrated that expression of the R620W
risk allele leads to interference with the physical association
between LYP and c-Src kinase (CSK), resulting in increased LYP
activity. Parallel to this observation, both T-cell receptor (TCR)
and B-cell receptor signaling were found to be reduced in the lym-
phocytes of risk allele carriers [54,55]. These observations suggest

‘that the R620W LYP variant is a gain-of-function mutant. However,

when this mutation was introduced at residue 619 of the murine
ortholog of human LYP, Pep (Pep_619W), the phenotype of the
knock-in mice was similar to that of Pep-deficient mice, character-
ized by splenomegaly and spontaneous germinal-center reactions
[56]. This observation suggests that in contrast to human
LYP_620W, murine Pep_619W is a loss-of-function variant. This
is also supported by evidence demonstrating that TCR signaling
is enhanced in both Pep-deficient and Pep_619W knock-in mice.
Interestingly, an autoimmune response was observed in B6x129
Pep_619W knock-in mice, suggesting that Pep_619W triggers
autoimmunity in mice in combination with other genetic factors
[57]. The conflicting observations in human and mouse studies
demonstrate the difficulty of translating findings from mouse mod-
els to human diseases (for a full review, see [58]).

4.3. TNFAIP3

-Several GWASs almost simultaneously reported an association
between the tumor necrosis factor-a-induced protein 3 (TNFAIP3)
locus and RA [36] and SLE [58,60]. TNFAIP3 encodes the ubiqui-
tin-editing enzyme A20, which is a key player in the negative feed-
back regulation of NF-xB signaling. Two functional variants that
may cause the diseases have been identified to date, one of which
is a missense variant involving substitution of phenylalanine with
cysteine at amino acid position 127, which in vitro assays have
shown results in impaired A20 function [60]. The other variant is
a TT>A polymorphic dinucleotide located 42 kb downstream of
the TNFAIP3 promoter that reduces the avidity of NF-xB subunit
binding, resulting in reduced TNFAIP3 expression [61)]. Both of
these variants impair the function of A20 and consequently aug-
ment NF-xB signaling. As these two variants are in linkage disequi-
librium, both may simultaneously contribute to disease
development. In mice, specific ablation of Tnfaip3 in myeloid cells
results in spontaneous development of a severe polyarthritis
resembling RA [62]. These mice have high serum levels of inflam-
matory cytokines, including TNF-o, which is consistent with sus-
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Fig. 3. CD4" helper T-cell subsets and their regulating factors.

tained NF-kB activation in macrophages. Interestingly, A20 is fre-
quently inactivated by somatic mutations and/or deletions in B-
lineage lymphomas [63]. Similar observations have been reported
with somatic mutations in genes associated with lymphomas, such
as REL, FCRL3, and DDX6, in which common variants cause RA [42],
revealing contrasts in the etiologies of these diseases.

4.4. STAT4

An association between the signal transducer and activator of
transcription 4 (STAT4) gene locus and the autoimmune diseases
RA and SLE was first reported in a European population [64], and
this association has been repeatedly confirmed in GWASs in multi-
ple populations. An association between this locus and other auto-
immune diseases, including systemic sclerosis and Sjogren
syndrome, has also been reported [65]. Allelic expression analyses
revealed that STAT4 is overexpressed in carriers of the risk allele,
suggesting that an increase in the function of the STAT4 gene prod-
uct results in these autoimmune diseases [66]. Members of the
STAT family of proteins act as transcription factors; they are acti-
vated upstream by JAK proteins and mediate signaling associated
with many inflammatory cytokines. STAT4 plays a critical role in
type I interferon signaling. In fact, expression of the risk variant
of STAT4 is associated with greater IFN-o~-induced gene expression
in peripheral blood cells of SLE patients [67]. STAT family members
also play essential and non-redundant roles in the differentiation
of Th1, Th2, and Th17 helper proinflammatory T cells. Both Th1

and Th17 cells are thought to be involved in autoimmune disor-

ders, as STAT4 is involved in the differentiation of Th1 cells
(Fig. 3). Interestingly, GWASs have revealed that STAT3, which
plays a role in the differentiation of Th17 cells, is associated with
the development of Crohn’s disease [68], psoriasis [69], and multi-
ple sclerosis [70]. Because Th17 cells are thought to play a signifi-
cant role in the pathology of these autoimmune diseases, the STAT3
variant may drive the activity of Th17 cells in these diseases. These
observations suggest that different helper T-cell subsets may play

the central role in different diseases in which the genetic factors
that drive the activity of each subset also differ.

4.5. CCR6

In a GWAS in a Japanese population, we identified an associa-
tion between the C—C chemokine receptor type 6 (CCR6) locus
and RA [39]. We then examined the CCR6 region for causal variants
and identified a dinucleotide polymorphism (CCR6DNP) in the 5'-
flanking region that influences the binding of nuclear proteins
and enhances the transcriptional activity of CCR6. The risk allele
exhibits greater enhancing activity and the level of CCR6 transcrip-
tion is higher in cells with the risk genotype. CCR6DNP is also asso-
ciated with the positive status of IL-17A in the serum of RA
patients, suggesting that CCR6DNP influences the activity of Th17
cells. In the SKG mouse model of arthritis, which involves a muta-
tion in Zap70, Ccr6+Th17 cells are recruited into inflamed joints by
the Ccr6 ligand Ccl20. Administration of anti-Ccr6 blocking anti-
bodies substantially relieves the inflammation, suggesting that
Ccr6+Th17 cells play a role in the pathogenesis of arthritis [71].
Although these data strongly support the hypothesis that Th17
cells are involved in RA, an association between the CCR6 locus
and disease development has only been confirmed for Crohn’s
and Basedow's diseases and not for other Th17-related diseases,
such as psoriasis and multiple sclerosis, in which the STAT3 variant
increases the risk, as mentioned above.

Because the gene is also expressed in other T-cell subsets, CCR6 -
can influence the activity of Treg and y8 T cells. Recently, another
CCR6-expressing T-cell type, designated exFoxp3 Th17, was identi-
fied in a murine arthritis model [72]. In this model, CD25 lo Foxp3+
CD4" T cells cease to express Foxp3 and undergo transdifferentia-
tion into Th17 cells. These exFoxp3 Th17 cells are more potent
osteoclastogenic T cells than are naive CD4" T cell-derived Th17
cells, although the roles of counterpart cells in humans is not clear.
Taken together, these observations suggest that the differential
effects of CCR6 variants in different autoimmune diseases may be
linked to the cells that drive the diseases.
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5. Missing heritability

The GWAS approach has proven to be a powerful means.of iden-
tifying risk loci that control complex traits under the common
disease~common variant hypothesis, which assumes that common
variants of modest effect are responsible for common diseases {73].
However, it is becoming apparent that common variants can
explain only a small proportion of the heritability of these diseases.
In RA, the 100 risk loci identified outside the HLA region explain
only 5.5% and 4.7% of the total risk of developing the disease
(which involves both genetic and environmental components) in
Europeans and Asians, respectively [42]. An analysis of GWAS data
using a Bayesian inference approach estimated that hundreds to
thousands of associated loci harboring common causal variants,
including HLA-DRB1 and GWAS-identified loci, could explain only
~30% of the disease risk (about a half of heritability) [74]. The
remaining heritability could be explained by the effects of rare
variants, which are usually defined as minor allele frequencies <1%.
The signals from rare variants are difficult to detect in a conven-
tional GWAS because the majority of genetic markers used in this
type of study are common variants. However, the emergence of
next-generation sequencing technologies within the last 5 years
now enable resequencing of the entire genome. Among the rare
variants in the coding region, missense variants predicted to be
damaging are more prevalent than variants predicted to be benign,
whereas most common variants are predicted to be benign, consis-
tent with studies demonstrating that rare variants in coding
regions are under purifying selection {75]. This evidence suggests
that the contribution of each individual variant to disease develop-
ment should be higher for a rare missense variant than a common
missense. variant, warranting the sequencing of protein-coding
regions based on priority. In a recent study attempting to deter-
mine the roles of rare variants in RA, deep exon sequencing of 25
biological candidate genes from GWAS-identified loci was per-
formed and resulted in the identification of an accumulation of
missense variants in the JL2RA and IL2RB genes [76]. A more com-
prehensive approach involves whole-exome sequencing, which
decodes all protein-coding genes. However, to date no study has
succeeded in identifying RA-associated rare variants using
whole-exome sequencing, primarily due to insufficient statistical
power. For example, a causal rare variant with a frequency of
0.2% and relative risk of 10 using a sample set of 200 cases and
200 controls has only 0.2% power to be detected at the conven-
tional GWAS significance threshold (a =5 x 10~8) [75], indicating
that lower-cost sequencing technologies that provide greater
statistical power are needed to analyze rare variants..

6. Clinical use of genetic data in RA

In the final section of this review, we discuss the use of genetic
data in clinical practice as it pertains to treating RA. The use of
genetic data represents a challenge in the post-GWAS era because
RA is a very heterogeneous disease with an outcome that is diffi-
cult to predict. The heterogeneity of RA can be partially explained
by genetic factors; that is, the specific combination of genetic fac-
tors in an individual can determine the outcome of the disease. In
this context, GWAS data can be used to predict an individual's dis-
ease phenotype. Phenotype prediction has been intensely investi-
gated in RA with respect to two outcomes: disease severity and
drug response. .

The nature of progressive joint damage in RA varies consider-
ably between individuals. Patients who would experience more
rapid progression need more extensive therapy, such as the early
use of biologics. Disease severity can be quantified by assessing
and scoring the degree of joint damage using radiographic imaging.

Regression analyses can then be performed to test associations
between changes in radiologic scores and variant genotypes. The
most extensively investigated gene to date is HLA-DRB1, which
has also been shown to have the strongest effect on the severity
of disease [77-79}. In addition, several studies have reported
potential associations between various candidate genes and dis-
ease severity {80-84]. GWAS-identified loci have also been investi-
gated, and a recent analysis involving a Japanese cohort
demonstrated that polymorphisms in PADI4 are associated with
radiographic progression of RA [79]. More recently, a GWAS on
the radiological progression rate in autoantibody-positive RA
patients identified an association in an SNP at SPAG16 gene, which
is shown to be expressed in the synovial tissues of RA patients |85].
Although these lines of evidence indicate that genetic variants can
influence on the severity of disease, individual alleles of these
genes could not predict disease severity sufficiently for clinical
practice use due to their moderate effect.

Another important clinical phenotype that ideally should be
predictable based on genetic data is an individual's response to a
drug. The advent of biologic therapies such as treatment with
anti-TNF antibodies has revolutionized the treatment of RA, but a
substantial proportion of patients (20-40%) will not respond to
these therapies. In addition, some patients who do not respond
to one biologic therapy (e.g., anti-TNF antibodies) may respond
to another (e.g., anti-IL-6R antibodies). Therefore, if the response
to a biologic agent can be predicted, unnecessary costs and poten-
tial side effects can be avoided. Several GWASs examining the
response to anti-TNF antibody therapy provided evidence suggest-
ing an association between drug response and genes involved in
signaling, including the CD84 locus [86-88]. However, as with
the prediction of disease severity, individual loci cannot suffi-
ciently predict an individual's drug response. The observations
resulting from attempts to predict both disease severity and drug
response clearly indicate that single genetic factors are insufficient
for predicting clinical phenotype and that we need to establish a
polygenic approach in combination with analyses of environmen-
tal factors using appropriate statistical models.
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Genetics of rheumatoid arthritis
in Asia—present and future

Kazuhiko Yamamoto, Yukinori Okada, Akari Suzuki and Yuta Kochi

Abstract | Genome-wide association studies (GWAS) have uncovered numerous
susceptibility genes for rheumatoid arthritis (RA) in patients of European, Asian and

other ethnic ancestries. Although previous transethnic GWAS meta-analyses enabled
the identification of several novel loci, the genetic heterogeneity observed in

Altogether, genetic and epigenetic inf
considerably to future rheumatology r

e in
fenance ef rem ss1on‘?impat1ents with
rheumatoid artimtxsg}@%) has risen consid-
erably%%?Q aﬁ seven biologic agents are
approve ot the treatment of patients with
RA. The concept of ‘treat-to-target’ (T2T)
has also been accepted by the majority of
rheumatologists and clinical professionals.
However, the costs of biologic agents are
high, and not all patients can afford to be
treated. Furthermore, patients with RA are
not equally responsive to individual biologic
drugs, perhaps owing to the heterogeneity of
the disease.

RA is a highly heterogeneous disease
with outcomes that are difficult to predict.
The extent of joint damage in patients with
RA varies considerably among individuals.
Patients with more rapid progression seem
to need more extensive therapy, such as early
treatment with biologic agents, than patients
with slower progressing disease. The hetero-
geneity of RA can be explained, at least in
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influence the development of personalized medicine. Gt
by epigenetic modifications, which in turn canbe affect

this Perspectives article, we discuss recent
advances from genome-wide association
studies (GWAS) in patients with RA in Asia,
and explore open issues and future research
avenues that will help our understanding of
the disease.

Genetic studies in Asia

lishedGWAS,? six out of the 25 GWAS per-

= ) 4gﬁlmng to RA were of East Asian ethnicities,

3'an jons in ficate that singless
fac%rs are 1nsufﬁc1ent gg, i

of genetic fac(ors ui:g’gn indi
determm e ol tcome of the di
: ' : ealf?henotypethat

d on genetic informa-

d b ;' pred
onxis an m@%?ﬁuals response to therapy.
Th@gyelopment of biologic agents such as
TNF inhibitors has revolutionized the treat-
ment of RA, but a substantial proportion of
patients will not respond to these drugs. In
addition, adverse effects to aggressive treat-
ment in patients from Asian ancestry seem
to differ to those reported in patients of
white European ancestry. For example, the
incident ratio of interstitial pneumonia and
pneurnocystis pneumonia are especially high
in Japanese patients with RA.? Thus, several
unmet needs in clinical practice of rheuma-
tology in Asia remain, with multiple factors
potentially affecting this ethnic heterogene-
ity. To elucidate these differences, genetic and
environmental factors should be examined
in detail. Furthermore, better knowledge of
the interface between genetic and environ-
mental factors could lead to improvements
in the understanding of the pathogenesis
of RA and other autoimmune diseases, and
push the field of rheumatology forwards. In

mainly of Japanese and Korean populations.
Results from several GWAS of Asian popu-

&“‘eﬁx%as are summarlzed in$ pglementary

ated.in independent sample sets from the
sﬁe or distinct populations, some were not.
This failure to replicate some of the findings
can probably be explained by the tendency of
statistically significant findings, especially in
GWAS, to overestimate the magnitude of the
effects (or the relative risk of disease) and by
the requirement for greater statistical power.
In some cases, the association of genetic vari-
ants with risk of developing RA was specific
to the original population but not transpos-
able to other populations, a clear sign of
the genetic heterogeneity of the disease. A
comprehensive survey of GWAS performed
across 28 diseases showed that the replicabil-
ity rate in East Asian populations was 45.8%
(113/225 replication attempts were success-
ful [P<0.05]), which was considerably lower
than that of European populations (85.6%).*
Studies of East Asian popuilations currently
tend to have smaller sample sizes and, thus,
lower power than those of European popu-
lations;* the heterogeneity of East Asian
populations can also be an important factor
contributing to this difference.

Europe-Asia divide
Strong examples of genetic heterogen-
eity between Asian and European patients
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RA risk loci in individuals of European or Asian ancestry

RA risk loci in individuals of European ancestry
[1] RA rsk locl in individuals of Aslan ancestry

FCGR2B

COK5RAP2

Figure 1 | Historical overview of disease susceptibility polymorphisms identified in RA. Risk loci selected with akgenome»wide significance
threshold of P <5.0x1078 in the previous studies are included. *Also known as SMIM20. Abbreviations: RA, rheumatoid arthritis.

with RA include the PADI4 and PTPN22
genes. In 2003, we reported the first
RA-associated SNPs outside the HLA gene
locus, in PADI4 (by high-throughput SNP
genotyping), which contributed to the
risk of RA in Japanese populations.® Even
though the same PADI4 polymorphisms
were also identified in subsequent studies
of Asian populations, these results-differ
from those observed in European popula-
tions.® Nevertheless, meta-analyses have
confirmed the association of PADI4 vari-
ants in ‘European ancestries, although the
effect size of the variants identified was
smaller than that in Asian populations.’
Owing to the epistatic interaction between
PADI4 variants and cigarette smoking,
particularly in male patients, the differ-
ence in:the effect size of PADI4 variants
on the risk of developing RA might be par-
tially attributed to different smoking rates
among populations.?

Thus, PADI4 variants are a good
example of genetic heterogeneity in
which population-specific. environmen-
tal factors, such as tobacco smoking, can
influence the effect size of particular gene
variants. Conversely, the Arg620Trp SNP
(rs2476601) of PTPN22, one of the most
studied RA-associated polymorphisms
to date, has a relatively large effect size
(OR =1.81) but the SNP is not polymorphic
in Asian populations.® Given that the allele
frequency of this polymorphism varies even
among European populations (being higher
in northern countries), Arg620Trp might be
under strong natural selective pressure from
environmental factors. A study of SLE genet-
ics has revealed signs of positive selection in
several SLE risk loci—including the PTPN22
locus—as a possible mechanism underlying
the genetic heterogeneity of RA.

Multiethnic risk variants

Although PADI4 and PTPN22 variants indi-
cate the presence of genetic heterogeneity
in RA, many other common risk vari-
ants (including those identified in CD40,
TNFAIP3 and CCRG6) are shared between
multiethnic populations.!! Simulations and
empirical analysis of published GWAS data
revealed that the unexplained genetic herita-
bility of common diseases could be clarified
partially by the accumulation of common
alleles with relatively small effect sizes,'> and
by how these polygenic effects are shared
among different populations.’** A strong
correlation was also observed between the
odds ratios for SNPs identified in European
GWAS and those in the largest East Asian
study performed to date.!! Overall, the
identification of a large number of suscep-
tibility genes and variants is important for
understanding the pathogenesis of RA.

Transethnic GWAS

Motivated by the findings described previ-
ously, we conducted a transethnic GWAS
meta-analysis for RA through international
collaboration partnerships involving
>20 study cohorts in both European and
Asian populations.* More than 100,000
case—control participants were incorpo-
rated, and the associations of ~10 million
autosomal or X-chromosomal SNPs were
assessed. Our study identified 42 novel RA
risk loci (defined by a genome-wide signifi-
cance threshold of P<5.0 x 10-%), increas-
ing the total number of RA risk loci to
101 (Figure 1). We found that >80% of the
heritability attributed to these 101 loci was
shared among ethnicities, supporting the
hypothesis that the genetic risk of RA is,
in general, common among distinct popu-
lations.® This study was one of the first to

involve multiple populations in the discov-
ery stage of the GWAS meta-analysis, and
also demonstrated the value of transethnic
studies for the identification of novel disease
risk loci. Furthermore, the detailed transeth-
nic comparison of risk signals in each loci
revealed that ethnically diverse linkage dis-
equilibrium structures can help fine-tune the
mapping of causal alleles of risk loci.

Given the successes of GWAS meta- -
analyses in identifying new loci, we
hypothesized that a systematic approach to
integrate GWAS results using multiple bio-
logical and clinical data sources will allow
novel insights into disease biology and clues
to new therapeutic developments, including
drug discovery.® We systematically evaluated
the overlap between RA risk genes (as well
as genes indicated by protein-protein inter-
actions) and genes targeted by approved
RA treatments; we observed a considerable
number of network connections (Figure 2),
which empirically suggests disease-asso-
ciated genes to be promising resources for
drug development.® These results highlight
the potential of human genetics research to
not only identify novel disease susceptibility
loci, but also to contribute to the discovery
of novel drugs.®*

RA genetics—perspectives

HLA loci

One important assignment for RA
genetic studies in Asian populations is
the functional dissection of the role of the
HLA-DRBI*0901 allele. The association of
HLA-DRBI1*0901 with the risk of develop-
ing RA is moderate, but has been reported
repeatedly in Asian populations.!>-'8
Interestingly, this allele does not contain
the classical ‘shared epitope’ observed in
other risk alleles such as HLA-DRBI1*0401
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and HLA-DRB1*0405. Raychaudhuri and
colleagues have established a sophisticated
model that could explain the association of
HLA-DRBI with RA by using amino-acid
sequences at locations 11 and 13, in addition
to the classical shared epitope atlocations 71
and 74."° This model could also explain the
association of HLA-DRBI*0901 with the risk
of developing RA in Asian populations by
adding the amino-acid sequence at location
57 to the model.®

Interestingly, although our previous study
showed that the HLA DRBI*0901 allele,
similarly to classical shared epitope alleles,
was associated with the presence of anti-
citrullinated protein antibodies (ACPA), no
obvious evidence of an epistatic interaction
between HLA-DRBI*0901 and cigarette
smoking was detected, contrary to data
regarding shared epitope alleles.”! Moreover,
HLA-DRB1*0901 has been negatively associ-
ated with ACPA titres.”2 HLA-DRB1*0901
shares the glutamine residue at position
74 with non-shared epitope alleles such as
HLA-DRB1*0403 and HLA-DRBI1*0406,
whereas all shared epitope alleles have an
alanine at this amino acid position. This
residue, in combination with the residues
at position 13 and 71, is important for the
formation of the P4 pocket and the binding
of citrullinated peptide on the MHC recep-
tor, as shown by crystal structure analysis: 2

that HLA DRBI *0901 (or other genetic
factors on the HLA-DRB1*0901 haplotype)
is involved in autoimmunity to citrulli-
nated proteins with a mechanism differing
from that of classical shared epitope alleles.
Therefore, further functional analyses at the
molecular level are needed to dissect the role
of the HLA-DRBI*0901 allele in RA.

Non-HLA loci

Regarding non-HLA loci, although the mul-
tiethnic GWAS meta-analysis mentioned
previously identified an enormous number
of disease risk loci with sufficient statisti-
cal power, the results of a recent GWAS
performed in Han Chinese patients with
RAZ suggest that additional GWAS for spe-
cific populations could still be fruitful. This
study identified two genetic loci associ-
ated with risk of developing RA—DPP4 at
2q24.3 and CDK5RAP2 at 9q33.2—neither
of which is among the 101 loci identified

Changes in residue 74 mlg t affect the -

Risk genes

Protein—protein

Drug target genes

PERSPECTIVES

Indication

Theraples

a Japanese population: three independent
associations were detected within 1021 in
the ARID5B, RTKN2 and EGR2 genes, but
only the signal at the ARID5B variant was
also detected in European populations.!!
In addition, we have shown evidence that
RTKN2 variants have been positively
selected in the Japanese population, which
might explain the specificity of the disease
association in this population. Another
explanation could be the interaction of
variants with environmental factors, as
mentioned for PADI4. As DPP4 plays an
important part in the regulation of type 17
T helper (T,;17) cells,” population-specific
environmental factors, such as microbial
activation, might trigger dysregulation of
these cells through effects of DPP4 variants.

Rare variants
Compared with single-ethnicity studies,
genetic analysis of multiethnic populations

ants. Given that common gene variants

an explain only approximately half of the
heritability of RA (as estimated by GWAS
data®), the remaining heritability might
attributed to rare variants with signals
yond the sensitivity of conventional
S. The revolutionary advance in next-

. generation sequencing technologies has

ehabled the resequencing of individual
genomes, as well as the analysis of rare
variants of diseases. However, the analy-
sis of rare variants is sensitive to popula-
tion stratification, which can substantially
bias the results of case—control association
tests.?® Therefore, rare variant analysis
should be performed carefully, ideally in
genetically homogenous populations with
lower admixture, for example in island
countries such as Japan. Moreover, given
that disease-related rare variants might be
unique to a specific population, studies in
multiple populations are needed to fully
clarify the impact of rare variants in RA.

Beyond genetics

One of the ultimate goals for genetic studies
of human diseases is the understanding of
pathogeneses. Importantly, genotype is
established before disease onset, which
supports the concept that genotype leads to
phenotype (but not vice versa). Thus, com-
piled information on RA genetics could
support approaches to personalized medi-
cine in the future. Nevertheless, few exam-
ples of disease susceptibility polymorphisms
have been identified which are correlated
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with clinical outcomes for autoimmune
diseases. Additionally, gene expression and
epigenetic studies alone are insufficient to
conclude whether their signals are causal or
consequential events of the disease. Thus,
individual pieces of genetic or epigenetic
information are of limited help to improve
understanding of diseases.

The integration of gene expression data
and epigenetics with cause-of-disease can
profit from expression quantitative trait
loci (eQTL), which identify modules that
regulate the expression of specific genes
(Figure 3). Several reports suggest that nearly
half of common disease susceptibility genes
are within eQTL.*" Thus, the association of
gene expression with disease susceptibil-
ity genetic polymorphisms is considered
a causal event that contributes directly to
pathogenesis, providing important infor-
mation for new therapeutic targets and per-
sonalized medicines. For example, Lee et al*
reported that haplotypes containing the
minor allele of a SNP in FOXO3, encoding a
transcription factor, are associated with ele-
vated transcription of FOXO03 in monocytes
after lipopolysaccharide stimulation. Also
in monocytes, this allele was associated with
lower production of TNE, a proinflammatory
cytokine, and up-regulation of IL-10, an anti-
inflammatory cytokine. In keeping with the
data on cytokine expression, this minor allele
was also associated with-a milder course of
RA and decreased joint damage, being also
correlated ‘with increased susceptibility
to severe malaria infection. This is a clear
example of one (out of many) polymorphism
in a disease susceptibility locus which is truly
correlated with disease outcome.

APCs

Epigenetic modifications are often
important factors when considering associ-
ations of gene expression with disease sus-
ceptibility genetic polymorphisms involved
in disease pathogenesis. In this case, epi-
genetic modifications could be considered
as the cause—not the consequence—of the
disease, a process that can reveal potential
drug targets and personalized treatments. In
fact, SNPs associated with risk of developing
RA overlap considerably with peaks of epi-
genetic modification (H3K4me3) in regu-
latory T cells.*** Epigenetic modifications
are strongly influenced by environmental
stimuli, As discussed previously, transethnic
polymorphisms associated with diseases,
as well as ethnic-specific SNPs affected by
regional environments, add to the useful-
ness of epigenetic research. Studying genetic
contributions from multiple Asian geo-
graphical regions is important in clinical as
well as basic rheumatology.

Conclusions

Genetic studies of patients with RA are
necessary for our understanding of the
disease, and findings in Asian populations
have made major contributions to the field.
Furthermore, transethnic GWAS are pow-
erful tools that could become even more
useful with the inclusion of additional pop-
ulations, such as patients from Africa and
other Asian countries. The combination of
genetic findings with gene expression, epi-
genetics, protein expression and other inter-
mediate biological processes will facilitate
our overall understanding of pathogenesis,
helping the process of drug discovery and
the development of personalized medicine.

-~ High expression

Low expression

B cells

Figure 3 | Disease susceptibility polymorphisms can determine disease pathogenesis. Example
of how susceptibility polymorphisms can determine gene expression, epigenetics, immune
responses and pathogenesis in rheumatoid arthritis. Abbreviations: APC, antigen-presenting
cell; SNR single nucleotide polymorphism; TF, transcription factor.
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Objective. B cells play a pivotal role in the patho-
genesis of autoimmune diseases. Although Syk functions
as a key molecule in B cell receptor signaling, the
pathologic role of Syk in B cells in rheumatoid arthritis
(RA) remains unclear. The purpose of this study was to
assess the relevance of activation of Syk in B cells to the
pathologic development of RA and to the responsiveness
of RA patients to treatment with biologics.

Methods. Healthy subjects (n = 36) and patients
with moderate or severe RA disease activity (n = 70)
were studied. The phosphorylation of Syk (pSyk) in
peripheral blood B cells was measured by flow cytom-
etry, and its correlation with clinical characteristics and
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changes after administration of biologic agents was
evaluated.

Results. Levels of pSyk in peripheral blood B cells
were preferentially higher in patients with RA compared
to healthy subjects. Patients with significantly higher
pSyk levels were strongly positive for anti—citrullinated
protein antibodies (ACPAs). High pSyk levels were not
correlated with the severity of disease activity. Treat-
ment with abatacept, but not tumor necrosis factor
inhibitors, significantly reduced the levels of pSyk in RA
peripheral blood B cells. Abatacept also significantly
reduced the proportion of follicular helper T (Tfh) cells.

Conclusion. Levels of pSyk in peripheral blood B
cells were significantly elevated in patients with RA, and
these patients also exhibited strong positivity for
ACPAs. These data suggest that abatacept seems to
inhibit the phosphorylation of Syk in B cells, as well as
the development of Tfh cells, thus highlighting the
relevance of B cell-T cell interactions as a potential
target of abatacept therapy in RA.

Activated autoreactive B cells produce autoanti-
bodies and inflammatory cytokines such as interleukin-6
(IL-6) and tumor necrosis factor « (TNFa). The expres-
sion of costimulatory molecules, such as CD40 and
CD80, is enhanced on B cells and is involved in the
interactive activation with surrounding immunocompe-
tent cells, including T cells. B cells have an antigen-
presenting activity, particularly in autoimmune diseases,
and are associated with the activation of autoreactive T
cells. Therefore, B cells play an important role in the
pathogenetic processes of rheumatoid arthritis (RA).

Rituximab, a chimeric anti-CD20 antibody, elim-
inates B cells through antibody- and complement-
dependent cytotoxic activities. The efficacy of rituximab
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has been demonstrated in RA patients with high disease
activity (in the Dose-Ranging Assessment: International
Clinical Evaluation of Rituximab in Rheumatoid Arthri-
tis [DANCER] trial [1]) and in RA patients resistant to
TNF inhibitor therapy (in the Randomized Evaluation
of Long-term Efficacy of Rituximab in Rheumatoid
Arthritis [REFLEX] trial [2]). Rituximab was approved
for the treatment of RA in the US in 2006 and is
currently considered the second-line biologic agent, sub-
sequent to TNF inhibitor therapy. In addition to these
studies, some clinical studies have demonstrated the
efficacy of a humanized anti-CD20 antibody, ocreli-
zumab, and a fully human anti-CD20 antibody, ofatu-
mumab, in patients with RA resistant to TNF inhibitor
therapy, indicating that B cells are an evident therapeu-
tic target for RA. ,

Syk is a 72-kd nonreceptor tyrosine kinase dis-
covered by Taniguchi et al (3) in 1991. Syk is involved in
the signaling pathway through Fc receptors, which are
broadly expressed on immunocompetent cells, such as B
cells, dendritic cells, mast cells, macrophages, and neu-
trophils, and on molecules associated with cell adhesion,
such as integrin (4,5).

Recently, the importance of Syk in the pathologic
processes of RA has been reported. The results of a
phase II clinical study of R406, a Syk inhibitor, in
patients resistant to treatment with methotrexate
(MTX) indicated that phosphorylation of Syk (mea-
sured as levels of pSyk) was increased in the synovial
tissue of RA patients compared to healthy subjects and
patients with osteoarthritis (6-8). Another experimental
study using the synovial cells from these patients dem-
onstrated that R406 inhibits TNFa-induced activation of
mitogen-activated protein kinases and the expression of
the matrix metalloproteinase 3 (MMP-3) gene, thus
highlighting the significant role of Syk in synovial fibro-
blasts of RA patients (9).

In addition, previous studies elucidated the role
of Syk in B cells. Syk has important roles in B cell
maturation and survival (10,11). The Toll-like receptor 9
(TLR-9) signaling pathway is involved in the activation
of B cells and autoantibody production by B cells
(12,13). In this regard, we have recently demonstrated
that signaling through Syk results in effective signal
transduction of TLR-9 by inducing optimal expression of
TNF receptor-associated factor 6 (TRAF6), and that
this signaling is important for antibody production by B
cells (14). Based on these results, we hypothesized that
Syk phosphorylation in B cells is involved in the patho-
logic processes of RA through the production of auto-
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antibodies, such as rheumatoid factor (RF) and anti-
citrullinated protein antibodies (ACPAs).

T cells (especially Th1 and Th17 cells) also play a
pivotal role in the pathogenesis of RA (15,16). Recently,
follicular helper T (Tth) cells, whose primary task is to
drive the formation of B cell responses, have been
recognized as a critical regulator of autoimmunity
(17,18). We and other investigators have elucidated the
mechanism of Tfh cell differentiation (19,20); however,
the exact role of this T helper cell subset in RA remains
elusive.

Abatacept, a fusion protein containing CTLA-4
and Ig, which is referred to as a T cell-selective co-
stimulatory regulator, inhibits the activation of T cells.
However, little is known about the T cell populations
targeted by abatacept. The effect of abatacept on
antigen-presenting cells has also been reported (21-23).
The inhibitory effect of abatacept on T cell-dependent
antibody production has been reported in mice and
cynomolgus monkeys (24,25). Evidence suggests that
abatacept also has an inhibitory effect on bone destruc-
tion, by suppressing the production of RF and ACPAs
(26). However, the effect of abatacept on human B cells
is unknown. Based on these observations, abatacept is
predicted to regulate the activation of not only T cells
but also B cells, directly and/or indirectly.

In this study, we observed significantly elevated
Syk phosphorylation in the peripheral blood B cells of
patients with RA compared to healthy subjects, and we
demonstrated that the levels of pSyk were significantly
high in patients who were strongly positive for ACPAs.
Moreover, treatment with abatacept, but not with TNF
inhibitors, significantly inhibited Syk phosphorylation in
B cells. Interestingly, treatment with abatacept signifi-
cantly reduced the proportion of Tth cells, which could
be a possible mechanism for the reduction in Syk
phosphorylation in B cells. The results suggest that Syk
plays an important role in ACPA production by B cells
in patients with RA, and that abatacept inhibits both Syk
phosphorylation in B cells and the development of Tfh
cells.

PATIENTS AND METHODS

Patients. Table 1 summarizes the baseline characteris-
tics of the 70 patients with RA. The healthy control subjects
(n = 36) were either staff members of our hospital or healthy
subjects who visited our hospital for medical examinations.
Patients with RA who were resistant to treatment comprised
those whose score of RA disease activity was >3.1 on the
Disease Activity Score in 28 joints using erytbrocyte sedimen-
tation rate (DAS28-ESR) (27), despite having received treat-
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Table 1. Characteristics of the study patients with rheumatoid arthri-

tis (n = 70)*
Age, mean * SD years 614 = 151
Sex, no. female/no, male 60/10
Disease duration, mean = SD months 91.5 + 114.4
Prednisolone (or equivalent)
No. not receiving treatment/total no. 11/70
Dosage, mean = SD mg/day 34219
Methotrexate
No. not receiving treatment/total no. 53/70
Dosage, mean = SD mg/week 13.0 = 3.6
Tender joint count, mean =+ SD 85+73
Swollen joint count, mean * SD 73+ 63
CRP, mean * SD mg/dl 2.0 3.0
ESR, mean * SD mm/hour 532333

IgG, mean * SD mg/dl
RF

1,512.5 = 452.5

Mean * SD TU/ml 149.7 + 407.7

No. negative/no. positive 21/49
ACPA status, no.

Negative 22

Positive 6

Strongly positive 42
MMP-3, mean * SD ng/ml 194.8 = 246.7
DAS28-CRP, mean *+ SD 47+ 14
DAS28-ESR, mean + SD 55%14
CDAI, mean * SD 263 + 15.0
SDAI, mean * SD 283 * 16.8
HAQ score, mean = SD 1.3+0.9
No. not treated with biologics/total no. 57710

* CRP = C-reactive protein; ESR = erythrocyte sedimentation rate;
RF = rheumatoid factor; ACPA = anti~citrullinated protein antibody;
MMP-3 = matrix metalloproteinase 3; DAS28-CRP = Disease Activ-
ity Score in 28 joints using CRP level; CDAI = Clinical Disease
Activity Index; SDAI = Simplified Disease Activity Index; HAQ =
Health Assessment Questionnaire.

ment with adequate doses of antirheumatic drugs, mainly
MTX, for a minimum of 3 months, and who showed no
response or only a moderate response to treatment according
to the European League Against Rheumatism (EULAR)
improvement criteria (28). The Human Ethics Review Com-
mittee of the university reviewed and approved our study,
including the collection of peripheral blood samples from
healthy adults and patients with RA. Each subject provided a
signed participation consent form.

Measurements. The background factors investigated
were sex, age, duration of RA, and doses of corticosteroids and
MTX. We also evaluated the severity of morning stiffness,
number of swollen joints, number of tender joints, and pa-
tient’s evaluations of pain and overall health by visual analog
scales, in addition to global evaluations of health by the
attending physician. The laboratory tests included measure-
ments of the C-reactive protein (CRP) level, ESR, IgG, RF,
ACPAs, and MMP-3. We consulted the American College of
Rheumatology (ACR)/EULAR 2010 classification criteria for
RA (29) to select the cutoff values for stratification of ACPA
positivity. Low-positive ACPA refers to IU values that are
higher than the upper limit of normal (ULN) but =3 times the
ULN for the laboratory and assay, whereas high-positive
ACPA refers to IU values that are >3 times the ULN for the
laboratory and assay. The variables investigated included the
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DAS28 using CRP level (DAS28-CRP), DAS28-ESR, the
Clinical Disease Activity Index (CDAI) (30), the Simplified
Disease Activity Index (SDAI) (31), the Health Assessment
Questionnaire (HAQ) (32), and history of biologics use.

Flow cytometry analysis. Peripberal blood mono-
nuclear cells (PBMCs) from 36 normal healthy volunteers and
from 70 patients with RA whose diagnosis met the ACR 1987
revised classification criteria for RA (33) were isolated from
the peripheral blood using lymphocyte separation medium
(ICN/Cappel Pharmaceuticals). For surface and intracellular
staining, 2 X 10° PBMCs, which were acquired after strict
deletion of dust by threshold adjustment, were subjected to
fluorescence-activated cell sorting analysis. PBMCs were fixed
with phosphate buffered saline (PBS) containing 1% formal-
dehyde and then permeabilized with PBS containing 0.1%
saponin. After washing, the PBMCs were resuspended in
saponin-PBS and stained with mouse anti-human Syk mono-
clonal antibodies (mAb) (Abcam) and mouse anti-human pSyk
(pY348) mAb (BD PharMingen), followed by washing with
saponin~PBS. Phycoerythrin-labeled goat anti-mouse IgG
polyclonal antibody (BD PharMingen) was used as a secondary
antibody. After washing with saponin-PBS, the PBMCs were
stained with fluorescein isothiocyanate-labeled mouse anti-
human CD19 antibodies (BD PharMingen).

The rate of pSyk expression in B cells was calculated as
the percentage of pSyk-positive CD19+ B cells relative to total
CD19+ B cells. We defined pSyk-positive CD19+ B cells as
cells in which the intensity of staining was higher than the
background staining with IgG control antibody. The propor-
tion of CD19+ B cells (relative to total cells) in healthy donors
and RA patients was a mean * SD 15,199 + 7,482 cells (7.6 +
3.7%) and 12,844 = 7,120 cells (6.6 * 3.6%), respectively.

Tth cells were stained with anti-CD4, anti-CXCRS,
and anti-programmed death 1 (anti-PD-1) antibodies (BD
PharMingen). The proportion of CD4+ cells (relative to total
cells) was 20,364 = 17,727 cells (8.2 + 7.0%), while that of
CD4+CXCR5+PD-1+ cells (relative to total cells) was
1,841 = 3,940 cells (0.7 = 1.5%). Stained cells were analyzed
on a flow cytometer (FACSCalibur; BD PharMingen). The
cells were collected and analyzed with FlowJo software (Tree
Star).

In vitro B cell activation analysis. CD19+ B cells were
purified from the peripheral blood of the healthy control
subjects and RA patients. The cells were cultured in
stimulation-free medium for 3 days to assess the production of
IL-6 or for 5 days to assess the production of IgG. IL-6
production was determined using a BD Cytometric Bead Array
human Flex set (BD PharMingen). Flow cytometry was carried
out using a FACSCalibur and CellQuest software (Becton
Dickinson). IgG levels in the culture medium were determined
using a human IgG enzyme-linked immunosorbent assay quan-
titation kit (Bethyl Laboratories).

Statistical analysis. Data are expressed as the mean *
SD. Differences between groups for variables with normal
distribution and homoscedasticity were compared using Stu-
dent’s r-test. Differences between groups for variables with
skewed distribution were compared using Wilcoxon’s rank sum
test. Analysis of variance followed by the Bonferroni/Dunn
post hoc test was used to compare data from 3 groups with
normal distribution. The Kruskal-Wallis test followed by the
Bonferroni/Dunn post hoc test was used to compare data from
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>3 groups with skewed distribution. Correlation analysis was
performed using Spearman’s correlation coefficients. Baseline
and posttreatment values within each sample were compared
using Wilcoxon’s matched-pairs signed-rank test. P values less
than 0.05 were considered significant. All analyses were con-
ducted using PASW Statistics software version 18.0 (IBM).

RESULTS

Patient background. This study was conducted in
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hospital in Japan. The clinical features of the RA
patients are described in Table 1. The washout period in
patients who had previously received biologics (etaner-
cept, golimumab, adalimumab, tocilizumab, abatacept)
was more than 1 month. Infliximab required a 60-day
washout.

High Syk phosphorylation in B cells of ACPA-
positive RA patients. PBMCs were isolated from 36

70 patients with RA who were receiving treatment in our healthy donors (as controls) and 70 patients with RA
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Figure 1. Phosphorylation of Syk in CD19+ B cells of healthy donors (controls) and patients with rheumatoid arthritis (RA). A, Representative
histograms showing Syk phosphorylation in peripheral blood B cells from 70 RA patients and 36 healthy control subjects (left), and the ratio of
pSyk-positive cells among CD19+ B cells (middle) and absolute number of pSyk-positive CD19+ B cells (right) in RA patients compared to healthy
controls. B, Ratio of pSyk-positive cells among CD19+ B cells in 3 groups of RA patients: treatment-naive (n = 12), methotrexate (MTX)-treated
(n = 36), and MTX + biologics (bio) (history)-treated (n = 9). RA patients treated with other disease-modifying antirheumatic drugs and/or
corticosteroids were excluded. C, Ratio of pSyk-positive cells among CD19+ B cells in RA patients negative for rheumatoid factor (RF) (defined
as <15 IU/ml, based on the normal limit at our hospital) or positive for RF (defined as =15 IU/ml), and RA patients negative (—), positive (+),
or strongly positive (++) for anti-citrullinated protein antibodies (ACPAs) (defined as <4.5 units/ml, 4.5-13.5 units ml, and >13.5 uniis/ml,
respectively, based on the normal limit at our hospital). D, Production of interleukin-6 (IL-6) (left) and IgG (right) by CD19+ B cells purified from
the peripheral blood of healthy controls and RA patients. B cells were cultured in stimulus-free RPMI medium for 3 days (for IL-6) or 5 days (for
I1gG). Production of IL-6 in the supernatants was assayed by cytometric bead array, while IgG in the supernatants was quantified by enzyme-linked -
immunosorbent assay. Symbols represent individual subjects; bars show the mean * SD. # = P < 0.05, #* = P < 0,01; ##* = P < 0.001. NS = not
significant.
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