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Figure 5. Evaluation of candidate regulatory SNPs /n vitro. (A) Binding of nuclear factors from lymphoblastoid B-cells (PSC cells) and Jurkat
cells to the 31-bp sequences around each SNP was evaluated by EMSA. Unlabeled probes in 200-fold excess as compared to the labeled probes were
used for the competition experiment. The densities of the bands were quantified and normalized to that of the risk allele. rs2233424 in NFKBIE (C(NR)/
T(R)) (left), rs12248974 (A(NR)/G(R)) (middle) and rs61852964 (G(NR)/T(R)) (right) in RTKN2. (B) Transcriptional activities were evaluated by luciferase
assays. Each 31-bp oligonucleotide was inserted into the pGL4.24[Luc2P/minP] vector. Luc, luciferase; minP, minimal promoter. Transcfection was
performed with HEK293A (for all the SNPs), PSC celis (for rs2233424), and Jurkat cells (for rs12248974 and rs61852964). rs2233424 (left), rs12248974
(middle), and rs61852964 (right). Data represent the mean = s.d. Each experiment was performed in sextuplicate and independently repeated three
times. *P<<0.05 by Student’s t-test. n.s.: not significant. (C) Liner regression analysis of the relationship between SNP genotype and gene expression
level. NFKBIE expression data in lymphoblastoid B-cell lines of HapMap individuals (JPT+CHB, CEU and YRI; n=151), and RTKN2 expression data in
primary T cells from umbilical cords of Western European individuals (n=85) were used. The x-axis shows the SNP genotypes and the y-axis
represents the log,-transformed gene expression level. R: correlation coefficient between SNP genotype and gene expression. Rs2233424 genotypes
and NFKBIE expression level (left). The genotype classification by population: JPT+CHB, CC=52,CT=1; CEU, CC=35,CT=2; YR, CC=32,CT=2,TT=4.
Rs1432411 genotypes and RTKN2 expression level (right). Rs1432411 was used as a proxy SNP of rs12248974 (=0.97).
doi:10.1371/journal.pgen.1002949.g005
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NF-xB and its regulators identified by GWAS are promising A total of 7,907 RA cases, 657 SLE cases, 1,783 GD cases, and
targets for the treatment of RA. 35,362 control subjects were enrolled in the study through medical
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institutes in Japan under the support of the BioBank Japan Project,
Center for Genomic Medicine at RIKEN, the University of
Tokyo, Tokyo Women’s Medical University, and Kyoto Univer-
sity. The same case and control samples were used in the previous
meta-analysis of GWASs in the Japanese population (Table S1)
[15] . RA and SLE subjects met the revised American College of
Rheumatology (ACR) criteria for RA [39]. Diagnosis of individ-
uals with GD was established on the basis of clinical findings and
results of the routine examinations for circulating thyroid hormone
and thyroid-stimulating hormone concentrations, thyroid-stimu-
lating hormone receptors, ultrasonography, “*™TCO,” (or
['2°T]) uptake, and thyroid scintigraphy. DNAs were extracted
from peripheral blood cells using a standard protocol. Total RNAs
were also extracted from PBMCis of healthy individuals (2= 20)
using an RNeasy kit (QIAGEN, Valencia, CA, USA). Details of
the samples are summarized in Table S1.

Genotyping and quality control

In the GWAS, RA cases and controls were genotyped using
Tumina Human610-Quad and Ilumina Human 550v3 Geno-
typing BeadsChips (lumina, San Diego, GA, USA), respectively,
and quality control of genotyping was performed as described
previously [6]. For replication study of candidate loci, a landmark
SNP was selected from each locus that satisfied
5x1078<Pyus<5x107°% in the GWAS. If multiple candidate
SNPs existed within £100 kb, the SNP with the lowest P-value
was selected. All case subjects in the replication study and both
case and control subjects in the validation study of candidate
causal variants were genotyped using TagMan SNP genotyping
assays (Table S12) (Applied Biosystems, Foster City, CA, USA)
with an ABI Prism 7900HT Sequence Detection System (Applied
Biosystems). Because of the availability of DNA samples, only a
part of the control subjects were genotyped for the validation study
(n=3,290, 97.3%). To enlarge the number of subjects and
enhance statistical power for replication studies, we used genotype
data obtained from other GWAS projects genotyped using the
Illumina platforms for the replication control panels (Table S1). All
SNPs were successfully genotyped with call rates >0.98 and were
in Hardy-Weinberg equilibrium (HWE) in control subjects
(P>0.05 as examined by x? test), except for 152233434, which
displayed a deviation from HWE (P=0.00091). To evaluate
possible genotyping biases between the platforms, we also
genotyped rs2233434 and 1rs3125734 by TaqMan assays for
randomly selected subjects genotyped using other genotyping
platforms (n= 376), yielding high concordance rates of =0.99.

Association analysis

The associations of the SNPs were tested with the Cochran-
Armitage trend test. Combined analysis was performed with the
Mantel-Haenszel method. Haplotype association analysis and
haplotype-based conditional association analysis were performed
using Haploview v4.2 and the PLINK v1.07 program (see URLs)
[40], respectively. The SNPs that were not genotyped in the
GWAS were imputed using MACH 1.0.16 (see URLs), with
genotype data from the 1000 Genome Project (JPT, CHB, and
Han Chinese South (CHS): 177 individuals) as references (August
2010 release) [41]. All the imputed SNPs demonstrated Rsg values
more than 0.60.

DNA re-sequencing

Unknown variants in the coding sequences of MNFABIE and
RTEN?2 were revealed by directly sequencing the DNA of 48
individuals affected with RA. DNA fragments were amplified with
the appropriate primers (Table S13). Purification of PCR products
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was performed with Exonuclease I (New England Biolabs,
Ipswich, MA, USA) and shrimp alkaline phosphatase (Promega,
Madison, WI, USA). The amplified DNAs were sequenced using
the BigDye Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems), and signals were detected using an ABI 3700 DNA
Analyzer (Applied Biosystems).

Construction of haplotype-specific expression vectors

The full coding regions were amplified using cDNAs prepared
from an Epstein-Barr virus-transfected lymphoblastoid B-cell line
(Pharma SNP Consortium (PSC), Osaka, Japan) for NFKBIE
(NM_004556.2) and from Jurkat cells (American Type Culture
Collection (ATCC), Rockville, MD, USA) for RTEN2
(NM_145307.2) with appropriate primers (Table S14) and DNA
polymerases. PCR products were inserted into the pcDNA3.1D/
V5-His-TOPO vector (Invitrogen, Camarillo, CA, USA) using the
TaKaRa Ligation kit ver. 2.1 (Takara Bio Inc, Shiga, Japan), and
mutagenized using the AMAP Multi Site-Directed Mutagenesis
Kit (MBL, Nagoya, Japan). Each construct was then transformed
into Jet Competent Escherichia coli cells (DH50) (BioDynamics
Laboratory Inc., Tokyo, Japan). These plasmids were purified
using an Endofree Plasmid Maxi Kit (QIAGEN) after confirma-
tion of the sequence.

NF-xB reporter assay

Human embryonic kidney (HEK) 293A cells (Invitrogen) were
cultured in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 10% fetal bovine serum
(BioWest, Nuaill¢, France), 1% penicillin/streptomycin (Invitro-
gen), and 0.1 mM MEM Non-Essential Amino Acids (Invitrogen).
Various doses of the haplotype-specific expression vector (0.0025—
0.02 pg for NFEKBIE and 0.1-0.8 pg for RTEN2), pGL4.32[luc2P/
NF-kB-RE/Hygro] vector (Promega) (0.05 pg and 0.0125 pg,
respectively), and pRL-TK wvector (an internal control for
transfection efficiency) (0.45 pug and 0.15 pg, respectively) were
transfected into the HEK293A cells using the Lipofectamine LTX
transfection reagent (Invitrogen) according to the manufacturer’s
protocol. The total amounts of DNAs were adjusted with empty
pcDNA3.1 vector. After 22 h, cells were incubated with 1 ng/ml
TNF-a (Sigma) for 2h or with medium alone. Cells were
collected, and luciferase activity was measured using a Dual-
Luciferase Reporter Assay system (Promega) and a GloMax-
Multi+ Detection System (Promega). Each experiment was
independently repeated three times, and sextuplicate samples
were assayed each time.

Western blotting

After 24 h of transfection as described for the NF-xB reporter
assay, cells were lysed in NP-40 lysis buffer (150 mM NaCl, 1%
NP-40, 50 mM Tris-HCl1 at pH 8.0, and a protease inhibitor
cocktail), and incubated on ice for 30 min. After centrifugation,
the supernatant fraction was collected and 4xSodium dodecyl
sulfate (SDS) sample buffer was added. After denaturation at 95°C
for 5 min, proteins were analyzed by SDS-polyachrylamide gel
electrophoresis (PAGE) on a 5% to 20% gradient gel (Wako,
Osaka, Japan) and were transferred to polyvinylidene difluouride
(PVDF) membranes (Millipore, Billerica, MA, USA). Target
proteins on the membrane were probed with antibodies (mouse
anti-V5 tag (Invitrogen), anti-B-actin-HRP (an internal control),
and goat anti-mouse IgG2a-HRP (Santa Cruz Biotechnology,
Santa Cruz, CA, USA)), visualized using enhanced chemilumi-
nescence (ECL) detection reagent (GE Healthcare, Pollards Wood,
UK), and detected using a LAS-3000 mini lumino-image analyzer
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(Fujifilm, Tokyo, Japan). Band intensities were measured using
MultiGauge software (Fujifilm).

Allele-specific transcript quantification (ASTQ) analysis

ASTQ analysis was performed as previously described [42].
Total RNAs and genomic DNAs were extracted from PBMCs and
lymphoblastoid B-cell lines. cDNAs were synthesized using
TagMan reverse transcription reagents (Applied Biosystems). We
selected SNPs (rs2233434 (A/G) for NFEBIE and 153125734 (C/T)
for RTENZ) as target SNPs. Allele-specific gene expression was
measured by TagMan SNP genotyping probes for these SNPs
(Applied Biosystems). To make a standard curve, we selected two
individuals that had homozygous genotypes of each target SNP.
We mixed these DNAs at nine different ratios and detected the
intensities. The logy of (risk allele/non-risk allele intensity) for each
SNP was plotted against the logs of mixing homozygous DNAs.
We generated a standard curve (linear regression line; y = ax+b),
where y is the logy of (risk allele/non-risk allele intensity) at a given
mixing ratio, x is the logs of the mixing ratio, a is the slope, and b
is the intercept. We then measured the allelic ratio for each cDNA
and genomic DNA from each individual by real-time TaqMan
PCR. Based on a standard curve, we calculated the allelic ratio of
c¢DNAs and genomic DNAs. Intensities were detected using an
ABI Prism 7900HT Sequence Detection System (Applied Biosys-
tems).

Electrophoretic mobility shift assays (EMSA)

EMSA and preparation of nuclear extract from lymphoblastoid
B-cell lines and Jurkat cells were performed as previously described
[43]. Cells were cultured in RPMI-1640 medium (Sigma-Aldrich)
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin. Following stimulation with 50 ng/ml phorbol
myristate acetate (Sigma-Aldrich) for 2 h, cells were collected
and suspended in buffer A (20 mM HEPES at pH 7.6, 20%
glycerol, 10 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA at
pH 8.0, 1 mM DTT, 0.1% NP-40, and a protease inhibitor
cocktail) for 10 min on ice. After centrifugation, the pellets were
resuspended in buffer B (which contains buffer A with 500 mM
NaCl). Following incubation on ice for 30 min and centrifugation
to remove cellular debris, the supernatant fraction containing
nuclear proteins was collected. Oligonucleotides (31-bp) were
designed that corresponded to genomic sequences surrounding the
SNPs (Table S15). Single-stranded oligonucleotide probes were
labeled using a Biotin 3 End DNA Labeling Kit (Pierce
Biotechnology, Rockford, IL, USA), and sense and antisense
oligonucleotides were then annealed. DNA-protein interactions
were detected using a LightShift Chemiluminescent EMSA kit
(Pierce Biotechnology). The DNA-protein complexes were sepa-
rated on a non-denaturing 5% polyachrylamide gel in 1xTBE
(Tris-borate-EDTA) running buffer for 60 min at 150 V. The
DNA-protein complexes were then transferred from the gel onto a
nitrocellulose membrane (Ambion, Carlsbad, CA, USA), and were
cross-linked to the membrane by exposure to UV light. Signals
were detected using a LAS-3000 mini lumino-image analyzer
(Fujifilm). Allelic differences were analyzed using MultiGauge
software (Fujifilm) by measuring the intensity of the bands.

Luciferase assay

Oligonucleotides (31-bp) were designed as described for the
EMSAs (Table S15), and complementary sense and antisense
oligonucleotides were annealed. To construct luciferase reporter
plasmids, pGL4.24{luc2P/minP] vector (Promega) was digested
with restriction enzymes (Xhol and Bglll) (Takara Bio Inc), and
annealed oligonucleotide was ligated into a pGL4.24 vector
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upstream of the minimal promoter. HEK293A (n=2.5x10°),
lymphoblastoid B-cell lines (2= 2.0x10°) and Jurkat (2= 5.0x10”)
cells were transfected with the allele-specific constructs (0.4 g,
1.8 ug and 2.5 ug, respectively) and the pRL-TK vector (0.1 ug,
0.2 ug and 0.25 pg, respectively) using the Lipofectamine LTX
transfection reagent (for HEK293A and Jurkat cells) and Amaxa
nucleofector kit (Lonza, Basel, Switzerland) (for lymphoblastoid B-
cell lines). Cells were collected, and luciferase activity was
measured as described for the NF-xB reporter assay. Each
experiment was independently repeated three times and sextupli-
cate samples were assayed each time.

Correlation analysis between gene expression and
genotypes

The expression data in lymphoblastoid B-cell lines derived from
HapMap individuals (z=210; JPT, CHB, CEU, and YRI) and in
primary T cells from umbilical cords of Western European
individuals (z=285) from the database of the Gene Expression
Variation (Genevar) project were used. SNP genotypes were
obtained from HapMap and 1000 Genome Project databases. The
expression levels were regressed with the genotype in a liner
model. The statistical significance of regression coefficients was
tested using Student’s #-test.

Statistical analysis

We used %2 contingency table tests to evaluate the significance
of differences in allele frequency in the case-control subjects. We
defined haplotype blocks using the solid spine of LD definition of
Haploview v4.2, and estimated haplotype frequency and calculat-
ed pairwise LD indices (%) between pairs of polymorphisms using
the Haploview program. Luciferase assay data and ASTQ analysis
data were analyzed by Student’s t-test.

Web resources
The URLs for data presented herein are as follows:
PLINK, http://pngu.mgh.harvard.edu/~purcekk/plink
MACH, http://www.sph.umich.edu/csg/abecasis/mach/
UCSC Genome Browser, http://genome.ucsc.edu/;
Genevar, http://www.sanger.ac.uk/resources/software/genevar/
HapMap Project, http://www.HapMap.org/
1000 Genome Project, http://www.1000genomes.org
Online Mendelian Inheritance in Man (OMIM), http://www.

omim.org/

Supporting Information

Figure S1 NF-kB activity was influenced by nsSNPs in NFKBIE.
NF-xB activities were evaluated by luciferase assays. Allele specific
construct, pGL4.32[luc2P/NF-xB-RE] luciferase vector, and pRL-
TK vector were transfected into HEK293A cells. Four haplotypes
(rs2233434-r52233433; A-C, G-C, A-T, and G-T) were examined.
(rs2233434: A =non-risk (NR), G =risk (R); rs2233433: C=NR,
T =R). Twenty-two hours after transfection, cells were stimulated
with medium alone (A) or TNF-a (B) for 2 h. Data represent the
mean = s.d. Each experiment was performed in sextuplicate, and
experiments were independently repeated three times. *P<0.05
and ##P<1.0x107° by Student’s #test. n.s.: not significant.

(TTE)

Figure 82 Allelic imbalance of expression in NFABIE. ASTQ was
performed using samples from individuals heterozygous for
152233434 (G/A) in NFKBIE. Genomic DNAs and cDNAs were
extracted from lymphoblastoid B cells (z=9). The y-axis shows the
log, ratio of the transcript amounts in target SNPs (risk allele/non-risk
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allele). The top bar of the box-plot represents the maximum value
and the lower bar represents the minimum value. The top of box is
the third quartile, the bottom of box is the first quartile, and the
middle bar is the median value. The circle is an outlier.
#*P=5.3%x10"* by Student’s #test.

(TTE)

Figure 83 SNP selection using i silico analysis in the NFKBIE
region. Step 1: Definition of the target region. P-values of the
SNPs in the GWAS (top) and genomic structure (middle), and the
D'-based LD map (bottom). The green diamond shapes represent
the -logjo of the Cochran-Armitage trend P-values. The dashed
line indicates the significance threshold (P<1x107%), The LD map
was drawn based on genotype data of the 1000 Genome Project
(JPT, CHB and CHS: 177 samples) using Haploview software
v4.2. LD blocks were defined by the solid spine method. The red
box (top) represents the target region of the i silico analysis (Chr6:
44,336,140-44,394,125). Step 2: Target SNPs were extracted from
public databases (HapMap and 1000 Genome Project). SNPs with
MAF >0.05 were selected. Step 3: Evaluation of regulatory
potential. Step 3a: The regulatory potential (RP) score was
calculated for sequences surrounding the SNPs by ESPERR
(evolutionary and sequence pattern extraction through reduced
representations) method. SNPs with RP score >0.1 were selected.
Step 3b: Subsequently, SNPs within the predicted, regulatory
genomic elements were selected by using ChIP-seq data of
transcription factor binding sites (Txn factor), histone modification
sites (CTCF binding, H3K4mel, H3K4me2, H3K4me3,
H3K27ac, H3K9ac) or DNase-seq data of DNase I hypersensi-
tivity sites (DNase HS). ChIP-seq data and DNase-seq data used
the signals derived from GM12878 EBV-transformed B cells. All
these analyses of Steps 2 to 3 were performed by using the UCSC
genome browser. Step 4: Evaluation of disease association.
Association data of both genotyped (green diamonds) and imputed
(black diamonds) SNPs in the GWAS samples were used. Red
triangles represent 14 extracted SNPs wm sifico. The dashed line
indicates the significance threshold (P<<0.05).

(TTF)

Figure S4 SNP selection using @ silico analysis in the RTEN2
region. SNP selection in the RTENZ region was performed the
same as in the case of the NFKBIE region as described in Figure
S3, except that we used DNase-seq data derived from Thl, Th2,
and Jurkat cells in addition to GM 12878 EBV-transformed B cells.
(TIE)

Figure 85 Results of EMSAs for candidate regulatory SNDPs.
Binding affinities of nuclear factors from lymphoblastoid B-cells
(PSC cells) and Jurkat cells to the 31-bp sequences around each
allele of the candidate regulatory SNPs were evaluated by EMSA.
Nuclear factors from PSC cells were used for NFEBIE, and Jurkat
cells were used for RTEN2. 14 SNPs in NFKBIE (A) and 10 SNPs
in RTEN2 (B) were tested. NR: non-risk allele; R: risk allele.
Arrows indicate bands showing allelic differences in each SNP.
(TIF)

Figure 86 Luciferase assays for regulatory SNPs. Transcription-
al activities of the 31-bp genomic sequences around the SNPs were
evaluated by luciferase assays. Each oligonucleotide was inserted
into the pGL4.24[luc2P/minP] vector upstream of the minimal
promoter (minP), and allele-specific constructs were transfected
into HEK293A cells. Relative luciferase activity is expressed as the
ratio of luciferase activity of each allele-specific construct to the
luciferase activity of the mock construct. Data represent the mean
* s.d. Each experiment was independently repeated three times,
and each sample was measured in sextuplicate. *P<1x10~° by
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Student’s #-test. n.s.: not significant. (A) rs2233434 and rs77986492
in the NFKBIE region. (B) rs3864793, rs1864836, rs4979765, and
rs4979766 in the RTENZ region. NR: non-risk allele; R: risk allele.
(T1F)

Figure 87 The correlation between NFKBIE expression and
rs2233434 and rs77986492 genotypes. Linear regression analysis
of the relationship between SNP genotypes and NFKBIE
expression. Gene expression data from EBV-transformed lympho-
blastoid B cell lines of HapMap individuals (JPT+CHB, CEU, and
YRI). (A) 152233434 (n=204) and (B) rs77986492 (n=152). The
genotype classification by population: 12233434 (JPT+CHB,
AA=61, AG=28, GG=1; CEU, AA=52, AG=2; YR],
AA=53, AG=72) and 1577986492 (JPT+CHB, CC=52,
CT =24; CEU, CC=35, CT=2; YRI, CC=38, CT=1). The
x-axis shows SNP genotypes and the y-axis represents the logs-
transformed NFRBIE expression level. R: the correlation coeffi-
cient between NFEBIE expression and SNP genotype.

(T1TF)

Figure 88 The correlation between RTENZ expression and
rs3852694 genotypes. Linear regression analysis of the relationship
between the 153852694 genotype and RTENZ expression.
Rs3852694 was used as a proxy SNP of rs1864836 (= 1.0).
Gene expression data in primary T cells from umbilical cords of
Western European individuals (n=85) were presented by using
Genevar software. The x-axis shows the rs3852694 genotypes (AA,
AG, GG) and the y-axis represents the logo-transformed RTEN2
expression level. R: the correlation coefficient between RTEN2
expression and rs3852694 genotype.
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Introduction disease activity index (CDAI) [8] are frequently used for disease
- i ) activity evaluation among rheumatologists. All of the three indices

Rheumatoid arthritis (RA) is the most frequent inflammatory  are shown to be well correlated with future joint destruction [7,9].
arthritis worldwide affecting 0.5 to 1% of the population [1]. As These three methods include the same 28 joints for evaluation of
RA is a bone-destructive disease and functional impairment disease activity, namely, bilateral wrist, 1" to 5t metacarpal
caused by joint damage is well correlated with swelling and  (MCP) joints and proximal interphalangeal (PIP) joints, elbow,
tenderness of joints [2-3], the evaluation of joints in patients with shoulder, and knee joints. Though RA is known to show
RA is very important to assess disease activity and predict the risk symmetric joint symptoms [10], the frequency of bilateral joint
of future joint deformity. ACR core set [4] and DAS (disease  symptoms and the correlations between each joint symptom are
activity score) [5-6] were developed for evaluation of disease not fully analyzed by using large numbers of joint assessments.
activity in RA. Recently, the three composite indices, namely, There are several reports of successful prediction of joint damage
DAS28 [5], simplified disease activity index (SDAI) [7] and clinical using a reduced number of joints for evaluation by ultrasonogra-
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phy [11-12]. These reports raise the possibility that some of the 28
joints are less frequently involved, and are less informative for
disease activity. Analyses for characterization of joint symptoms
would uncover correlations of unexpected joint symptoms and
distribution of synovitis in RA. ‘

Here, we analyzed the distribution of affected joints in the 28
joints in patients with RA using more than 17,000 joint
assessments from 1,314 patients with RA and showed that
synovitis in RA patients can be classified into three groups. We
also showed that affected rates of the 28 joints greatly vary in RA
patients, and that RA patients could be classified into subgroups
based on the distribution of joint synovitis.

Results

Frequency order of joints involvement

We recruited 17,311 assessments for the 28 joints in 1,314
patients with RA from 2005 to 2011. A summary of the registered
patients is listed in Table 1. The distribution of the number of
patients with RA in each year and the number of joint assessments
for each patient are shown in Figure S1. We analyzed how often
each of the 28 joints was tender or swollen in patients with RA in
2011. From the analysis of 735 patients, we found that the
frequency of joint swelling and tenderness in the 28 joints is widely
different from joint to joint (Figure 1 and Table S1). The wrist
joints were the most frequently affected joints for swelling and
tenderness. The frequency of the right wrist joint being affected
was more than four times as high as the least frequently affected
joint. Many of the joints showed right-dominant tenderness (eleven
of fourteen joints, p = 0.057, binomial test), indicating mostly right-
handedness. We found strong correlations for the affected rates of
each joint between swellings and tenderness except for shoulder
joints (Spearman’s rank-sum coefficient, rho=0.70 and
p=3.8x10"°, Figure 1, Table S1). Shoulder joints showed much
higher frequencies of tenderness than those of swellings.

Next, we tried to replicate the order of affected frequencies of
the 28 joints and the correlation between tenderness and swellings
in different RA patients. We obtained 579 patients whose joints
data were not available for 2011, indicating we analyzed
independent RA patients. We found that the order of the affected
joint frequencies were well correlated for both swelling and
tenderness among different sets of RA patients (Spearman’s rank-

0.2
0.18 = s Tenderness
0.16 —Swelling
0.14
£ 042
2 04
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SEWKII 23 451234°G¢5
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Figure 1. Affected rate of joint symptoms. Affected rate of joint
symptoms. Each joint is arranged in the order of right and left.
S:shoulder, E:elbow, W:wrist, Kknee.
doi:10.1371/journal.pone.0059341.g001
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Table 1. Summary of the KURAMA database.

The KURAMA database

Class®*

1.87£0.69

*Stage and Class represent Steinbrocker’s stage and class, respectively.
SD: standard deviation.
doi:10.1371/journal.pone.0059341.t001

sum coefficient, rho:0.815 and 0.904, p= 1.3x1077 and
p=4.6x10""" for swelling and tenderness, respectively, Fig-
ure S2). We also confirmed that rates of tenderness were well
correlated with those of swellings in the 28 joints in the 579
patients (rho:0.604). These results indicate that some of the 28
joints are more likely to develop arthritis than the others in RA
patients. The swelling and tenderness correlate with each other
except for shoulder joints.

Whether the right-dominant involvement of joints in patients
with RA is associated with joint destruction was analyzed. Joint
destruction in the hand was evaluated for 246 patients with RA by
modified Sharp score [13]. The six elements of the scores were
separately analyzed, namely erosion of PIP, MCP, and wrist joints
(we defined as joints other than MCP and PIP in hand) and
narrowing of PIP, MCP, and wrist joints. We found that five out of
six elements showed right-dominant destruction. In particular,
narrowing and erosion of MCP joints showed a statistically
significant right-dominance in binomial test (p<=0.0050, Ta-
ble S2).

Three groups of 28 joints in RA synovitis

Next we analyzed correlations of joint symptoms between the 28
joints. We randomly picked up one assessment from each of the
1,314 patients to maximize the power. When the correlation of
tenderness of the 28 joints was analyzed with kappa coefficient, we
confirmed that each joint showed a symmetric involvement
(Figure 2A). The results also showed that the tenderness of large
joints and wrist joints are not correlated with the tenderness of PIP
and MCP joints. We found that the tenderness of MCP joints was
especially well correlated with each other and that PIP joints
tenderness was well correlated with each other. The correlation of
swelling in the 28 joints showed the same tendency as that of
tenderness, namely, symmetric joint involvement, correlations
between large joints and wrist joints, and no strong correlations
between wrist joints and other small joints (Figure 2B).

Next we used eigen vectors of principal component analysis to
assess the correlations of the 28 joints involvement. When we
analyzed correlations of tenderness, eigen vectors revealed that
PIP and MCP joints can be clearly distinguished from large joints
and wrist joints (Figure 3A). PIP joints and MCP joints turned out
to make independent groups after excluding large joints and wrist
joints (Figure 3B). These three groups of affected joints were found
both for tenderness and swelling (Figure 3C and 3D). We
confirmed these three correlation groups in four independent
resampling analyses by randomly picking up one assessment from
each of the 1,314 patients four times (data not shown). The three
groups were observed in the two independent sets of RA patients
which were used in the analysis of joints involvement frequency

March 2013 | Volume 8 | Issue 3 | e59341



SEWK 12345123435
MCP PIP

SEWK1234512343%5

MCP PIP

Figure 2. Correlations between the 28 joint symptoms.
Brightness of the red color corresponds to the strength of correlations
between joint tenderness (A) or swellings (B), using the Kappa
coefficient. Each joint is arranged in the order of right and left. The
joint order in the y axis is the same as the x axis. The result is a
representative of five analyses based on resampled assessments.
S:shoulder, E:elbow, Wiwrist, Kknee.
doi:10.1371/journal.pone.0059341.g002

(Figure S3). In addition, no significant difference was observed in
the relationship of the three groups of joint involvement when we
divided the 1,314 patients into two groups according to the
patients’ caring physicians (Figure S4). We confirmed the three
groups by resampling four times for each analysis (data not shown).
These results indicate that these three groups were not due to
specific patients, examiners, or time of evaluation.

Taken together, the correlation analyses using kappa coefficient
and eigen vectors in principal component analysis indicated that
there are three correlated groups of joints in RA synovitis, namely,
large joints with wrist joints (which we express as “large and wrist
joints”), PIP joints, and MCP joints.

Subgroups of patients with RA

We performed a clustering analysis of 5,383 evaluations of 28
joints from 1,314 patients with RA. Six subgroups of evaluations of
28 joints were observed (Figure 4). Each of the subgroups was
characterized by 1) no synovitis (34.6%), 2) mild activity with
dominant involvement of large and wrist joints (17.4%), 3)
dominant involvement of MCP joints (18.3%), 4) dominant
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involvement of PIP joints (9.3%), 5) active synovitis (4.1%), and
6) moderate activity with dominant involvement of large and wrist
joints (16.4%) (Table S3). Whether patients with RA are classified
into the same subgroups was analyzed. There were 998 patients
with four or five evaluations, and of these, 734 were categorized
into the regular groups across different evaluations, indicating that
the patterns of synovitis in the same patients were stable. Analysis
of joint destruction in each subgroup revealed that the sixth
subgroup demonstrated dominant destruction of large and wrist
joints compared with MCP and PIP joints (p<=2.8x107°,
Figure S5 and Figure S6).

Discussion

Since RA is a joint destructive autoimmune arthritis and joint
damage occurs rapidly in the early stages of the disease course
[14], the development of a quantitative scale which assesses disease
activity and predicts joint damage is very important. After DAS
and ACR core sets were introduced, DAS28, SDAI, and CDAI
were developed to evaluate disease activity and easily calculate the
disease activity score in patients with RA. All three indices were
shown to be well correlated with future joint destruction and they
share the same 28 joints for evaluation. Joint symptoms especially
joint swelling is known to correlate with future joint damage [3].
While these indices were developed for use in clinical trials such as
responsiveness to treatment, they are used by rheumatologists in
daily clinical practice and they are reported to coincide very well
among different examiners [9]. Characterizing the relative affected
frequency of each joint and analysis of correlation between joint
symptoms are important to analyze the basic mechanisms of
synovitis and to efficiently select the joints to predict future joint
destruction. However, there is no detailed analysis to address the
correlations between the 28-joint symptoms.

In the current study, we characterized the 28-joint symptoms
using large numbers of joint assessments. While we reported the
affected rates of each joint in the 28 joints for tenderness and
swelling of RA patients registered in the KURAMA database in
2011 as a representative (Table S1), these rates should not be
generalized considering large effects of treatment especially
biologics agents on joint symptoms. Thus, we focused on relative
frequencies of joint involvement for the 28 joints. The affected
frequency pattern was compared between the two sets of RA
patients, and there were no apparent differences between the two
sets for both tenderness and swelling. We also showed that joint
symptoms in RA could be classified into three groups both for
tenderness and swelling. Our analysis also demonstrated that
patients with RA can be regularly classified into six subgroups
based on patterns of joint symptoms. These results suggest that
regular RA joint involvement pattern, including relative frequency
and groups of joints, is largely maintained in RA patients. In
addition, we confirmed that these patterns of joint involvement
were not attributed to evaluators and fractions of RA patients.

It is interesting that the affected frequencies greatly varied from
joint to joint, and the rate of the most highly affected joint was
more than four times as high as the least-affected joint. The
affected frequencies indicated that wrist joints were the most
frequently affected. It should be noted that surface area may have
influenced the sensitivity of detecting synovitis in physical exams
when different joints were compared. The relatively high
frequency of tenderness and swelling in large and wrist joints
compared with MCP and PIP joints can be explained by this
difference in surface area. However, surface area cannot fully
explain the highest frequency of wrist involvement and different
frequencies within the MCP or PIP joints. A dominant involve-
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Figure 3. Relationship of the 28-joint involvement. The 1°* and 2" components of eigen vectors of the joint symptoms are plotted, using
principal component analysis of the 28 joint involvement for tenderness (A) and swelling (C) or using that of the 20 joint involvement other than
large and wrist joints for tenderness (B) and swelling (D). The results are representatives of five analyses based on resampled assessments. Green:

large and wrist joints. Red: MCP joints. Blue: PIP joints.
doi:10.1371/journal.pone.0059341.g003

ment of right joints seemed to indicate a majority of the study
population being right-handed in spite of the small difference of
affected rates between bilateral joints. We also demonstrated that
the right dominant involvement was also true for joint destruction.
We could not compare the joint involvement and joint destruction
between right-handed patients and left-handed patients due to a
lack of information regarding handedness of patients.

Correlation analysis confirmed the well-known symmetric joint
involvement in patients with RA. Strong correlations of tenderness
and swelling in the same joints except for shoulder joints may
indicate low sensitivity of shoulder swelling in the physical exams
and common mechanisms of swelling and tenderness. It is striking
that joint symptoms can be classified into three groups based on
correlation analysis and principal component analysis. The

400

Height
200

<

Figure 4. Six subgroups of evaluations of the 28 joints in RA.
Results of clustering analysis with Ward method using randomly
obtained 5,383 evaluations of the 28 joints in 1,314 patients were
plotted.

doi:10.1371/journal.pone.0059341.9g004
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association observed between the symptoms in the wrist joints
and the large joints is worth noting, since wrist joints are regarded
as small joints according to ACR/EULAR criteria set in 2010. As
wrist joints are much closer to other small joints than large joints,
the relationship between wrist joints and large joints cannot be
explained by the distance of joints. The distance of joints cannot
explain the two different groups of MCP and PIP joints either.
While symptoms of large and wrist joints are not related with those
of MCP and PIP joints, they were not very strongly correlated with
each other, compared with correlations among PIP joints or MCP
joints. This may indicate that there are no common strong factors
which predispose large and wrist joints to swelling and tenderness
in patients with RA.

We also showed that patients with RA can be divided into six
subgroups based on these three groups of joint involvement. More
than 70% of patients are classified into regular subgroups,
indicating that the pattern of synovitis in a patient with RA is
stable. When patients who were regularly classified into the first
subgroup of patients characterized by no synovitis were removed,
more than 60% of patients were still classified into regular
subgroups (data not shown), indicating that the stable patterns
were observed regardless of activity of RA. As joint destruction was
influenced by disease duration, disease activity, and treatment, we
analyzed the relative distribution of joint destruction between the
three joint groups in a patient with RA. We found that the sixth
subgroup of patients, characterized by moderate activity with
dominant involvement of large and wrist joints, demonstrated
dominant destruction of wrist joints. This suggests that classifying
patients with RA into appropriate subgroups would lead to
prediction of patterns of joint destruction.
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There are reports that evaluating fraction of joints by
ultrasonography is a good way to predict future joint damage
[11-12]. One study reported that 5 of the 28 joints with MTP2
and MTP5 joints, namely, wrist, MCP2, MCP3, PIP2, and PIP3
joints, are enough for ultrasonography evaluation [12]. Their data
seems to be consistent with our results as they selected at least two
joints from three different groups into which the 28-joint
symptoms were classified. As ultrasonography usually surpasses
physical examination in terms of the sensitivity to detect synovits,
it is interesting to analyze whether the assessments of synovitis
using ultrasonography show the same pattern of synovitis over the
28 joints in RA.

Our results indicate that RA does not develop synovitis in the 28
joints with the same frequency and that the affected rate of each
joint greatly varies from joint to joint. These different distributions
of joint synovitis would lead to different distribution of joint
destruction. Based on our results, the 28 joints can be categorized
into three groups, and it is possible that some fractions of the 28
joints are less informative to assess disease activity than others. It
would be interesting to develop a novel simplified joint core set,
and analyze the correlation between joint damage and activity
score based on this. It would be also interesting to characterize
each of RA subsets in more detail.

Materials and Methods

Ethics Statement

Written informed consent to enroll in the database described
below was obtained from most of the patients, but for some
patients the information regarding the construction of this
database was disclosed instead of obtaining written informed
consent. Participants who were informed regarding the construc-
tion of the database (instead of obtaining written informed
consent) were allowed to withdraw from the study if desired.

All data were de-identified and analyzed anonymously. This
study was designed in accordance with the Helsinki Declaration.
This study including the consent procedure was approved by the
ethics committee of Kyoto University Graduate School and
Faculty of Medicine.

The KURAMA database

The KURAMA (Kyoto University Rheumatoid Arthritis
Management Alliance) database was established in 2011 at Kyoto
University to store detailed clinical information and specimens
from patients with arthritis and arthropathy. The alliance is
composed of rheumatic disease-associated departments in Kyoto
University Hospital as well as its allied, integrating previous
database and specimen collections in each department and allied.
A template for electronic clinical charts developed at Kyoto
University Hospital in 2004 to evaluate joint involvements in RA
patients was used to obtain joint assessments. Rheumatologists
evaluated swelling and tenderness of the 28 joints in patients with
RA on each visit and filled in the template. The synovitis
information of the 28 joints and data for C-reactive protein and
erythrocyte sedimentation rate were extracted from electronic
clinical charts [15] and stored in the KURAMA database.

Patients and data of joint assessment

A total of 17,311 joint assessments from 1,314 patients with RA
from 2005 to 2011 were obtained in a retrospective manner from
the KURAMA database. All of the patients fulfilled ACR revised
criteria for RA in 1987 [10] or ACR and EULAR classification
criteria for RA in 2010 [16-17].
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Analysis of affected frequencies in the 28 joints

RA patients were subdivided depending on whether their data
were available in 2011 or not, and the affected frequency in each
of the 28 joints was calculated. We compared the order of the
affected frequency in the 28 joints between the two patient sets
with Spearman’s rank-sum coefficient. We separately analyzed the
affected rates of joints for swelling and tenderness. When multiple
joint assessments in different visits were available in the same
patient with RA, we randomly selected one of the assessments as
representative in the patient. We compared frequencies between
tenderness and swellings for the 28 joints with Spearman’s rank-
sum coefficient.

Clustering of patients with RA

Clustering analyses were performed by Ward method, using
randomly-selected 5,383 evaluations of the 28 joints from 1,314
patients with RA. These evaluations did not contain more than six
assessments from each patient to avoid excess influence of
particular patients. Affected rates were calculated for the three
groups of joints (namely PIP joints, MCP joints and large and wrist
joints) in this clustering analysis. For example, when a patient
showed tenderness and swelling for all PIP joints, the affected rate
of PIP joints in the patient is 2. When a patient showed tenderness
for four MCP joints, the affected rate of MCP joints is 0.4.

RA patients were regarded as belonging to a particular group
when more than 60% of evaluations belonging to the same
patients with four or five evaluations were classified into the same

group.

Analysis between RA subgroups and joint destruction

Joint destruction of hand joints in 246 patients with RA was
evaluated by modified Sharp score by a trained rheumatologist
who was not informed of the patients’ characteristics (KM). Joint
destruction rates were defined for the three groups of joints as a
sum of scores divided by the full score in the joints group. For
example, when a patient shows 50 as a sum of scores in the large
and wrist group, the patient’s joint destruction rate for the group is
0.463 (50/108).

Correlation of the 28 joints and statistical analysis

Correlations of joint symptoms among the 28 joints were
estimated separately for tenderness and swelling. We randomly
obtained one assessment of the 28 joints in each patient as a
representative of the patient’s joint assessments for maximization
of the power. Kappa coefficient was used to analyze coincidence of
joint symptoms in each pair of the 28 joints. Eigen vectors
obtained in principal component analysis were used to analyze the
deviation of joint symptoms. We resampled joint assessments for
each patient and created four other sets of joint assessments. The
same correlation analyses were performed using the four
resampled assessments to confirm the correlation shown in the
first assessment set. Right dominance of the synovitis and joint
destruction was analyzed by binomial test. Dominant destruction
of joints was evaluated by paired-t test. Statistical analysis was
performed by R software or SPSS (ver18).

Supporting Information

Figure S1 Distribution of joint evaluation counts and
patients across different years. A) Distribution of number of
RA patients according to numbers of 28-joint assessments. B)
Distribution of number of patients with RA whose joint assessment
data were available from 2005 to 2011 in the KURAMA database.

(TIF)
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Figure 82 Good correlations between joint involvement
rates in different sets of RA patiemts. Rates of joint
involvement for A) swelling and B) tenderness were compared
between the two different sets of RA patients. X and Y axes
represent rates in the first set of RA patients in 2011 and those in
the second set in 2005 to 2010, respectively.

(T1F)

Figure 83 Three groups of joints regardless of different
sets of RA patients. Analysis using one of four resampled
assessments in one of the two sets of RA patients is shown as a
representative. The 1 and 2™ components of eigen vectors of the
joint symptoms are plotted, using principal component analysis of
the 28 joint involvement for tenderness (A) and swelling (C) or
using that of the 20 joint involvement other than large and wrist
joints for tenderness (B) and swelling (D). Green: large and wrist
joints. Red: MCP joints. Blue: PIP joints.

(TTF)

Figure §4 Three groups of joints regardless of different
evaluators. Analysis using one of five resampled assessments by
one of the two groups of medical doctors is shown as a
representative. The 1% and 2" components of eigen vectors of
the joint symptoms are plotted, using principal component analysis
of the 28 joint involvement for tenderness (A) and swelling (C) or
using that of the 20 joint involvement other than large and wrist
joints for tenderness (B) and swelling (D). Green: large and wrist
joints. Red: MCP joints. Blue: PIP joints.

(TTF)

Figure 85 Dominant destruction of large and wrist
joints in the sixth subgroup of patiemts with RA. Box
plots indicating the joint destruction rates in the three joint groups
in subjects belonging to the sixth subgroup.

(TIF)
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Introduction

Rheumatoid arthritis (RA) is an autoimmune disease charac-
terized by chronic inflammation of the synovial lining of the joint
[1]. If left untreated, outcome varies from self-limited disease in a
small proportion of RA patients to severe disease resulting in
profound structural damage, excess morbidity and disability, and
early mortality [2]. In the last twenty years, disease activity has
been controlled in many patients by treatment with disease-
modifying anti-rheumatic drugs (DMARD:s), such as methotrex-
ate, and the more recently developed biologic DMARDs that
block inflammatory cytokines such as tumor necrosis factor-alpha
(INFa) [3]. Unfortunately, these medications are not effective in
all RA patients, with up to one-third of patients failing to respond
to any single DMARD [1-3]. Moreover, the biological mecha-
nisms underlying treatment failure are unknown, which limits the
development of clinical biomarkers to guide DMARD therapy or
the development of new drugs to target refractory cases.

There are two classes of anti-TNF therapy: the TNF receptor
fusion protein (etanercept), which acts as a soluble receptor to bind
circulating cytokine and prevent TNF from binding to its cell
surface receptor, and monoclonal antibodies that bind TNF
(adalimumab, infliximab, certolizumab, and golimumab). There
are undoubtedly shared mechanisms between the two drug classes
(e.g., downstream signaling factors), as illustrated by similar effects
on the change in inflammatory cytokines, complement activation,
lymphocyte trafficking, and apoptosis [4,5,6]. Similarly, there are
likely to be different biological factors that influence response:
infliximab and adalimumab are approved for treatment of Crohn’s
disease; infliximab and adalimumab bind to transmembrane TNF
on the surface of activated immune cells, whereas etanercept only
binds soluble TNF [7]; and etanercept also binds a related
molecule, lymphotoxin alpha (LTA), whereas infliximab/adali-
mumab do not [8].

Pharmacogenetics of response to anti-TNF therapy in RA
remains in its early stages, with no single variant reaching an
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unambiguous level of statistical significance. Candidate gene
studies suggest associations of TNFa or TNF receptor alleles,
RA risk alleles or other SNPs with response to anti-TNF therapy
[9,10,11]. Two GWAS in small sample sets (largest was 566
patients) have been performed, which identified loci with
suggestive evidence for association [12,13]. Therefore, GWAS of
large sample sizes may yet uncover genetic factors associated with
response to anti-TNF therapy in RA, and larger cohorts enable
separate analyses of the different types of anti-TINF drugs.

Here we report a GWAS of 2,706 samples with anti-TNF
treatment response data collected from an international collabo-
ration, including previously published GWAS data [12,13]. Our
primary outcome measure was the change in disease activity score
based on a joint count in 28 joints (DAS28) from baseline to 3-12
months after initiating anti-TINF therapy. Our secondary outcome
measure was European League Against Rheumatism (EULAR)
responder status [14,15], where patients are classified as EULAR
good responders, moderate responders or non-responders based
on follow up DAS28 after treatment and overall change in DAS28.
We found a highly significant association for a variant that we also
show is also a strong expression quantitative trait locus (€eQTL) for
the CD84 gene. Our findings suggest that CD84 genotype and/or
expression may prove to be a biomarker for etanercept response in

RA patients.

Results

Genome-wide association study

Clinical and GWAS data were compiled for 2,706 individuals of
European ancestry from 13 collections as part of an international
collaboration. Table 1 shows sample sizes, phenotypes and clinical
variables for the four collections that were the units of analysis
(additional details are shown in Table S1). Disease activity score
based on a 28-joint count (DAS28) were collected at baseline and
at one time point after anti-TNF therapy administration (mean 3.7
months, range 3—12 months). We defined our primary phenotype

March 2013 | Volume 9 | Issue 3 | 1003394



rresponse :;to etanercept therapy among RA patlents of
- European ancestry, but not anti-TNF theraples that act
- through different biological mechanisms or poten’ua“y m
: ‘RA patl nts of other genetnc ancestnes. ~

as a change in DAS28 (ADAS) from baseline (so that greater
ADAS corresponded with better response to therapy; overall mean
and standard deviation of 2.1+1.3), adjusted for baseline DAS. A
secondary phenotype was used based on European League Against
Rheumatism (EULAR) response criteria. EULAR ‘good response’
was defined as ending DAS<(3.2 and ADAS>1.2; ‘non-response’

Table 1. Samples and clinical data.

GWAS on Response to Anti-TNF Therapy in RA

was defined as ADAS <0.6 or ADAS=1.2, and ending DAS
>5.1; and ‘moderate response’ is in between [15]. We limited our
secondary analysis to a dichotomous outcome, EULAR good
responders (n = 998 for all patients treated with anti-TNF therapy)
versus EULAR non-responders (n = 655), excluding the moderate
category based on the hypothesis that a more extreme phenotype
of response would yield improved discrimination.

Clinical variables were examined for association with pheno-
type, and therefore possible confounding in genetic association
tests. In multivariate models (Table S2), only baseline DAS was
strongly associated with the ADAS phenotype. As previously
shown [11], age and gender showed univariate associations that
were attenuated in the multivariate analysis. Accordingly, we used
only baseline DAS as a clinical covariate, as this allowed us to
maximize sample size given clinical variable missing data in some
cohorts.

We performed quality control (QC) filtering and data processing
of GWAS data for each of eleven genotyping batches. Genotyping
array platforms are described in the Methods. HapMap2
imputation allowed us to test for association at >2 M SNPs with
imputation quality scores >0.5. Genotype data were merged
across several genotype batches to create four collections for
genome-wide association testing. We performed linear regression
association tests using baseline DAS and three principal compo-
nents as covariates, and performed inverse-variance weighted
meta-analysis to combine results across the four collections.
Quantile-quantile plots with genomic control Agg values are
shown in Figure S1. We found no evidence of systematic inflation
of association test results, and no evidence of deflation for imputed
versus genotyped SNPs. As a final filter, we excluded SNPs that

Collection (analysis batch): REF

Drug subsets

EULAR Reponse categories

Genotype platform mixed

Age, yr; mean (SD) 536 (12.7)

ADAS, mean (SD) 1.9 (1.6}

Study design Alp#e

BRAGGSS

Moderate responder 243 258

Affy 500K

574 (10.9)

Gender, female % 756 77.3

MTX co-therapy, % 65.6 85.6

25(1.5)

Observational

DREAM ReAct Total

359 131 991

1u550K +650K lllumina OmniExpress

54.8 (12.9) 53.9 (10.8)

68.3 77.9

76.0 50.0

1.9 (1.3) 22(13)

Observational Observational

*8 patients had no TNF drug information.

doi:10.1371/journal.pgen.1003394.1001

PLOS Genetics | www.plosgenetics.org

**38 patients had only EULAR response (good, moderate or none) clinical data.
#**ABCoN, GENRA are prospective cohorts, BeSt, eRA and TEAR are randomized controlled trial (RCT), and rest of REF group are observational cohorts.
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showed strong evidence of heterogeneity across collections
(Cochran’s QQ P<<0.001).

We first analyzed all samples together (n = 2,706), regardless of
drug type. We found no clear evidence of association with treatment
response measured by ADAS (Figure 1A). Similar results were
obtained using the binary phenotype of EULAR responder versus
EULAR non-responder status (Figures S1 and S2).

We next separately analyzed patients treated with either
etanercept (n=1733), infliximab (n=894) or adalimumab
(n=1,071) (Figure 1B-1D), under the hypothesis that different
genetic loci affect response to the different drugs based on their
mechanism of action or other biochemical properties. GWAS
results are publicly available for all SNPs tested at the Plenge
laboratory and RICOPILI Web sites (see URLs). GWAS results
for all SNPs achieving P<107° from any analysis are detailed in
the Table S3.

A. All patients
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GWAS on Response to Anti-TNF Therapy in RA

For etanercept-treated RA patients, a locus on chromosome
1423 achieved near-genome-wide significance (rs6427528,
Pyvera= SXIO—S) (Figure 1B, Figure 2A, and Figure 3), but not
in the infliximab or adalimumab subsets (P>0.05) (Figure S3).
SNPs in linkage disequilibrium (LD) showed consistent association
results (rs1503860, P=1x1077, r*=1 with rs6427528 in Hap-
Map; three perfect-LD clusters of SNPs exemplified by rs3737792,
rs10908787 and rs11265432 respectively; P<5x107% r*=0.83,
0.63 and 0.59 with rs6427528, respectively). No single collection
was responsible for the signal of association, as the effect size was
consistent across all collections (Figure S4). The top SNP
rs6427528 was genotyped in the ReAct dataset (umina Omni
Express genotyping chip), and was well imputed across all other
datasets (imputation quality score INFO =0.94, which is an
estimate of genotype accuracy; the range of INFO scores is 0-1,
where 1 indicates high confidence). All of these SNPs had minor

B. Etanercept

8 hae=0.997
‘s
e
S
o
L
]
Chromosome
D. Adalimumab
8 - Agc=1.007
8_
o~ *
o,
2
o
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Figure 1. GWAS results for the ADAS phenotype. Shown are strengths of association (—Log10 P-value) for each SNP versus position along
chromosomes 1 to 22. A) All samples (n=2,706). B) Etanercept-treated patients (n=733). C) Infliximab-treated patients (n =894). D) Adalimumab-

treated patients (n=1,071).
doi:10.1371/journal.pgen.1003394.g001
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Figure 2. Association results and SNP annotations in the 7g23 CD84 locus. A) Regional association plots with ADAS (top panel) and with
CD84 expression (bottom panel), showing strengths of association (—Log10 P-value) versus position (Kb) along chromosome 1. B) Schematic of CD84
gene structure (RefSeq gene model, box exons connected by diagonal lines, arrow indicates direction of transcription) with strong enhancer
chromatin states (orange rectangles) and SNPs in high LD (r2>0.8) with rs6427528 (vertical ticks). SNPs in enhancers are labeled below. C)
Annotations of strong-enhancer rs6427528 proxy SNPs; listed are SNP rs-ID (major and minor alleles), conservation score, cell line with DNAse
footprint if present, and transcription factor binding sites altered. 1- Genomic evolutionary rate profiling (GERP) conservation score, where a score >2
indicates conservation across mammals. 2- DNase footprint data are compiled from publicly available experiments by HaploReg. 3- Position weight
matrix logos show transcription factor consensus binding sites with nucleotide bases proportional to binding importance. SNP position is boxed.
Note that the rs10797077 AIRE_2 and the rs6427528 SREBP_4 motifs are on the minus strand (base complements correspond to SNP alleles), with the
SREBP motif shown upside down to align with the rs6427528 KROX motif on the positive strand. Data are from HaploReg.

doi:10.1371/journal.pgen.1003394.g002

allele frequencies ranging from 7-10%. The SNP explains 2.6%
variance in response to etanercept treatment.

For patients treated with infliximab, we observed a suggestive
result on chromosome 10p14 (rs12570744, P=2x107"). No highly
significant or suggestive results were observed for the ADAS
phenotype in patients treated with adalimumab (Pyera™>1077).

Qualitatively similar results were attained in the analysis of our
secondary phenotype, EULAR good responder vs non-responder
status (Figures S1 and S2). For SNPs at the 7423 locus, the pattern
of association with responder/non-responder status (etanercept-
treated patients) was consistent with the results for ADAS
P=6x10"2 for 156427528 and rs1503860). We also identified
potential novel associations, with suggestive results for infliximab
(ts4336372, chromosome 5¢35, P=8x1077) and adalimumab
(rs940928, chromosome 2¢12, P=2x 1079,

eQTL and sequence analysis of the CD84 gene

For each SNP with P<107° identified by our GWAS (n=6
independent SNPs), we searched for biological evidence to support
a true positive association. We used genome-wide sequence data
from the 1000 Genomes Project to search for putative functional
variants in LD with the index SNP (defined as SNPs predicted to
change protein-sequence or mRNA splicing). We also used
genome-wide expression data to search for an expression
quantitative trait locus (eQTL) in public databases and in
peripheral blood mononuclear cells (PBMCs) in 228 non-RA
patients and in 132 RA patients.

While we did not identify any variants disrupting protein-coding
sequences or mRINA splicing, we did find that the 1423 SNP
associated with response to etanercept therapy was a strong eQTL
in PBMGCs (Figure 2A and Figure 3). In an analysis of 679 SNPs for
cis-regulated expression of five genes in the region of LD
(SLAMFS, CD84, SLAMFI, CD48, and SLAMF7), we found that
1s6427528-CD84 (and SNPs in LD with it) was the top eQTL of all
results (n =228 subjects; Figure 2A). This SNP was specifically
associated with CD84 expression, and was not an eQTL for other
genes in the region (P>0.36 for the other genes).

We replicated our eQTL finding in 132 RA patients with both
GWAS data and genome-wide expression data. PBMC expression
data were available from RA patients in the Brigham RA
Sequential Study (BRASS) and Autoimmune Biomarkers Collab-
orative Network (ABCoN) collections. We observed a significant
association between rs6427528 genotype and CD84 expression
(linear regression adjusted for cohort P=0.004, rank correlation
P =0.018). The direction of effect was the same as in the PBMC
samples from 228 non-RA patients. A combined analysis of RA
patients and the non-RA patient eQTL data (described above)
yielded rank correlation P=3x 107" (n =360 total individuals).

We searched sequence data to determine if rs6427528, or any of
the SNPs in LD with it, were located within conserved, non-coding
motifs that might explain the eQTL data. We used HaploReg [16]
to examine the chromatin context of rs6427528 and 26 SNPs in

PLOS Genetics | www.plosgenetics.org

330

LD with it (at r*>0.50). We found that 5 SNPs occur in strong
enhancers inferred from chromatin marks (Figure 2B) [17]. Two of
these 5 SNPs, rs10797077 and 156427528 (r* =0.74 to each other),
are predicted to disrupt transcription factor binding sites, and
rs10797077 occurs at a site that shows conservation across
mammalian genomes [18]. Figure 2C shows the DNA sequence
position weight matrices of the transcription factor binding sites
changed by 1510797077 (the minor allele creates a stronger
binding site for the AIRE transcription factor) and rs6427528 (the
minor allele creates a binding site for KROX and SREBP).

Expression of CD84 as a biomarker of disease activity and
treatment response

Because the genetic data demonstrates that the allele associated
with better response is associated with higher CD84 expression,
this suggests that CD84 expression itself may serve as a useful
biomarker of disease activity or treatment response. We tested
both hypotheses using PBMC: expression data from the BRASS
and ABCoN collections. First, we tested if CD84 expression is
associated with cross-sectional DAS, adjusting for age, gender and
cohort (Figure 4). We observed a significant inverse association
between CD84 expression and cross-sectional DAS in 210 RA
patients (beta=—0.3, P=0.02, r*=0.02). That is, higher CD84
expression was associated with lower DAS, regardless of treatment.

Second, we tested CD84 for association with our primary
treatment response phenotype, ADAS. The sample size for this
analysis was smaller than for the cross-sectional analysis, as we
required that patients be on anti-TNF therapy and have pre- and
post-treatment DAS. We found that CD84 expression levels
showed a non-significant trend towards an association with ADAS
in 31 etanercept-treated patients (beta=0.2, r*=0.002, P =0.46)
and in all 78 anti-TNF-treated patients (beta=0.14, r*=0.004,
P=0.4). The effect is in the same direction one would predict
based on the genetic association at rs6427528: the allele associated
with better response is also associated with higher CD84 expression
(Figure 3), and in 31 RA patients, higher CD84 expression
(regardless of genotype) is associated with a larger ADAS (ie.,
better response; Figure 4).

Replication of genetic data in a small, multi-ethnic cohort

Since most of the samples available to us as part of our
international collaboration were included in our GWAS, few
additional samples were available for replication. In addition, the
remaining samples available to us were from different ethnic
backgrounds. Nonetheless, we sought to replicate the associations
of 156427528 with ADAS in these additional samples. We
genotyped 139 etanercept-treated patients from a rheumatoid
arthritis registry in Portugal (Reuma.pt) and 151 etanercept-
treated patients from two Japanese collections IORRA, n=288
patients on etanercept and Kyoto University, n=63 on etaner-
cept). Replication sample sizes, clinical data and results for these
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Figure 3. 7g23/CD84 genotype association plots for ADAS and
CD84 gene expression. Shown are ADAS in our GWAS in etanercept-
treated patients (top panel, n=733; n=634 with the GG genotype and
n=99 with the GA or AA genotype) and CD84 expression in our eQTL
results (bottom panel, n=228 non-RA patients; n=178 with the GG
genotype and n=50 with the GA or AA genotype). The rare-allele
homozygous genotype AA was observed four times in our ADAS GWAS
and was pooled with the heterozygous GA genotype for this figure; AA
homozygotes were not observed in the CD84 eQTL data. Association
analyses reported in the text regressed phenotype (ADAS, P=8x1075%
CD84 expression, P=1x10""") on minor-allele dosage (range 0-2).
doi:10.1371/journal.pgen.1003394.g003

two SNPs are shown in Table $4. Based on the observed effect size
in the GWAS and observed allele frequency in the replication
samples, we had 32% power to replicate this finding in the
Portuguese samples and 17% power to replicate this finding in the
Asian samples at P<<0.05. The same association analysis as for
GWAS was carried out: linear regression assuming an additive
genetic model and using ADAS as phenotype, adjusted for
baseline DAS. Replication results are shown in Figure 5.

While the SNPs fail to replicate in these patient collections at
P<<0.05, the direction of effect is the same in the Portuguese and
Kyoto replication samples as in our GWAS. In a combined
analysis limited to subjects of European-ancestry (GWAS data and
Portuguese replication samples), rs6427528 remained highly
suggestive (P=2x107%. Including the Japanese subjects, the
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Figure 4. CD84 expression level and clinical features. Analyses
are shown in RA patients from the BRASS and ABCoN registries, for
baseline DAS (top panel, n=210; R*=0.02, p=0.02) and ADAS (bottom
panel, n=31; R?=0.001, p=0.46). Best-fit linear regression lines are
shown in black, with shaded regions showing linear regression model
(slope and intercept) 95% confidence intervals. CD84 expression levels
were quantile normalized, and ADAS values were adjusted for age,
gender and baseline DAS.

doi:10.1371/journal.pgen.1003394.g004

overall GWAS+replication combined meta-analysis P-value re-
mained suggestive (P=5x10"%).

Discussion

Here we present the largest GWAS to date on anti-TINF
therapy response in 2,706 RA patients. We find a significant
association at the 1¢23/CD84 locus in 733 etanercept treated
patients (P=8x10"%), but not in RA patients treated with drugs
that act as a monoclonal antibody to neutralize TNF (infliximab or
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doi:10.1371/journal.pgen.1003394.g005

adalimumab). The allele associated with a larger ADAS (i.e., better
response) was associated with higher CD84 expression in PBMCs
from non-RA patients (P=1x 107") and in RA patients
(P=10.004).

We first conducted a GWAS of both categories of anti-TNF
drugs (the soluble receptor drug, etanercept, and two monoclonal
antibody drugs, infliximab and adalimumab). However, this
analysis revealed no strongly associated SNPs. When we subset
our GWAS by each of the three individual drugs, several SNPs in
the 7423 locus were highly significant in etanercept-treated
patients, and SNPs in three other loci (10p15, 5¢35 and 2¢12)
were associated in infliximab or adalimumab subset analyses.
Furthermore, the top SNPs for each analysis (Table S3) showed
little correlation across the three anti-TINF drugs. This simple
observation suggests that genetic control of treatment response
may be different for different drugs. This finding is consistent with
the clinical observation that RA patients who fail one anti-TNF
drug may still respond to a different anti-TINF drug, albeit at lower
rates of response [19]. If confirmed in larger samples and more
comprehensive analyses, then this could have major implications
for how physicians prescribe these drugs.

The most significant finding from our GWAS was a set of equivalent
SNPs in LD with each other from the 7423 locus in etanercept-treated
RA patients (Figure 1 and Figure 2A). While the top SNP did not reach
genome-wide significance in predicting treatment response, it did reach
genome-wide significance as an eQTL in PBMCs (P=1x10""
Figure 2A). This finding indicates that the SNP (or another variant in
LD with it) is indeed biologically functional in a human tissue that is
important in the immune response. Two SNPs, rs10797077 and
156427528, disrupt transcription factor binding sites, and represent
excellent candidates for the causative allele to explain the effect on
CD84 expression (Figure 2C).

PLOS Genetics | www.plosgenetics.org

Our findings suggest that CD84 genotype and/or expression
could be a biomarker for etanercept treatment response among
individuals of European ancestry. The genetic and expression data
predict that GD84 expression should be positively associated with
treatment response (i.e., higher expression is associated with better
response; Figure 3). While we did not observe a significant
association between CD84 levels and ADAS, we did observe a
trend consistent with this prediction (Figure 4). Importantly, we
note that power was extremely limited with the small sample sizes
for which we had CD84 expression as well as drug response data
(n=31 RA patients treated with etanercept).

The CD84 gene is a compelling candidate for immune response,
belonging to the CD2 subset of the immunoglobulin superfamily.
It has been implicated in T-cell activation and maturation [20].
CD84 localizes to the surface of CD4+ and CD8+ T cells, and acts
as a costimulatory molecule for IFN-gamma secretion [21]. CD84
is also expressed in B-cells, monocytes and platelets. CD84 has not
been previously implicated in genetic studies of RA risk, disease
activity, disease severity, or treatment response.

A limitation of our study is the small sample size available for
replication (n =290 etanercept-treated patients), and the lack of
replication observed for the top CD84 SNP (rs6427528) among
patients of Portuguese and Japanese ancestry. The simplest
explanation is that our original observation in the GWAS data
represents a false positive association. However, the eQTL and
gene expression data argue against this possibility. Explanations
for a false negative finding in our replication collections include: (1)
lack of power, especially if the effect size observed in the GWAS
represents an over-estimate of the true effect size (the Winner’s
Curse) — we estimate that we had 32% and 17% power (at
P=0.05) to detect an association in the Portuguese and Japanese
sample collections, respectively; (2) clinical heterogeneity, which is
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