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Abstract: Problem statement: In order to reveal the missing genetic componeRt@umatoid Arthritis
(RA) susceptibility, we carried out a genome-widighkorder epistatic interaction study for RA.
Approach: A powerful Bayesian strategy was applied to aramlyhe data of Genome-Wide
Association Studies (GWAS) from the Welcome Trusis€ Control Consortium (WTCCC), where
319 high-order interactions were found across theleygenome and many of which were validated by
the GWAS data from the North American RheumatoithAtis Consortium (NARAC)Results: This

is the first study intensively searching for higlier epistatic interactions genome-widely for RA.
Conclusion: Our results suggest that high-order interactioightrexplain a big proportion of missing
genetic component of RA. In the meanwhile, synapakium ion binding and membrane part likely
have interactive associations with RA. This findingplies that not only autoimmune system but also
nervous system can play an important role in RA.

Key words: Welcome Trust Case Control Consortium (WTCCC), NoAmerican Rheumatoid
Arthritis Consortium (NARAC), the results suggestutoimmune system, genetic
component

INTRODUCTION epistatic interactions in which genetic variatiomsy
show weak marginal penetrance, but may interadi wit

Rheumatoid Arthritis (RA) is the most common each other in complex ways (Manokbal., 2009; Wu
chronic inflammatory autoimmune disease that ldads and Zhao, 2009). The complicated interacting stmest
progressive joint destruction with the prevalenpetar  likely exist in the pathogenesis of RA due to the
1% in adult populations (Gabriel, 2001; H# al.,  sophisticated regulatory mechanisms encoded in the
2011). Twin studies estimated that genetic factordqiuman genome.
contribute to 60% of the susceptibility of RA This study provides the first genome-wide high-
(MacGregoret al., 2000). Multiple loci associated with order interaction analysis for RA using Bayesian
RA susceptibility have been identified by genomeéevi epistasis association mapping (BEAM and BEAM2)
linkage and association studies (Cornelisal., 1998; methods (Zhang and Liu, 2007; Zhasegal., 2011).
WTCCC, 2007; Plenget al., 2007; Stahkt al., 2010).  Specifically, BEAM uses Markov chain Monte Carlo
However, current findings only account for a small(MCMC) to ‘interrogate’ each marker conditional on
portion of the genetic component to the RAthe current status of other markers iteratively had
susceptibility (Stahkt al., 2010; Raychaudhust al., been proved to provide a higher statistical povant
2008; Imboden, 2009), while the most recent GWASmany commonly used interaction-mapping methods in
findings are ethnicity-specific (Teraet al., 2011; GWAS (Culverhouseet al., 2004; Cooket al., 2004;
Freudenbergt al., 2011; Julieet al., 2008). In order to  Ritchie et al., 2001; Nelsoret al., 2001). Furthermore,
find the missing heritability of RA, it is criticdb study to capture the block-wise structure of human genome
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Zhanget al. (2011) extended BEAM model to BEAM2, < 10%. The final data contain 2,002 subjects (8&&s
the latter incorporates LD blocks into the originaland 1,140 controls). The missing genotypes were
Bayesian partition model. BEAM2 is able to eliminated at each test on site.

simultaneously infer haplotype-blocks and selecPSN

within blocks that are associated with the diseaiker RESULTS

individually or through epistatic interactions wittther . .
SNPs across the genome. BEAM2 has shown gre reh . f.or _chromosome-W|se high-or der
success in studying type-1 diabetes (Zhastgal., Interactions:  Using BEAM2 to analyze _each
2011). We applied BEAM and BEAM2 to the RA data autosomal chro_mosome |nd|V|duaIIy, we obtained the
from WTCCC (2007) and found fruitful interesting chromosome-wise posterior probabilities of SNPs

interacting structures for RA, many of which were associated with RA’.Wh'Ch are shown in Fig. 2.sit i
validated by NARAC data (Plenget al., 2007). In clear _that MHC region on Chromosome 6 strongly
particular, our results show that not only autoimeu associates with RA: there are 72 SNPs located in

system but also nerve system plays an importaatirol MHC region with posterior probabﬂmes > 025' Atel
genetic mechanisms of RA. same time, we also identified many associated SNPs
outside MHC region: 85 SNPs across autosomal
MATERIALSAND METHODS chromosomes except_chrlG an(_j chr21._ Table _1 _shows
that our results are highly consistent with thegioal

Analysis strategy: Figure 1 shows a flow chart for our paper (WTCCC, 2007) on detecting single SNP effects

analysis strategy. We first applied BEAM2 (Zha#®!d petection of  inter-chromosomal high-or der
al., 2011) to analyze the WTCCC RA data on eachnteractions: We applied BEAM on all the SNPs that
chromosome. BEAM2 is a sophisticated method thahave posterior probabilities of association gredten
takes care of LD block structure while searching fo 0.5 (by BEAM2) to search for inter-chromosomal high
epistasis. In the second step, we took the advarddg order interactions among these SNPs. After 2008 run
BEAM (Zhang and Liu, 2007) as a more efficient twl  of BEAM to explore as many local modes as possible,
search for genome-wide high-order interactions. Inye obtained 319 interactions. The supplementagsfil
particualr, we pooled all BEAM2-selected candidatecompletetableX.txt and SNPinfoX.txt provide the
SNPs with posterior assocition probabilities > #din  diplotype P-values (Fisher's exact test) and the
22 autosomal chromosomes and ran the Bayesiamnnotations of the involved SNPs, respectively.
variable partition model to search for high-orderTable 2 summarizes some representatives of the
interactions across all the 22 chromosomes. Finallysignificant interactions that have P-values lessnth
these identified high-order interactions were \atiédi 4.03e-11 (at family-wise significant level 0.05 exft
by NARAC data (Plenget al., 2007). Bonferroni adjustment for about 1.24e9 possible
diplotypes of these 319 interactions) and have
Data description: The RA data set from the WTCCC diplotype frequencies larger than 0.05 in either
(2007) contains 1999 RA patients, 1504 controlsnfro controls or cases for stable results. The rows were
the 1958 Birth Cohort (58C) and 1500 additionalsorted by decreasing genetic disease relative risk
controls from National Blood Service (NBS). We (DRR). Table 3 lists the SNP annotations for these
removed all SNPs from the sample if they haveselected interactions in Table 2.
genotype scores less than 0.9 in more than 20
individuals within each group of RA, 58C, or NBS. | Table 1 Comparison with Previous WTCCC Analysis @, 2007)

addition, we removed all non-polymorphic SNPs, SNPso"9est ¢

violating Hardy-Weinberg Equilibrium at a Bonferion Previously . Posterior
adjusted 0.05 level and SNPs with bad clusteringPicated loc NP o 1egion JFrobabilty
quality according to the WTCCC summary reportra MHC Many >0.5
(WTCCC, 2007). After SNP filtration the dataset Moderateloci
contains 301,653 high quality SNPs. A s ppees
From the 90 unique SNPs involved in the 319ra rs3816587 0.8894
interactions identified above, we retrieved 18 SNP$A hepeecred 0.7002
from the RA GWAS data from NARAC (Plengt al., Rra 152104286 0.36
2007) that have good genotype data quality: Hardyléﬁ ::ggggggg ggelﬁot s
Weinberg Equilibrium P-values > 0.001, minor allele qualityfilte':
frequencies > 0.01 and the SNP- and subject-misaieg RA 1s743777 0.8724
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Table 2: Significant interactions obtained from YW&CCC data. The columns are: Inter: interactiatei Diplo.: diplotype, where number 0, 1
or 2 represents the copy number of Allele 2 (inl&ad) at the corresponding SNP; Contr.1: diplotfigguency in 58C controls;
Contr.2: diplotype frequency in NBS controls. Cadiplotype frequency in cases; P-value.12: Fishexact test P-values between two
control groups; P-value: Fisher's exact test P-esilbetween pooled controls and cases; DRR: diselasiwe risk

Inter Diplo. Contr.1 Contr.2 Cases P-value.12 Rigal DRR
303 002022002022020 0.04 0.04 0.16 0.92 1.96E-50 02 2.
121 02222002022020 0.04 0.04 0.16 0.92 3.73E-50 220
11 00202220002022020 0.04 0.04 0.16 0.92 7.16E-50 .01 2
182 0020222002022020 0.04 0.04 0.16 0.92 7.16E-50 .01 2
228 2220020 0.08 0.06 0.20 0.03 5.71E-39 1.76
153 22002000 0.09 0.07 0.20 0.09 2.14E-37 1.73
1 1002 0.06 0.07 0.12 0.46 2.34E-12 1.45
290 1022 0.05 0.06 0.11 0.39 2.52E-11 1.45
113 1000 0.06 0.07 0.12 0.42 7.80E-12 1.44
75 1000 0.07 0.08 0.14 0.58 1.32E-12 1.44
109 100200 0.06 0.06 0.12 0.50 3.22E-11 1.44
114 1000 0.07 0.07 0.13 0.52 2.39E-11 1.42
109 000200 0.61 0.63 0.52 0.43 1.07E-11 0.79
176 220002022 0.41 0.42 0.32 0.48 8.34E-12 0.78
113 0000 0.62 0.63 0.52 0.50 2.86E-13 0.78
1 0002 0.65 0.67 0.56 0.26 1.15E-13 0.77
77 000000 0.66 0.67 0.55 0.76 7.76E-15 0.76
75 0000 0.72 0.73 0.62 0.71 3.23E-15 0.75
29 0011 0.39 0.36 0.27 0.19 4.64E-14 0.75
41 202202 0.27 0.28 0.19 0.74 7.69E-12 0.74
174 22000202022 0.26 0.25 0.17 0.93 1.20E-11 0.74
114 0000 0.71 0.71 0.59 0.78 1.28E-18 0.73
290 0022 0.59 0.58 0.44 0.97 6.52E-25 0.70
274 20011 0.15 0.16 0.09 0.76 7.89E-12 0.67
60 00112000 0.14 0.14 0.08 0.96 1.54E-12 0.64
155 20001102 0.14 0.14 0.07 0.83 2.10E-13 0.62
180 2002000 0.14 0.15 0.07 0.61 1.58E-15 0.60
285 2220020 0.16 0.16 0.08 1.00 1.18E-19 0.57
16 0020020 0.17 0.17 0.08 0.77 2.69E-20 0.57
302 2002002 0.16 0.16 0.07 0.96 8.10E-20 0.56
35 002220020 0.15 0.15 0.07 0.88 1.02E-18 0.56
233 002002002 0.14 0.15 0.06 0.64 1.64E-19 0.54

Table 3: SNP annotations for the representativh-bigler interactions listed in Table 2

Interaction SNPs Allelel Allele2 Chromosome Loeati
228 rs10490886 C T chr3 62684434
rs17067111 A G chr3 62697011
rs3134926 C G chré 32308125
rs6936204 A G chré 32325070
rs12524063 A T chré 32405288
rs4959093 C T chré 32421075
rs6907322 A G chré 32432923
290 16679677 A C chrl 114015850
rs3811019 C G chrl 114183625
rs4713376 A C chré 30881293
rs12195469 A T chré 30897587
302 rs2736172 C T chré 31698877
rs707974 C T chré 31737478
rs2075800 A G chré 31885925
rs2072633 A G chré 32027557
rs17421624 C T chré 32174155
rs2292365 A T chr9 91112710
rs10991868 A G chr9 91129311
233 rs4312689 G T chr3 45503637
rs2128361 C T chr3 45508228
rs2736172 C T chré 31698877
rs707974 C T chré 31737478
rs2075800 A G chré 31885925
rs2072633 A G chré 32027557
rs17421624 C T chré 32174155
rs2292365 A T chr9 91112710
rs10991868 A G chr9 91129311
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Table 4: Representative interactions validatedgiBIARAC data. The columns are: Inter: interactiodex; Diplo.: diplotype, where number 0O,
1 or 2 represents the copy number of Allele 2 @bl& 5); Contr.: diplotype frequency in controlgisé: diplotype frequency in cases;
P-value: Fisher's exact test P-values; DRR: diseak#ive risk; Contr.1: diplotype frequency in 5&@ntrols; Contr.2: diplotype
frequency in NBS controls.

NARAC WTCCC
Inter Diplo. Contr. Cases P-value DRR Contr.1 Cantr Cases P-value DRR
26 200 0.07 0.120 1.32E-05 141 0.10 0.09 0.15 B 3B 1.33
31 200 0.14 0.010 2.78E-32 0.09 0.15 0.16 0.06 5.69E-29 0.46
010 0.10 0.240 1.66E-16 1.64 0.10 0.08 0.18 12@E- 1.52
000 0.02 0.100 4.87E-14 1.86 0.03 0.03 0.07 309E- 151
210 0.05 0.002 3.97E-13 0.07 0.05 0.06 0.02 1BVE- 0.44
020 0.09 0.160 9.75E-08 145 0.08 0.07 0.12 TORE 1.36
52 000 0.26 0.400 1.13E-11 1.43 0.27 0.27 0.36 BB 1.28
010 0.24 0.140 1.05E-08 0.66 0.22 0.24 0.17 2(0BIE 0.81
96 102 0.09 0.030 1.26E-07 0.48 0.10 0.10 0.05 B2 0.57
180 020 0.15 0.050 9.88E-15 0.42 0.16 0.17 0.09 16%6 0.61
200 0.08 0.170 2.50E-09 151 0.07 0.08 0.13 4 DPE- 141
100 0.12 0.200 2.87E-06 1.35 0.13 0.11 0.16 8(BE 121
236 2000 0.12 0.010 9.25E-29 0.09 0.14 0.14 0.05 91E225 0.46
0110 0.04 0.150 1.88E-17 1.83 0.05 0.04 0.11 657E 1.60
0020 0.09 0.160 3.69E-07 143 0.08 0.07 0.12 B-08 1.36
246 1200 0.09 0.005 5.07E-20 0.09 0.09 0.08 0.03 83319 0.40
1011 0.02 0.080 1.60E-10 1.83 0.03 0.02 0.05 B-05 1.40
255 010 0.03 0.120 1.29E-16 1.88 0.05 0.04 0.09 SEB® 151
297 0010 0.01 0.060 1.26E-08 1.82 0.03 0.02 0.06 108306 1.44
303 000 0.09 0.340 2.86E-44 2.10 0.11 0.09 0.27 =52 1.81
307 000 0.26 0.400 1.13E-11 1.43 0.27 0.27 0.36 8ELTL 1.28
010 0.24 0.140 1.05E-08 0.66 0.22 0.24 0.17 2(0B\E 0.81

Table 5: SNP annotations for the representatitezactions listed in Table 4

Interaction SNPs Allelel Allele2 Chromosome Locatio
26 rs4538338 A C chr3 141436333
rs6907322 A G chré 32432923
rs3135363 C T chré 32497626
52 rs6907322 A G chré 32432923
rs3135363 C T chré 32497626
rs634435 A G chr9 3997714
180 rs2075800 A G chré 31885925
rs2072633 A G chré 32027557
rs634435 A G chr9 3997714
236 rs6457617 C T chré 32771829
rs3916765 A G chré 32793528
rs9461799 C T chré 32797507
1s634435 A G chr9 3997714
303 rs6907322 A G chré 32432923
rs3135363 C T chré 32497626
rs6457617 C T chré 32771829

The full versions of Table 2 and 3 are given INWTCCC data. From the 90 unique SNPs involved in
supplementary files bestEpistasesFromWTCCC.ixt anthe 319 interactions, we retrieved 18 SNPs from
bestEpistasesFromWTCCC-SNPs.txt, respectively. FrodMARAC data. For each supplementary table
Table 2 and 3, we can see that most inter-chromaisomcompletetableX.txt obtained from the WTCCC data,
high-order interactions are among chrl, chr3, cméi  whenever at least two NARAC SNPs are available for
chr9. A lot of them are more than 4-way interactisvith  this interaction, we generated a supplementaryetabl
very high Disease Relative Risk (DRR). Many pratect NARAC-completetableX.txt to list the diplotype
diplotypes with DRR < 0.8 can also be found in €abl  frequencies and the P-values in the similar formae
Diplotype frequencies in two control population8C5and  supplementary file bestEpistasesFromWTCCC-
NBS, are highly consistent, suggesting that thes®ARAC.txt summarizes the significant NARAC-
frequency estimations are stable. validated high-order interactions involving at letisee

SNPs. These interactions have P-values < 2.94e-& fo
Validation of interactionsusing NARAC data: Using  family-wise significance level of 0.05 after the
NARAC data (Plengeet al., 2007) we sought to Bonferroni adjustment based on 1701 possible
validate the high-order interactions identified the  diplotypes of these interactions.
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Table 6: Best GO terms for associated RA genes.

P-Value (Correct-

Best GOs Accession Genes(chr) Count (24) Total{3B9 Method: Benjamini)
G0:0045202 Synapse (exact: synaptic junction) CADPE3) 4 254 0.0115
CLSTN2(chr3)
ERC2(chr3)
PCDH15(chr10)
G0:0005509 Calcium ion binding LRP1B(chr2) 6 1458 .0705
(related: calcium ion storage activity) CADPS(ghr3
CLSTN2(chr3)
CACNB2(chr10)
PCDH15(chr10)
NELL1(chrll)
G0:0044425 membrane part KCNH7(chr2) 13 7726 0.0705
LRP1B(chr2)
CLSTN2(chr3)
CADPS (chr3)
ERC2(chr3)
NDST4(chr4)
LHFPL3(chr7)
CSMD3(chr8)
PTPRD(chr9)
CACNB2(chr10)
PCDH15(chr10)
SORCS3(chr10)
GRM5(chri1)
rApply BEANZ on )
each chromosome Pool all associated validate all the
of WTCCC RA data SNPs and run BEAN to high-order
to identify search for high- interactions in
associated SNPs order interactions NARAC data
(either across the whole
individually or genome
interactively) on
each chromosome
after accounting
Lfl:ir LD y

Fig. 1: The flow chart of our Bayesian analysiatgtgy

At the same time, these interactions also havés well-known for RA (Kozyryev and Zhang, 2012;
moderately small P-values < 1le-4 for WTCCC data, aZhang et al., 2012). But very few other loci were
well as stable diplotype frequencies > 0.05 in e#ith detected without accounting for epistasis intecti
cases or controls for both NARAC and WTCCC data.n our study, 31 associated SNPs were detected in 2
The SNP annotations corresponding to thesgenes with posterior probabilities of association
interactions are given in the supplementary file|arger than 0.5 across 12 chromosomes (excluding
bestEpistasesFromWTCCC-NARAC-SNP.txt. Table 4chromosome 6) in WTCCC data. In order to test
shows ~the selected high-order NARAC-SNP qyerrepresentation of biological pathways in these
interactions that have DRR > _2 orare located onemo A-associated genes, we use GOstat (Beissbarth and
than one chromosome (i.e., inter-chromosoma peed, 2004) (http://gostat.wehi.edu.au/) to search

interactions). Table 5 shows the SNP annotatioms fo_ " - : .
selected interactions in Table 4. The validate@rint enriched GO terms in these 24 RA-associated genes.

chromosomal interactions are on chromosomes 6 andBabl.e 6 §hows.th.e top three GO terms: Synapse,
and chromosomes 6 and 3. calcium ion binding and membrane part (with
Benjamini-corrected false discovery rates 0.0115,
Synapse, calcium ion binding and membrane part 0.0705 and 0.0705 respectively), the correspongingl
associated with RA: MHC region on chromosome 6 associated genes and their chromosomes.
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Fig. 2: Chromosome-wise posterior probabilitiesSofPs associated with RA on each chromosome. Dataites the
marginal posterior probability of association pealPs circle indicates the total posterior probaypilif
association per SNP (i.e., the marginal plus th& pssociation probabilities). We connected theathal circle
for each SNP for better illustration. X-axis ind&sithe chromosomal position (Mb), y-axis showspibsterior
probability

DISCUSSION that calcium ions and membrane are important parts
synaptic neurotransmission and peripheral and aentr

Rheumatoid arthritis is an inflammatory diseasenervous system is very important for joint proteati
primarily of the joints, with autoimmune featuresdaa  (O'Connor and Vilensky, 2003). It is already known
complex genetic component. To our limited knowledgethat neurogenic factors play very important roleshie
this is the first time that synapse, calcium iondimg  etiopathogenesis of osteoarthritis (O'Connor and
and membrane part are reported to be interactivelVilensky, 2003). Our results suggest that synaptic
associated with RA in whole-genome associatiomeurotransmission could be as important for RA.
studies. Rheumatoid arthritis is characterized by a

chronic inflammation of the synovial joints (Feldnma CONCLUSION
et al., 1996) and factors like Fibroblast-Like
Synoviocyte (FLS) and T cells are actively invohiad Our results suggest that high-order interactions

joint deconstruction and synapse is the contaattpmfi ~ might explain a big proportion of missing genetic
these factors (Tragt al., 2007). Also it is well-known component of RA. In the meanwhile, synapse, calcium
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ion binding and membrane part likely have intessecti Hu, H.J., E.H. Jin, S.H. Yim, S.Y. Yang and S.Hndu

associations with RA. This finding implies that rootly et al.,, 2011. Common variants at the promoter
autoimmune system but also nerve system could play region of the APOM confer a risk of rheumatoid
an important role in RA. arthritis. Exp. Mol. Med., 43: 613-621. PMID:
21844665
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