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chr
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OR odds ratio

PCA principal component analysis
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PF pulmonary fibrosis

Q-Q plot quantile-quantile plot

RA rheumatoid arthritis

RA-ILD interstitial lung disorder in RA
SE shared epitope

SNP single nucleotide polymorphism
SP surfactant protein

TGF-$ transforming growth factor-beta
TNF-a Tumor necrosis factor alpha



Abstract

Rheumatoid arthritis (RA) is a chronic disorder characterized by systemic
inflammation due to autoimmune dysfunction in synovial joints leading to destruction of
articular cartilage and deformity of joints. RA patients develop various signs and symptoms
including articular and extra-articular manifestations with progression of the disease.
Interstitial lung disorder (ILD) is one of major extra-articular complications of the disease. Its
prevalence rate is estimated to be 7.7-58.0% among RA patients. Interstitial lung disorder in RA
(RA-ILD) shows poor prognosis, and median survival time upon diagnosis of ILD is only 2.6
years. To date, no data of GWAS has been reported for RA-ILD. One hundred and sixty nine
unrelated Japanese RA patients with ILD and 294 Japanese RA patients without ILD were
subjected to GWAS. The present study identified eight regions with p-values less than 5 X
10°: 5035.2, 6021.32, 7p14.3, 12q23.3, 12q24.11, 19913.11, 19913.12 and 22q13.1. A SNP in
the region 19q13.11 yielded the lowest p-value of 5.98 x 10 by Cochran-Armitage trend test.
HLA-DRB1*04 is well-known as a susceptible allele of RA, nevertheless it was shown to
function as protective for RA-ILD in the present study. Thus, sub-group analysis divided by
presence/absence of HLA-DRB1*04 were conducted to identify other genetic factors of this
disease. From the result of genome-wide association tests between HLA-DRB1*04 positive

RA with ILD and RA without ILD, a strong association was observed at 7p21.3 with p-value of



4.2 x 107, One of the flanking SNPs was reported to have an effect on a protein expression
level of transforming growth factor-beta (TGF-£) which plays an important role in fibrogenic
processes of the lung. Furthermore, from the result of genome-wide association tests between
HLA-DRB1*04 negative RA with and without ILD, a SNP in the region 19q13.11 showed an
association with p-values of 2.72 x 10 under allelic model. The SNP with a lowest p-value in
the region is positioned in the 2" intron of a gene which belongs to neureglin gene family.
This study identified novel SNPs which might cause RA-ILD. Sub-group analysis
divided by the presence/absence of HLA-DRB1*04 revealed that those two groups had

different genetic predispositions of RA-ILD.
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1. Introduction

Rheumatoid arthritis (RA) is a chronic disorder characterized by systemic

inflammation caused by autoimmune dysfunction in the synovial joints, leading to the

destruction of articular cartilage and joint deformity. The prevalence of the disease currently

stands at over 0.5% of the population in Japan. Patients afflicted with RA develop various

signs and symptoms including articular and extra-articular manifestations accompanying

disease progression. Extra-articular manifestations include pericarditis, pleuritis, rheumatoid

nodules, Felty’s syndrome, vasculitis, and interstitial lung disorder (ILD). ILD is one of the

most common clinical manifestations of the lung among RA patients.

The initial report of RA patients with a pulmonary manifestation, based on

observation by radiography, was published in 1948 [1]. A subsequent study suggested that ILD

is a complication of RA, however, owing to the limitations imposed by a small sample size,

the authors ultimately decided that the results were inconclusive. [2]. Following this, in 1965,

the incidence of pulmonary lesions in RA patients was observed by chest radiography [3]. A

study conducted in 1972 showed that 33% of the RA patients presented abnormalities that are

consistent with interstitial fibrosis, as examined by chest radiography and diffusion capacity

measurement, and the authors confined the association between RA and ILD [4]. Currently

ILD in RA (RA related ILD; RA-ILD) is considered as one of the extra-articular



manifestations that can affect the prognosis and therapeutic approach [5, 6]. Additionally, it

was also recognized that ILD resulted from complications due to the several drugs used in RA

treatment, including disease-modifying antirheumatic drugs (DMARDSs) and biological agents

(drug-induced ILD; DI-ILD) [7, 8]. Thus, the pathogenesis of RA-ILD proved to be complex.

Although RA mainly occurs in female individuals, RA-ILD is frequently develops in

male individuals, with a 2 : 1 male to female ratio among RA patients [9]. The prevalence of

RA-ILD ranged widely from 7.7% to 58.0%, owing to the fact that previous reports employed

different methods of clinical examination and inconsistent diagnostic criteria [10-12]. By

using high-resolution computed tomography (HRCT) scans, 33% of RA patients in Australia

demonstrated evidence of abnormalities consistent with ILD [12]. Another study conducted

in Saudi Arabia demonstrated that 27.5% of RA patients presented abnormal HRCT findings

in the lung [13]. A population-based cohort study revealed that the lifetime risk of developing

ILD was 7.7% for RA patients and 0.9% for non-RA subjects, yielding a hazard ratio of 8.96

[10]. Annualized incidence of ILD in RA patients was 4.1/1000 and the 15-years cumulative

incidence was 62.9/1000 in RA patients from an inception cohort with a 20-year follow-up

period [6]. In Japan, the age-adjusted incidences of interstitial pneumonia among total, male

and female patients were 1.06, 1.45 and 0.68 per 1,000 RA patients, respectively [14].

RA-ILD demonstrates a poor prognosis [9], accounting for 7.0% of all
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RA-associated deaths and contributing to 13.0% of excess mortality among RA patients [10].

ILD is one of the main causes of death in RA patients both in Japan [15] and in USA. [10]. An

American study also indicated that median survival time of RA-ILD was as brief as 2.6 years

after its diagnosis [10].

Both genetic and environmental factors have been reported as risk factors of RA-ILD.

Advanced age [10], gender (i.e., male) [15] and increased severity of joint involvements [10]

have been shown to be risk factors for RA-ILD. Smoking was also indicated as the risk factor

for both RA and RA-ILD. The correlation between RA and smoking was especially evident

among heavy smokers (>10 pack-years) and those with ongoing smoking history [16, 17].

Moreover, smoking was also associated with RA-ILD [18-20]. However, another study in

Japanese population failed to corroborate the association between smoking history and

RA-ILD by the logistic regression analysis [21]. An association between anti-citrullinated

protein antibodies (ACPA) and RA-ILD has been reported, but is controversial. Four studies

in Japanese [21], French [22], Greek [23] and Chinese [24] populations have indicated that an

association exists between ACPA and RA-ILD, although other studies in Japan [25] and Korea

[26] did not demonstrate this association.

Human leukocyte antigen (HLA) is known to be associated with RA.

HLA-DRB1*0101, HLA-DRB1*0401 and HLA-DRB1*0404 are well known risk alleles
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among RA in the Caucasian population [27]. The HLA-DRB1*0405 allele helps predict a

predominant risk of RA in Japanese population [28]. Shared epitope (SE), which is a

conserved amino acid sequence in HLA-DRp chain, has been reported as a risk factor for RA

[27, 29]. Several studies have reported the association between extra-articular manifestations of

RA with SE and HLA-DR4, a serological determinant encoded by some HLA-DRBL1 alleles [30,

31]. HLA-DRB1*04:01, DRB1*04:05 [30-32] and HLA-DRB1*15:02 [33] have been known

as risk alleles of extra-articular manifestations of RA among European, East Asian and

Japanese, respectively. In a previous report by my collaborators, HLA-DRB1*04, SE and

HLA-DQB1*04 were significantly associated with a decreased risk of RA-ILD [34]. In

contrast, HLA-DRB1*16, DR2 serological group and HLA-DQB1*06 showed an increased

risk of RA-ILD [34]. It is still unclear whether RA-ILD patients possess a different genetic

background as compared with all RA patients.

Recent genome-wide linkage analysis [35] and various research studies, including

genome-wide association studies (GWAS), revealed that MUC5B (rs35705950) and TERT

(rs2736100) [36-39] single nucleotide polymorphisms (SNPs) were correlated with idiopathic

pulmonary fibrosis (IPF), which shared common histological patterns of RA-ILD such as

usual interstitial pneumonia. Surfactant protein (SP) is associated with familial ILD [40].

Tumor necrosis factor alpha (TNF-a) is known as a key factor to promote proliferation of
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fibroblasts and to degrade extracellular matrix [41]. It triggers the expression of growth
factors such as TGF-B, platelet derived growth factor beta (PDGF-B), chemokine and
cytokines such as interleukin-1 alpha and interleukin-4 in IPF [42-44]. TGF-p plays a role in
the induction of differentiation of fibroblasts into myofibroblasts, which are important
constituents of the extracellular matrix in the lung fibrogenic processes [45]. PDGF-f is
produced by macrophages, fibroblasts, epithelial and endothelial cells in the lung [42, 46].
Inhibition of PDGF tyrosine kinase receptor significantly attenuated the development of ILD
in an experimental mouse model of pulmonary fibrosis (PF) [47]. Nevertheless, genetic
background of RA-ILD in comparison with PF patients still requires further elucidation.

The ILD-promoting effect exerted by some therapeutics is an important issue in the
consideration of RA treatment strategy. Methotrexate (MTX) is an anchor drug for the
treatment of RA, though it bears the possible side effect of causing a pulmonary abnormality.
Reported incidence of “methotrexate pneumonitis” in RA varied from 0.9% to 6.9% [48];
however,the morbidity and mortality reached up to 20.0%. HLA-A*31:01 has been reported as
a possible genetic factor of MTX induced ILD in the Japanese population [49]. Another
therapeutic drug, leflunomide, has been suggested to increase the risk of RA-ILD in the
setting of preexisting lung disease, with a potential impact on survival [50, 51].

In the past decade, GWAS has emerged as an effective genetic screening tool. GWAS
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utilizes a large number of SNPs across the human genome as markers to reveal associations

between specific polymorphisms and corresponding phenotypes. This method offers the

advantage of statistical power compared to linkage studies. Easiness of sample collection is

also a merit of GWAS, as compared with the affected sib-pair method and the transmission

disequilibrium test that require a large number of familial samples. In fact, GWASs have

contributed to the discovery of more than 12,000 susceptibility SNPs for over 1,000 diseases or

traits [52]. GWASs have been applied to RA as well, and several novel genetic factors have

been uncovered, such as CCR6, NFKBIE, STAT4 and TNFIP3A, and in addition the latest

meta-analysis reported that candidate SNPs of RA numbered up to 101 [53]. However, a

comprehensive study using GWAS has yet to be conducted for RA-ILD. The present study

performed GWAS to identify the susceptibility genes or SNPs that are associated with

RA-ILD among Japanese.
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2. Materials and Methods

2.1 GWAS of RA-ILD

2.1.1 Patients

This study was a collaborative effort between our laboratory and the Sagamihara

National Hospital in Kanagawa, Japan, aimed at identifying common genetic variants

associated with susceptibility to RA-ILD. 620 RA patients were recruited from 10 hospitals:

Sagamihara National Hospital (Kanagawa), Shimoshizu National Hospital (Chiba), Hokkaido

Medical Center (Hokkaido), Himeji Medical Center (Hyogo), Kurashiki Medical Center

(Okayama), Morioka Hospital (Iwate), Ureshino Medical Center (Saga), Kyushu Medical

Center (Fukuoka), Miyakonojo National Hospital (Miyazaki) and Beppu Medical Center

(Ooita). All patients were considered to be native Japanese living in Japan. Institutional review

boards at each hospital approved the study, and all participants gave their informed consent. A

number of patients in this study had been described in a previous report by collaborators [34].

The current research was approved by Human Genome, Gene Analysis Research Ethics

Committee of Graduate School of Medicine and Faculty of Medicine, The University of

Tokyo. The approval code is G3208-(1).

All patients fulfilled the revised American College of Rheumatology 1987 criteria for

the classification of RA [54]. RA patients were examined for the diagnosis of ILD, based on
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the findings by chest radiography or HRCT. Images were reviewed by two experienced

physicians. The scans covered the whole lung with a slice thickness of 1-2 mm and a high

spatial resolution reconstruction image algorithm. The findings of ILD included usual

interstitial pneumonia, non-specific interstitial pneumonia, and ground-glass attenuation

patterns. Those results were categorized from A to Z, on the basis of the Sagamihara Criteria

as follows, A: findings of ILD were observed in HRCT images (length of shorter diameter of

the lesion was more than 2 cm in any transverse section); B: findings of ILD were observed in

conventional chest CT images (length of shorter diameter of the lesion was more than 2 cm in

a transverse section); C: findings of ILD were observed in HRCT images (length of shorter

diameter of the lesion was less than 2 cm in any transverse section); D: findings of ILD were

observed in conventional chest CT images (length of shorter diameter of the lesion was less

than 2 cm in any transverse section); E: findings of ILD were observed in chest radiograms;

F: abnormalities were not observed in chest radiograms; G: abnormalities were not observed

in conventional chest CT images; H: abnormalities were not observed in HRCT images; X:

findings from lung HRCT images were predominantly other than ILD, including

bronchiectasis, bronchiolitis, emphysema, organizing pneumonia, tuberculosis, and cancer; Y:

findings from conventional chest CT images were predominantly other than ILD, if HRCT

images were unavailable.; Z: findings from chest radiograms were predominantly other than
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ILD, if CT images were unavailable. RA patients assigned to A to D were RA with ILD group
and those to G and H were RA without ILD group. RA patients categorized in X to Z were
excluded from the present study. The causality of MTX or disease-modifying antirheumatic
drugs (DMARDs) to ILD is a well-known fact. Therefore, to avoid interaction between the
therapeutic drug and RA-ILD, drug induced interstitial lung disorder (DI-ILD) patients were
excluded from this study. DI-ILD was diagnosed by the following diagnostic criteria: In brief,
acute or sub-acute exacerbation of ILD after treatment in RA patients, which was not caused
by Pneumocystis jirovecii in RA patients were diagnosed as DI-ILD [55]. In this study, RA
with ILD patients and RA patients without ILD after exclusion of DI-ILD were designated as

“RA with ILD” and “RA without ILD”*, respectively.

2.1.2 Preparation of DNA for genome-wide SNP genotyping

The concentration of each extracted genomic DNA specimens from peripheral blood

was measured using an optical density meter (Nanodrop ND-1000 spectrophotometer) and

diluted to 10 ng/ul with EDTA.

2.1.3 Genome-wide SNP genotyping

Genome-wide SNP genotyping was conducted using the Affymetrix Axiom
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Genome-Wide ASI 1 Array, according to the manufacturer’s instructions. The Axiom

Genome-Wide ASI 1 Array contains more than 600,000 SNP loci that were optimized to

maximize the coverage for Asian populations based on the HapMap project data. Adjusted

genomic DNA specimens were amplified and randomly fragmented into sequences of 25 to

125 base-pairs (bp). After purification, these were hybridized to the array. Each SNP was

identified via multi-color ligation. After ligation, the assays were stained and imaged were

acquired on the detector (GeneTitan MC Instruments) (Figure 1). All genotyping experiments

were performed by experienced technical staff in the laboratory.

Genotype calling was performed using the automatic call system implemented in the

Affymetrix Genotyping Console Software v4.0, which employed the Axiom GT1 genotype

calling algorithm. It generated Dish QC, the recommended sample quality score for the Axiom

arrays. The samples with Dish QC score less than 0.82 were considered to be of low quality

[56] and therefore excluded. In some cases, this genotype calling may be assigned incorrectly

due to batch effect or inaccurate information of prior probability provided by Affymetrix.

Therefore, the scatter images belonging to SNPs of interest that were obtained from the results

of genotyping were confirmed visually.
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2.1.4 Quality control of SNPs and samples

Steps for quality control of SNPs (SNP QC) consisted of filtering out (1) SNPs of >
1% untyped SNPs among the tested samples; (2) SNPs with minor allele frequency (MAF) of
< 5%; and (3) SNPs with p-value of < 1 x 102 as calculated by the Hardy-Weinberg
equilibrium (HWE) test. Quality control of sample (sample QC) was applied by filtering out
samples with > 10% untyped SNPs among all SNPs. Pairwise identity-by-descent (IBD)
estimation was calculated to remove samples with unknown and unaware kinship or potential
contamination of DNA. SNP QC and sample QC were performed using the PLINK software

[57].

2.1.5 Principal component analysis

To address population stratification and remove outliers in this study, principal

component analysis (PCA) was conducted using EIGENSOFT 4.2 [58, 59]. HapMap data were

used as references. The PLINK formatted data of HapMap project phase 3 (hgl8) was

downloaded from its homepage [60]. HapMap reference data included 180 Caucasians who

were Utah residents with northern and western European ancestry from the CEPH collection

(CEU), 180 Yorubans from Nigeria (YRI), 91 Japanese from Tokyo (JPT), 90 Han Chinese

from Beijing (CHB) and 100 Chinese from Metropolitan Denver, Colorado (CHD). First,
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human genome assembly of genotyped data was converted from hgl9 to hgl8 in order to

synchronize with the reference data using LiftOver [61]. Common SNPs were selected from

the genotype data of the present study as well as the HapMap reference data. PCA was

conducted for the group of five HapMap populations (CEU, YRI, CHB, CHD and JPT) and

also for data from the present study, using genotype data of common SNPs. To confirm the

genetic background, PCA was conducted again for the three East Asian populations (JPT, CHB

and CHD) and for data from the present study. After calculation of eigenvector values, results

using the first and second eigenvector values were generated by EIGENSOFT 4.2 [58, 59].

2.1.6 Genome-wide association analysis

An association test was performed under five models (allelic, dominant, recessive,

genotypic model and Cochran Armitage trend test) for each SNP that had passed quality control

protocols using PLINK software [57]. The allelic, genotypic, dominant, and recessive models

were tested by chi-square test, if the expected number in each cell of the contingency table was

greater than five. Fisher’s exact test was conducted if one of the expected counts of the cells is

less than five. If one of the 2-by-2 cells included 0, then Woolf’s correction was applied to

calculate the odds ratios. For multiple testing correction, the Bonferroni correction was

adopted. The quantile-quantile (Q-Q) plot was depicted with the expected distribution under
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the null hypothesis across observed allelic model association test statistics among SNPs, by
IPGWAS software [62]. Population stratification may generate false-positive associations
between SNPs and the corresponding phenotype. If the population stratification seem to be
indicated from the samples, then the genomic inflation factor (1) of the Q-Q plot would be
much greater than 1.00. Genome-wide Manhattan plot was generated by Haploview [63].
Regional Manhattan plot was drawn by Locuszoom [64], which provided LD information
derived from the 1000 Genomes Project and recombination fractions from HapMap data, and

showed names and structures of gene around the region of interest.

2.1.7 Selection of candidate regions

Candidate regions for further analysis were selected by the lowest p-value of a SNP
that was less than 1 X 10°, as indicated by the five models (allelic, dominant, recessive,

genotypic model and Cochran-Armitage trend test).

2.1.8 Imputation analysis of SNPs

Imputation methods were used to estimate genotypes without typing to increase the
chances of uncovering novel and significant associations by estimation of haplotypes using a

genotyped panel, which included denser SNPs. Generally, stronger LD, lower MAF and higher
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marker-density lead to a more accurate estimation of haplotypes and imputation of untyped
loci. In this study, IMPUTE2 [65] was used to perform imputation analysis to predict the
genotypes of untyped or missing SNPs, as IMPUTE2 offers the advantage of higher
computational performance and lower error rates, compared to MACH v1.0.16, fastPHASE
v.1.4.0 and BEAGLE v3.2 [66]. Haplotype data obtained from the 1000 Genomes Project
(August 2009 release) were used as reference panels because the data of 1000 Genomes
Project demonstrated higher density than the Axiom array and included data for the Japanese
population. In order to apply IMPUTE2, GTOOL [67] was first used to convert the genotype
file from PLINK format to IMPUTE2 input format. After imputing the haplotypes, IMPUTE2
generated the probability that showed the accuracy of the imputation for each imputed SNP. A
1- Mb window size and 0.9 of the threshold of the imputation probability, which were
recommended by the developer, were applied for each candidate region of GWAS. After
imputation, association tests for all models were performed again using PLINK 1.7 [57].
Regional association plots after imputation analysis were constructed using LocusZoom [64].
After imputation analysis, SNPs with >1% un-imputed genotype data and p-value of <1 x 10~
by HWE test were eliminated. Filtering criteria for MAF was not applied such that
associations between the disease and imputed SNPs that have low MAF would not be

detected.
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2.1.9 Association analysis between SNP and gene expression level

To examine putative functions of the SNPs of interest, GENEVAR was used to query

existing GWAS databases associated with cis-gene expression levels (eQTL analysis) [68]. The

software utilized four genetic variations and gene expression profiling data; three tissue types

(adipose, lymphoblastoid cell lines (LCL) and skin) collected from 856 healthy female twins

of the MUuTHER study [69], lymphoblastoid cell lines from 726 HapMap3, including 8

populations [70]; three tissue types (adipose, LCL and skin) derived from a subset of ~160

MUTHER healthy female twins [71]; and three cell types (fibroblast, LCL and T-cell) derived

from the umbilical cords of 75 Geneva GenCord individuals) [72]. Possible association

between the genotypes of the SNPs of interest and the expression levels of transcripts were

examined. To perform the eQTL analysis for the candidate SNPs and genes, the database of

HapMap3 JPT derived from lymphoblastoid cell lines was used for the application. eQTL

analysis was conducted using the following conditions: Spearman’s rank correlation

coefficient for correlation and regression test were examined between candidate SNPs and the

expression levels of the gene that were within 1-Mb distance to the SNPs and the p-value

threshold was less than 0.001.

HaploReg v2 [73] was utilized to append functional annotations of SNPs regarding
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sequence conservation across mammals, the number of cell types that showed a chromatin
state of promoter histone marks or enhancer histone marks, and the number of cell types that
demonstrated DNase hypersensitivity. Taken together, these data provided estimations that
may determine if the SNPs of interest are regulatory SNPs. This software also provided
functional annotations for flanking SNPs or small indels of the candidate SNPs using LD

information from the 1000 Genomes Project.

2.1.10 Statistical analysis of association by gender and by age

To examine the association by gender, chi-square test or Fisher’s exact test was

conducted according to an expected value of five. Shapiro-Wilk test was conducted to

ascertain a normal distribution of the age in both RA with ILD and RA without ILD. If

rejected by the Shapiro-Wilk test, the Wilcoxon rank sum test was performed. Otherwise, the

Student’s t-test was used. Shapiro-Wilk test, Wilcoxon rank sum test and the Student’s t-test

were all conducted among R [74].

2.1.11 HLA alleles of subjects

The information of HLA alleles was provided by my collaborator, Dr. Hiroshi

Furukawa, and included data about the alleles of six HLA genes (HLA-A, HLA-B, HLA-C,
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HLA-DRB1, HLA-DQB1 and HLA-DPB1).

2.1.12 Association test of HLA alleles

Association analysis of HLA was performed using the two-digit allele of the

HLA-DRBL1 gene between RA with ILD and RA without ILD by Fisher’s exact test. If one of

cells in a 2-by-2 table included zero, Woolf’s correction was applied to calculate the odds

ratio. Bonferroni correction was adopted to adjust for multiple testing by multiplying the

number of alleles of the HLA-DRB1 in both RA with ILD and RA without ILD.

2.1.13 Confirmation of the association results by retyping

To confirm the result of the genome-wide SNP genotyping, validation was required

using different disciplines to determine the genotypes. TagMan assay was conducted

according to the manufacturer’s protocol. Amplification and polymerization reactions were

carried out on 384-well plates, and fluorescence was measured using the Roche LightCycler

480 system.

2.2 Sub-group analysis divided by presence/absence of HLA-DRB1*04

To control the effect of HLA-DRB1*04 which is known as a risk factor for RA, a
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sub-group analysis was performed. Subjects were divided into two groups according to the

presence or absence of HLA-DRB1*04. Association tests for all genotyped SNPs were

conducted for these two groups. Similar statistical analysis, regional imputation analysis and

association analysis between candidate SNPs and gene expression levels were conducted.

2.3 Comparison of the reported associations in RA and PF with association results of the

RA-ILD GWAS

To compare the genetic background between RA-ILD and RA, and between RA-ILD
and PF, the association results of reported RA and PF susceptibility SNPs were compared with
those of RA-ILD.

A total of 101 RA susceptibility SNPs were reported using a 3-stage meta-analysis
for trans-ethnic populations. Twenty RA susceptibility SNPs with p-values of less than 5 X
10°® in the Asian population in their stage 1 meta-analysis, were selected from the previous
study [53].

Eleven PF [38] susceptibility SNPs with reported p-values that reached genome-wide
significance level (p-value < 5 x 10®), and rs35705950 in MUC5B by genome-wide linkage
analysis [35], were also selected.

The SNPs in high LD with r* of = 0.8 in Asian population of the 1000 Genomes
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Project with selected SNPs were also selected and defined as proxy SNPs. For those selected
SNPs that were untyped or missing in the present study, proxy SNPs were used instead. If
more than two proxy SNPs were present, one of the proxy SNPs was selected using the
following criteria: lower p-value, higher r® value and nearer physical position. The

susceptibility SNPs of the present study were also compared with RA and PF susceptibility

SNPs using p-values and ORs (Odds Ratios).
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3. Results

3.1 GWAS of RA-ILD

3.1.1 Quality control of SNPs and samples

In this thesis, genome-wide association study was performed to compare the allele
frequencies in RA patients with ILD to those in RA patients without ILD. Genome-wide SNP
genotyping was performed using the Affymetrix Axiom platform on 620 recruited patients.
The genotyping data of six of the samples were not obtained due to scan error or low Dish QC.
The remaining genotype data were subjected to quality control for sample QC and SNP QC.
After excluding 116,313 SNPs with SNP of >1% untyped SNPs among the tested samples,
156,323 SNPs with MAF of <5% and 435 SNPs with p-value in RA without ILD of <1 X
107 calculated by HWE test, 359,782 SNPs passed the SNP QC. One sample was excluded by
sample QC due to low quality data.

To avoid unknown or unintended inclusion of relatives in both RA with ILD and RA
without ILD, pairwise IBD values for each pair were calculated using the PLINK software [57].
Two genotyped data were excluded from RA without ILD group and were not subjected to

subsequent analyses. No relatives were included in the following analyses.
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3.1.2 Principal component analysis

PCA was conducted to exclude outliers with different genetic backgrounds from the

majority of study samples. A total of 190,035 SNPs were used for PCA with five populations

(JPT, CHB, CHD, CEU and YRI) and RA patients after applying SNP QC. From the combined

population results, East Asian HapMap populations and RA patients contributed a single

cluster, and CEU and YRI populations constituted distinct clusters (Figure 2 A). A total of

208,320 SNPs were used for PCA in detail with East Asian HapMap populations (JPT, CHB,

and CHD) and RA patients. The PCA of the East Asian HapMap population and RA patients

showed two clusters, one consisting of RA patients and JPT data, and the other was clearly

composed mainly of CHB and CHD population. Only one individual from the RA patients was

located at the border of the Chinese population cluster, which indicated that the individual

possessed a different genetic background from the Japanese population (Figure 2 B). Therefore,

this individual was excluded from subsequent analysis.
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3.1.3 Association results of RA with ILD compared with RA without ILD

After SNP QC, sample QC, PCA and IBD ascertainment, genome-wide association
tests were conducted using 169 patients that have RA with ILD and 294 patients with RA
without ILD. The male gender contributed to a higher risk factor of RA with ILD compared to
RA without ILD (Table 1).

To verify the population stratification, a Q-Q plot was constructed (Figure 3 A). No
population stratification was observed because the genomic inflation factor was modest (A =
1.02). After excluding the HLA region [75], A-value decreased from 1.02 to 1.01 (Figure 3 B).
Genome-wide Manhattan plots were drawn according to the chromosomal positions of
individual SNPs (x axis) and the negative logarithm of p-value (y axis) under the
Cochran-Armitage trend test and dominant model (Figure 4 and Figure 5).

The association test between RA with ILD and RA without ILD identified 11 SNPs
with minimum p-values of less than 5 x 10 according any of the five models (Table 2). No
SNP showed a significant p-value as calculated by Bonferroni correction (p-value = 0.05 /
359,782 = 1.39 x 10°). The region 19q13.11 and 12g24.11 showed p-values of less than 1 X
10°®. Therefore, SNPs within these regions were applied to the subsequent analysis, including
regional imputation analysis, eQTL analysis by GENEVAR and assessment of functional

annotations of SNPs in the region by Haploreg v2. In addition, the SNP marker_H was also a
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point of focus because it was located in the intragenic region.

The SNP marker_A1, showed the lowest p-value (MAF: 0.27 / 0.14 and p-value: 5.98
x 107 calculated by Cochran-Armitage trend test) (Figure 6 A). The nearest gene, which
encodes a zinc finger protein, was located 150 kb upstream of the SNP. From a regional
imputation analysis, 13 SNPs showed lower p-values than that of the genotyped SNP and the
lowest p-value was 1.87 X 107 (Figure 6 B). One SNP, marker_al4, which was in high LD
(r*= 0.82) with the SNP marker_A1, was shown to exhibit a promoter chromatin state and was
located in DNase hypersensitivity site (Table 3). No cis-eQTL association for both this SNP
and the flanking SNPs with high LD (r* > 0.8) was found.

The SNP marker_B in the region 12924.11 showed an association (MAF: 0.30/0.46,
p-value: 6.86 x 107, OR: 0.37 and 95%CI: 0.25-0.55 under dominant model) (Figure 7 A).
The gene containing this SNP in 11" intron encodes a transporter-like protein that is expressed
in the entire brain. According to the result of the regional imputation analysis, none of the
SNPs showed a stronger association than the SNP marker_B (Figure 7 B). The genotyped and
imputed SNPs were not located in any of the exons of this gene. An eQTL analysis could not
detect any association. This SNP and flanking SNPs exhibited enhancer histone marks and
DNase hypersensitivity sites by HaploReg v2 only in two cell types (data not shown).

The SNP marker H located in the 5 intron of a gene that codes for a
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phosphodiesterase enzyme in the region 7pl4.3, showed an association (MAF: 0.13/0.26,
p-value: 4.38 x 10°, OR: 0.44 and 95%ClI: 0.31-0.63 under allelic model) (Figure 8 A). From
the regional imputation analysis, seven SNPs showed lower p-values than that of the SNP
marker H and the lowest p-value was 2.01 X 10° (Figure 8 B). Genotyped SNPs and
imputed SNPs that showed relatively strong associations were not exonic. From Haploreg v2,
the region around the SNP marker_H was shown to have enhancer histone marks in three cell

types and DNase hypersensitivity in one cell types. (data not shown).
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3.2 Allele frequencies of HLA-DRB1 in the RA patients

To exclude the effect of HLA class Il region, a sub-group analysis was performed.
Prior to conducting a sub-group analysis, HLA association analysis was carried out to uncover
susceptibility of HLA alleles. The HLA-DRB1*04 allele showed the strongest and most
protective association with RA with ILD (corrected p-value: 2.11 X 10® OR: 0.56 and
95%CI: 0.42-0.75). On the other hand, the HLA-DRB1*15 allele indicated an increasing risk
of RA with ILD with corrected p-value of 6.20 X 107, OR of 1.73 and 95% CI of 1.23 to

2.43 (Table 4).

3.3 Sub-group analysis divided by presence/absence of HLA-DRB1*04

3.3.1 Association results of HLA-DRB1*04 positive RA with ILD compared to RA without

ILD

By focusing on HLA-DRB1*04 positive patients among those having RA with ILD,

relevant associations were reevaluated. Exclusively for the patients who possessed the

HLA-DRB1*04 allele, association tests were conducted for 85 HLA-DRB1*04 positive RA

patients with ILD and 197 HLA-DRB1*04 positive RA patients without ILD.

The Q-Q plot showed that no population stratification was found with genomic

inflation factor of 1.01 (Figure 9). Manhattan plot showed that one clear peak existed on
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chromosome 7p21.3, which could not be detected before division (Figure 10).

A total of 9 SNPs in the 7p21.3 showed low p-values of less than 1 X 10°. The
SNP marker_I1 in the region 7p21.3 showed the strongest association (MAF: 0.41/0.2,
p-value: 4.20 x 10”7, OR: 2.71 and 95%Cl: 1.83-4.00 under allelic model) (Table 5 and Figure
11 A). This SNP was located 400 kb upstream from a gene. Imputation analysis showed that no
SNPs exhibited stronger association than the SNP (Figure 11 B). The result of eQTL analysis
did not show any cis-eQTL association with any genes. Analysis with HaploReg v2
demonstrated that the region around the SNP marker_I1 did not have any enhancer histone
marks, promoter histone markes or DNase hypersensitivity sites. (data not shown). The
flanking SNPs marker_13, which was in high LD (r* = 0.97 in Asian population), was reported

as a protein quantitative locus of TGF-f1 [76].
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3.3.2 Association results of HLA-DRB1*04 negative RA with ILD compared to RA without

ILD

After selecting the samples that did not contain the HLA-DRB1*04 allele, association
tests were conducted for 84 HLA-DRB1*04 negative RA patients with ILD and 97
HLA-DRB1*04 negative RA patients without ILD. No SNP was revealed to be significant
after the Bonferroni correction.

The Q-Q plot produced a genomic inflation factor of 1.01, which did not involve any
population stratification (Figure 12). Manhattan plot showed that one cluster existed in the
region of 10g23.1 (Figure 13).

The SNP marker_K1 in the region 10g23.1 located on the second intron showed an
association (MAF: 0.19/0.04, p-value: 2.72 x 10°%, OR: 5.77 and 95%Cl: 2.95-12.89) (Table 6
and Figure 14 A). The gene containing the SNP marker_K1 is a member of the neuregulin
gene family, which encodes ligands for the transmembrane tyrosine kinase receptors. From a
regional imputation analysis, one SNP showed lower p-values (1.80 X 10°) than the
genotyped SNP (Figure 14 B). None of the genes showed cis-eQTL effects of the SNP
marker_K1. The SNP marker_K1 and flanking region appeared to possess enhancer histone
marks in two cell types and DNase hypersensitivity sites only in one cell type, as revealed by

HaploReg v2 (data not shown).
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3.4 Validation analysis of results of the RA-ILD GWAS results

Validation analysis was conducted to confirm the accuracy of genotyping by GWAS
using TagMan assay. Minimum p-values among 5 models (allelic, dominant, recessive,
genotypic and Cochran-Armitage trend test) of the SNPs marker_Al, marker_B and
marker_E located in regions of 19q13.11, 12924.11 and 6p21.32, respectively, from RA-ILD
GWAS results, were verified by TagMan assay with minimum p-values of 7.66 X 107, 2.95
X 107 and 5.47 X 107, respectively (Table 7). The SNP marker 16, which demonstrated
association in the results of HLA-DRB1*04 positive RA with ILD compared to RA without
ILD, was verified by TagMan assay with minimum p-value of 2.93 x 10°. The SNP
marker_K1 in 10923.1, which had the lowest p-value in the association results of
HLA-DRB1*04 negative RA with ILD compared to HLA-DRB1*04 negative RA without ILD,

was verified with minimum p-value of 4.74 x 10°°.
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3.5 Comparison of the reported associations of RA and PF with association results of the

RA-ILD GWAS

To reveal possible overlap of susceptibility SNPs to RA or PF with those of RA-ILD,
reported RA and PF susceptibility SNPs were selected and compared with results derived
from the present study.

Firstly, association results of RA-ILD and reported RA susceptibility SNPs were
compared. A total of 101 RA susceptibility SNPs were listed from a recent meta-analysis of
trans-ethnic populations [53]. Twenty RA susceptibility SNPs and those of proxy SNPs were
selected from the previous study and compared with the association results of RA-ILD GWAS
(Table 8). Nine of 20 RA susceptibility SNPs were not available in the present genotyped
SNPs. Ten of 20 RA susceptibility SNPs did not show an association with RA-ILD. The
remaining one SNP rs9268839 located near the HLA-DRB1 gene only showed a moderate
association, with a p-value of 1.60 x 10°. The SNP rs9268839 showed OR of >1 in the
previous RA meta-analysis, but had an OR of <1 in the present study. Furthermore, the
susceptibility SNPs and proxy SNPs of the present study for HLA-DRB1*04 positive/negative
patients did not overlap with RA susceptibility SNPs.

Secondly, 11 PF susceptibility SNPs, of which p-values reached genome-wide

significance level (p-value < 5 x 10 in the reported GWAS [38], and rs35705950 in the
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MUCS5B gene as identified by genome-wide linkage analysis [35] were selected to compare to
the association results of the present study (Table 9). Seven of the 12 PF susceptibility SNPs
were not available in the present data. The remaining five PF susceptibility SNPs or those of
proxy SNPs did not show an association with RA-ILD. Moreover, the susceptibility SNPs of

the present study and those of proxy SNPs did not overlap with PF susceptibility SNPs.
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4. Discussion

A genome-wide association study was conducted on a group of RA-ILD patients.
DI-ILD RA patients were excluded in order to specifically target and detect RA-ILD
susceptibility SNPs instead of drug susceptibility SNPs. Subjects of the male gender appeared
to be at higher risk for RA with ILD, compared to RA without ILD (Table 1), consistent with
previous reports [10]. The genome-wide association tests were conducted by employing
359,782 SNPs that have passed quality control protocols, including sample QC, SNP QC,
PCA and IBD assessments. Initially, 169 RA patients with ILD and 294 RA patients without
ILD were compared. No population stratification was detected, as determined by calculation
of genomic inflation factor after examination of the Q-Q plot. This present GWAS identified
11 SNPs in eight regions with minimum p-value of less than 5 x 10°%; 5q35.2, 6g21.32, 7p14.3,
12923.3, 12924.11, 19913.11, 19913.12 and 22¢13.1.

The SNP marker_A1 in the region 19913.11 showed the strongest association with
p-value of 5.98 x 10 under the Cochran-Armitage trend test. The nearest gene that encodes a
zinc finger protein was located 150 kb upstream from this SNP. To date no biological function
has been reported to be associated with this gene. A regional imputation analysis showed that
one SNP demonstrated stronger association with a p-value of 1.87 x 107 (Figure 6). The

flanking SNP marker_al4 in high LD with the SNP marker_Al was strongly predicted to
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have a possible regulatory function by using HaploReg v2 (Table 3). However, no cis-eQTL

association was detected. The possibility of mis-genotyping was relatively low for this SNP

because neighboring SNPs in high LD also showed low p-values. The associated biological

functions remained to be elucidated.

The SNP marker_B located at 12g24.11 showed the second lowest p-value.

Imputation analysis could not detect any SNPs with stronger associations. The gene

containing the SNP encodes evolutionarily conserved synaptic vesicle protein [77]. Mouse

homolog of this gene is expressed in the murine central nervous system [78]. For humans, this

gene appeared to be associated with uremia [79]. Another study indicated that a copy number

variation of this gene was observed in sporadic, early-onset Alzheimer disease [80]. In

addition, structural similarity of this gene to the drug transporter SLC 22 family has been

suggested [81]. This raises the possibility and potential that therapeutic agents could affected

RA-ILD onset. Gene expression data were reported in mice [82] and in the human lung [83].

Moreover, a literature search seems to suggest that the relationship between this gene and RA,

ILD or PF have not yet been investigated.

The SNP marker_H in the gene located in 7p14.3 displayed an association. This gene

belongs to the cyclic nucleotide phosphodiesterases gene family, which is responsible for

catalyzing the hydrolysis of cAMP and cyclic guanosine monophosphates [84]. Gene
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expression in  human tissues is low in lung and high in heart [85, 86].

Phosphodiesterase-inhibiting drugs can suppress TGF-B-induced differentiation of lung

fibroblast into myofibroblast, which is a histophysiological feature of ILD and chronic

obstructive pulmonary disease [45]. This gene is relevant to fibroblast growth factor receptor

(FGFR) signaling pathway. FGFR is associated with idiopathic pulmonary arterial

hypertension which is complicated to IPF [87]. Basic fibroblast growth factor, a potent

mitogenic factor for smooth muscle cells, myofibroblasts, and fibroblasts, is critical for IPF

[88]. This finding suggested that IPF and RA-ILD share some genetic factor through this gene

and/or FGFR signaling pathway.

HLA analysis using HLA-DRB1 allele was conducted to reveal the association

between RA with ILD and RA without ILD. HLA-DRB1*04 showed a protective OR. This

result was partially consistent with a previous report, owing to the fact that some samples

were redundant [34]. This result was contrary to other previous reports, which suggested that

HLA-DRB1*04 was a risk factor for RA in the Caucasian population [89], and

HLA-DRB1*0405 was a risk factor for RA in the Japanese population [34]. This study implied

that RA with ILD and RA without ILD possessed different genetic backgrounds. Thus,

sub-group analysis was conducted to adjust for the effect of HLA-DRB1*04.

Association tests between HLA-DRB1*04 positive RA with ILD and RA without ILD
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uncovered an association to the SNP marker_I1 in 7p21.3. The flanking SNP marker_I3
(p-value = 8.26 x 107) is reported as a protein quantitative trait locus that significantly
regulates TGF-B1 protein expression [76]. The TGF-£ gene has previously described as a risk
factor for interstitial lung disease in RA patients [42]. Fibroblast, epithelial cells, endothelial
cells, dendritic cells and macrophages produce TGF-f [43]. TGF-£ contributes to the
differentiation of fibroblasts into myofibroblasts, which are the main constituents of the
extracellular matrix in lung fibrogenic processes [47]. Thus, this region may be implicated in
the process and lead to RA-ILD.

Association tests of HLA-DRB1*04 negative RA with ILD as compared to RA
without ILD have detected an association to the SNP marker K1 in the second intron in
10923.1. The gene containing the marker, is a member of the neuregulin (NRG) gene family
and encodes ligands for the transmembrane tyrosine kinase receptors. Expression of this gene
was high in human lung [86], and it has been reported to demonstrate an association with
schizophrenia and schizoaffective disorder in a Chinese population [90]. Another study
suggested that this gene was associated with schizophrenia and bipolar disorder in Australia
[91]. It was hypothesized that this gene influences neuroblast proliferation, migration, and
differentiation through the ErbB4 signaling pathway. Moreover, the ErbB signalling pathway

is known to demonstrate an association with acute pulmonary inflammation of lung interstitial
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cells such as smooth muscle cells [92]. Another study described that NRG and its

transmembrane receptor ErbB4 function as a transcriptional cofactor for the expression of

surfactant protein B in the murine fetal lung [93]. Thus, this SNP might affect RA

susceptibility through its function of changing the surface tension function. This region was

detected by sub-group analysis of HLA-DRB1*04 negative patients. The relationship between

this gene and the specific HLA-DRB1*04 allele remains unclear. Further analysis would

therefore be needed to elucidate the interaction between the ErbB pathway or this gene and

the specific HLA-DRB1 alleles.

Comparison with the susceptibility SNP from the present study and reported RA

susceptibility SNPs revealed no overlap of associations. This was a plausible result, because

all of the subjects were RA patients and shared risks for RA. No susceptibility SNP of PF

from previous study showed an association in the present study. Half of the susceptibility

SNPs reported in RA and PF research turned out to be unavailable. Thus, further analysis is

required to reveal any overlap between susceptibility SNPs of PF and RA-ILD.

The present study has several limitations. First, RA-ILD is a heterogeneous disease

and misdiagnoses are possible. DI-ILD patients were excluded so that susceptible SNPs to

drug responses were not inappropriately detected. Acute pneumonitis patients were excluded

by definition of DI-ILD; however, chronic drug-induced ILD patients were included in
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RA-ILD. Nevertheless, this may lead to a reduction in statistical power. Secondly,
associations demonstrated in this study could not achieve the genome-wide significance level
(p-value <5 X 10®) due to the limited sample size. If the sample size of both RA with ILD
and RA without ILD can be increased by 23%, allelic p-value would be able to reach the
genome-wide significant level. After the addition of more samples, further analytical study
such as GWAS or replication study would be necessary in order to verify the results of the
present study. Thirdly, the GWAS that was carried out in this study was based on the
hypothesis of “common disease common variant”. Thus, the utilized platforms for GWAS
were designed using common variants. Rare mutations that cause a common disease could not
be detected by GWAS. Imputation analysis, however, can compensate for this weakness
because this method allows for the imputation of SNPs that were not genotyped and had

lower MAF, as determined using denser reference data.

44



5. Conclusion

A Genome-wide association study was conducted for 169 RA patients with ILD
and 294 RA patients without ILD. This GWAS identified 2 SNPs with minimum p-values of
less than 1 X 10°. The SNP marker ALl in the region 19q13.11 demonstrated the strongest
association. The flanking SNP marker_al4 in high LD with the SNP marker_A1 was strongly
predicted as possessing a possible regulatory function. The SNP marker_B located at
12g24.11 showed the second lowest p-value. The gene containing the SNP was reported to
encode an evolutionarily conserved synaptic vesicle protein. The biological functions
represented by the SNPs to RA-ILD still remain unclear.

Sub-group analysis was conducted to adjust for the effects of HLA-DRB1*04.
Association tests between HLA-DRB1*04 positive RA with ILD and RA without ILD
revealed an association of the SNP marker_I1. The flanking SNP marker_I3 of the SNP
marker_I1 is considered a protein quantitative trait locus that regulates the TGF-B1 protein
expression. Association tests of HLA-DRB1*04 negative RA with ILD compared to RA
without ILD detected an association with the SNP marker_KZ1. It was revealed that the gene
containing the marker was a member of the NRG gene family.

Comparison with the results from previously reported RA GWAS and that from the

present study revealed no overlap of an association. In addition, no susceptibility SNP of PF
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showed an association in the present study.

The present study has limitations on heterogeneity of RA-ILD and sample size. For

further analysis, it is required to increase sample size and to performe a replication study.
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Tables

Table 1 Male sex and older age showed the significant association with RA with ILD compared to RA without ILD.
RA with ILD RA without ILD p -value

Sex

Male/female n (%)  60/109 (35.5/64.5) 44/250 (15.0/85.0)  4.21 x10°’
Age

Average y.0. (SD) 69.9 (8.9) 61.8 (11.0) 4.22 x 10

The association of male sex was tested by chi-square test. Average age was calculated by Wilcoxon rank sum test.
Male sex and age indicated the association of RA-ILD with p-value of 4.21 x 107 and 4.22 X 10", respectively.
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Table 2 List of SNPs with p-value of < 5.0 x 10°® from the result of association tests between RA with ILD and RA without ILD

MAF Allelic Dominant Recessive

Chromgsomal SNP Allele oR o) oR Genotypic ~ Trend location
region name wILD w/oILD  p-value (95%Cl) p -value (95%Cl) p-value (95%Cl) p -value p-value
1991311  marker A1 AC 027 014  834x107 w 631.-239.19) 1.33x10° (1‘72;3'_6;93) 1.45 x10° (1.25_'61"8.71) 3.70x10° 5.98x 107 intergenic
12q2411  marker B AG 030 046  249x10° (0.3%?01.68) 6.86 x 10”7 (0_2%_307.55) 1.48 x10°2 (0.2%_50988) 3.03x10° 2.30x10° intragenic
12q23.3 marker C  TC 032 049  126x10° (0.3%?01.67) 1.50 x10™ . 3(;'_407.70) 6.25 x10°° (0.1%_303.58) 1.36x10° 2.44x10° intergenic
229131  marker DI  AG 051 038  146x10* (1.22'_6:22) 8.62x10” (0‘915'_4: 19) 159X 10° (1.93;)'_157.1 g 982X 10° 1.33x10™ intergenic
6p21.32 marker E CT 049 033  170x10° @ 4;'?;57) 2.83x10* w 421'_133_21) 2.96x10° (1_723'?45?79) 1.07x10° 2.71x10°  intergenic
19913.11 marker A2  TC 0.23 0.11 2.32x10° (1.6%1.-33537) 6.63x10° (1.73'_633.97) 4.24 x107 (1.03_'12.27) 8.34x10° 1.81x10° intergenic
marker A3 AG 030 017  471x10° (1.522'_058 gy 691X 10° @ 42'_13?22) 2.75x10 (2.03_'(152.68) 9.63x10° 3.17x10° intergenic
19913.12 marker ' GA 057 042  284x10° (1.32'_728_3 2 3.09 x 1072 w 015'?;52) 3.30x10° (1.72'_745%30) 1.72x10° 4.05x10° intergenic
22q131  marker D2 AG 051 038  148x10" (1.2;'_6;22) 6.54 10 (0.9;_429.26) 356 x10° (1.838'_043.90) 202x10° 1.32x10™  intergenic
5035.2 marker G CT 023 038  409x10° (0.307'_50967) 4.13x10™ (0.3(31'_501.7 g 490X 10° (O.O%_ZOO. 47y 183X 10° 595x10° intergenic
7p14.3 marker H  CT 013 026  438x10° (0_301'1%63) 3.88x10° . 2?3.?02.6 5 362X 10° 9 0(;'_201.69) 3.44x10° 9.17x10° intragenic

MAF: minor allele frequency, w ILD: RA with ILD, w/o ILD: RA without ILD, OR: odds ratio and 95%CI: 95% confidence interval.

Bold font highlights the most significant p-value under five models; allelic, dominant, recessive, genotypic model and
Cochran-Armitage trend test. Two regions showed strong association, with minimum p-values of lessthan 1 X 107.
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Table 3 List of flanking SNPs of the SNP marker_A1 with functional annotations provided by HaploReg v.2

number of cell types
. ASN
Variants LD (r)) Alkele MAF Conserved Promoter Enhancer DNase
histone mark  histone mark Hypersensitive Site

marker_al 0.88 T/IC 0.22
marker_a2 0.98 CIT 0.22 4
marker_Al 1 C/IA 0.22
marker_a3 1 AIC 0.22
marker_a4 1 AT 0.22
marker_a5 1 CIT 0.22
marker_a6 0.92 AT 0.2
marker_a7 0.92 AT 0.2
marker_a8 092 GAAIG 0.2
marker_a9 0.92 G/IA 0.2
marker_al0 0.9 (e7a) 0.2

marker all  0.86 G/A 0.21 5
marker al2  0.88 AIC 0.2

marker_al3  0.89 AIC 0.2 7
marker_ald 0.82 G/IC 0.19 G, S 4 63
marker_al5  0.84 G/IA 0.2

marker_alé  0.83 CIT 0.2 2
marker_al7  0.83 T/G 0.2 2
marker al8  0.81 T/IC 0.2 S 1

marker al9 0.82 AJ/AGG 0.2
marker a20  0.82 G/A 0.2

LD (r%): r-squared value between the SNP marker A1 and other variants and ASN MAF: minor allele frequency in Asian population of
1000 genomes project.

If a SNP was detected as a conserved element across mammals, G and/or S were displayed in the 5™ column by which to use data. (G:
Genomic Evolutionary Rate Profiling and S: SiPhy-omega)
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Table 4 Results of association test of HLA-DRB1*04 alleles

Alleles RAWhILD (%) RAwithout ILD (%)  OR (95%Cl) P -value Cpo_r:z:id
HLA-DRB1*01 36 (10.7) 43 (7.3) 151 (0.95-2.4) 212 % 10 NS
HLA-DRB1*04 98 (29.0) 248 (42.2) 056 (0.42-0.75)  1.76 x10° 211 x 10°
HLA-DRB1*07 1(0.3) 2 (0.3) 0.87 (0.08-9.62)  4.42x10" NS
HLA-DRB1*08 10 (3.0) 34 (5.8) 050 (0.24-1.02)  1.91x 107 NS
HLA-DRB1*09 50 (14.8) 94 (16.0) 091 (0.63-1.32)  6.73x 107 NS
HLA-DRB1*10 4(12) 3(05) 234 (052-10.5)  1.59 x 10 NS
HLA-DRB1*11 2 (0.6) 8 (L1.4) 043 (0.09-2.04)  158x10* NS
HLA-DRB1*12 17 (5.0) 23 (3.9) 1.30 (0.68-247)  9.44x102 NS
HLA-DRB1*13 16 (4.7) 18 (3.1) 157 (0.79-3.13)  6.10x 107 NS
HLA-DRB1*14 22 (6.5) 27 (4.6) 145 (0.81-258)  5.45x 102 NS
HLA-DRB1*15 78 (23.1) 87 (148) 173 (1.23-243)  517x10*  620x10°
HLA-DRB1*16 4(1.2) 1(0.2) 7.03 (0.78-63.16)  5.60 x 10 NS

OR: odds ratio, 95%CI: 95% confidence interval and NS: not significant. P-values of HLA alleles were calculated by Fisher’s exact test.
Corrected p-value was lead after multiplying the number of HLA-DRBL1 alleles. If corrected p-value was over 0.05, it was denoted “NS”.
HLA-DRB1*04 and HLA-DRB1*15 showed the significant association after the correction for multiple testing.
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Table 5 List of SNPs with p-value of < 5.0 x 10° from the result of association tests for HLA-DRB1*04 positive patients

Chromosomal SNP Al MAF Allelic — DominantOR Ren:essiveoR Genotypic  Trend ocation
region name wlILD w/oILD  p-value (95%Cl) p -value (95%C1) p -value (95%Cl) p -value p -value

7p21.3  marker 11 GT 041 02  420x107 (1'823'_741'00) 1.02x10° @ 13;3766 g9 HTTX 10° . 4%'27'57) 243x10° 459x107 intergenic

marker 12 GA 041 021  6.01x107 (1_820'_6;91) 217 x1° @ 03;55 13 402x 10° . 432'_388_05) 471x10° 8.79x107 intergenic

marker 13 CT 041 021  826x107 (1_728'_?88) 217x10° (2.03;_5: 13 507X 10° (1_3?;_‘250) 4.78x10° 8.73x107 intergenic

marker 14 CG 041 021 122x10° (1.726'20.8 g 373X 10° (2.02_45?99) 4.77x10° . 4?(’)'_487_57) 745x10° 1.32x10° intergenic

marker 15 CT 041 021  143x10° (1.731'_537.79) 2.57x10° @ 0375; 0g 976X 10° (1'23;'?;?39) 7.81x10° 1.73x10° intergenic

marker 16 CT 041 021  147x10° (1'71'_538'81) 4.65x10° @ O%‘fl; o) 457X 10° . 4?-?62) 8.73x10° 1.52x10° intergenic

marker 17 GT 041 021  147x10° (1_725'_5;81) 316x10° @ 03;_561.03) 8.52x10™ (1_23;_172_5 g 89X 10° 1.88x10° intergenic

marker I8 TA 041 022 178x10° (1.722'_534. 73 A74x10° (2.0355?? g7y  133x10° (1_3?1?76_ 13y 125x10° 260x10° intergenic

marker 19 GA 041 021  209x10° (1.722'_5; 76 439X 10° @ 03;15?9 g 928X 10° (1'2‘;'?7? 15 123X 10° 258x10° intergenic

79361  marker JI CT 027 048  4.40x10° (0'2%_401'61) 6.09x10° (0.201‘_305.59) 5.86 x10™ (0'0%_201'55) 2.62x10° 4.42x10° intragenic

marker_J2 G- 027 048 451x10° (0_2%_401_61) 459 x10° (0_2%_3; sg 31X 10" (0_0%_202_57) 2.34x10° 4.00x10° intragenic

MAF: minor allele frequency, w ILD: RA with ILD, w/o ILD: RA without ILD, OR: odds ratio and 95%CI: 95% confidence interval.
Bold font highlights the most significant p-value under five models; allelic, dominant, recessive, genotypic model and
Cochran-Armitage trend test.
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Table 6 List of SNPs with p-value of < 5.0 x 10°® from the result of association tests for HLA-DRB1*04 negative patients

Chrompsomal SNP Allle MAF Allelic — DominantOR F\’ecessiveoR Genotypic  Trend ocation
region name w ILD wi/oILD p -value (95%Cl) p-value (95%Cl) p-value (95%CI) p-value p -value
109231  marker KI CG 019 004  272x10° (2_5;_'1;89) 1.26x10° (2_5:_'22_02) 435x10° (0_5;_12‘8; 12y L6LX 10° 7.13x10° intergenic
marker K2 TC 019 004 272x10° (2.5;’_'1;89) 1.26x10° (2.5:_'22.02) 4.35x10° (0_5;_12‘8; 12y  L6Lx 10° 7.13x10° intergenic
marker K3 TA 019 004  338x10° (2.52_'(15;70) 1.39x10° (2.55_?;75) 4.46x10° (0'5;_02'3;51) 191x10° 875x10° intergenic
marker K4 AG 019 004  338x10° (2'53_'?;70) 1.39x10° (2'55_'{;;75) 4.46 x10° (0'53_02'3;51) 1.91x10° 8.75x10° intergenic
maker K5 GC 019 "% 338x10° (2_5;’_';53.70) 1.39x10° (2_55’_'?;75) 4.46x10° (0_53?2'22_51) 191x10° 8.75x10° intergenic
marker K6 AG 019 004  400x10° (2_55’_?:56) 1.50 x10° @ 42_'?2_ 60)  456% 10 (0_5;_02'(7)2_ ) 191X 10° 1.02x10° intergenic
marker K7 AG 019 004  400x10° (2_5;’_'?2.56) 1.50x10°° @. 42_'?2_ 60)  456% 10 (0_581_02‘(7)3 ) 19X 10° 1.02x10° intergenic
3p221  marker L CT 057 039  422x10" . 4%'_1;23) 4.05x10° @ 65’_‘?203) 2.90x10™ (0.72'_426.93) 217x10° 4.01x10™ intergenic
10g23.1  marker K8 GA 020 004  4.74x10° @ 4;’_'&52 1) 1.68x10° @ 42_'12. g5 315% 10”? (0'5;_02'3513.32) 1.80x10” 1.18x10° intergenic

MAF: minor allele frequency, w ILD: RA with ILD, w/o ILD: RA without ILD, OR: odds ratio and 95%CI: 95% confidence interval.
Bold font highlights the most significant p-value under five models: allelic, dominant, recessive, genotypic model and
Cochran-Armitage trend test.
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Table 7 Validation analysis of the SNPs from GWAS by TagMan assay showed consistent results of associations

Chromosomal SNP Alele MAF Allelic — DominantOR RecessiveOR Genotypic Trend

region name wILD w/oILD  p-value (95%Cl) p -value (95%Cl) p-value (95%Cl) p -value p -value
6p21.32 marker E~ CT 049 034 547x10° w 413‘?; 47) 2.77x10™ @ 421'_133_22) 2.18x10™ (1.522_'2.09) 470x10° 890x10°
7p21.3  marker 16 GT 040 021  293x10° (1.72_':'375) 1.19x10°° (1;_'?59) 4.68x10° (1.34_‘;7'6) 2.06x10° 358x10°
109231 marker KI CG 020 004  474x10° @ 495_?2. 42 168X 10° @ 42_'12. 45 315X 10 (0_571_02'32.32) 1.80x10* 1.18x10°
1224.11 marker B AG 031 047  210x10° (0_3%_501_67) 2.95x 107 (0.2%_3(553) 2.50x107 (0.33‘_504.93) 1.69x10° 2.60x10°
1901311 marker AL AC 027 014  975x107 623'_238_19) 1.78 x10°° (113\'22_9) 1.35x10 (1_22_'(153_85) 476x10° 7.66x 107

MAF: minor allele frequency, w ILD: RA with ILD, w/o ILD: RA without ILD, OR: odds ratio and 95%CI: 95% confidence interval.
Bold font highlights the most significant p-value under five models: allelic, dominant, recessive, genotypic model and
Cochran-Armitage trend test.
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Table 8 List of reported association of RA susceptibility SNPs and those of RA-ILD GWAS results

RA RA-ILD
chr Variant Gene Aleks RAF  OR(95%C) p -value Varant  LD(?) Aleles AF  OR(95%CI) b -value

1 rs227163 TNFRSF9 CT 033 1.11(1.08-1.16) 5.00x10° — — — 043 0.95(0.73-1.25)  7.05x10"

rs2301888 PADI4 GA 042 119 (1.14-1.25) 8.90x10™ rs11203367 093 CT 057 1.1(0.84-1.44) 533x10*
chr1:161644258 FCGR2B CG 021 1.15(1.08-1.22) 3.30 x 10°® na.

2 rs1858037 SPRED2 TA 022 1.19(1.12-1.26) 7.40x107 rs7559283 0.9 CT 017 0.87(0.60-1.25) 4.34x10*

rs11889341 STAT4 TC 033 1.16(1.10-1.22) 6.30x10° rs10168266 087 TC 032 1.16 (0.87-1.54)  3.43x10™

6 1s9268839 HLA-DRB1 GA 039 1.9 (1.81-1.99) 350 x107% — — — 063 064(049-085 1.60x10°
1s2233424 NFKBIE TC 016 1.24(1.17-1.31) 9.30x10" n.a.

rs7752903 TNFAIP3 GT  0.07 1.34(1.23-1.46) 1.40 x 10 — — — 009 12(0.75-1.90) 4.61x10"
rs1571878 CCR6 CT 045 1.28(1.22-1.35) 1.10x10% na.

8 rs2736337 BLK CT 07 1.15(1.08-1.21) 2.00 x 1078 rs1478901 094 GC 071 114 (0.84-153) 4.19x10™
10 rs71508903 ARID5B TC 018 1.18 (1.12-1.25) 4.00x10° na.

rs6479800 RTKN2 CG 009 1.22(1.13-1.32) 6.90 x 10”7 rs7100297 0.84 TC 012 1.19(0.80-1.78)  4.10x 10"
rs726288 SFTPD TC 021 1.22(1.14-1.31) 8.20x 107 na.

11 rs73013527 ETS1 CT 0.7  1.16(1.09-1.23) 1.20x10°® rs4245081 0.83 CT 071 0.91(0.68-1.22) 5.23x10*
14 rs3783782 PRKCH AG 026 1.14(1.09-1.19) 9.80x10® na.
rs2582532 PLD4-AHNAK?2 CT 072 1.18(1.11-1.25) 4.40x10° na.

18 rs8083786 PTPN2 GA 032 1.18(1.13-1.24) 2.40x107"° 17234029 098 GA 038 1.07(0.82-1.41) 6.36x10™

rs2469434 CD226 CT 035 1.11(1.07-1.15) 1.80x10° rs1788097 083 TC 0.47 1.05(0.80-1.37)  7.68x10™
22 rs909685 SYNGR1 AT 079 122(1.12-1.33) 3.80x10°® na.
X chrX:78464616 P2RY10 AC 045 116 (1.09-1.22) 4.40 x 107 n.a.

RAF: risk allele frequency, OR: odds ratio, 95%CI: 95% confidence interval, AF: allele frequency and n.a.: not available. An arrow
denoted that RA and RA-ILD have same variant. RA susceptibility SNPs were provided by previous paper and have a p-value of less
than 5 x 10 in Asian population. (Okada et al. [53])
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Table 9 List of reported association of PF susceptibility SNPs and those of RA-ILD GWAS results

PF RA-ILD
chr Varnt Gene I\:I:Zlc;r MAF OR (95%Cl) p -value Variant LD (") Allele AF OR (95%Cl) p -value
3 rs6793295 LRRC34 Cc 032 1.3(1.19-1.42) 320x10” — — CT 074 0.89(0.66-1.21) 4.69x10*
4 rs2609255 FAM13A G 026 129(1.18-142) 527x10° rs2609262 0.9 AG 045 1.21(0.92-1.58) 1.73x10™
5 rs2736100 TERT C 0.43 0.73 (0.67-0.79) 7.60 x10™** n.a.
6 rs2076295 DSP G 054 143(1.32-1.55) 1.14x107 rs3778337 0.99 GA 05 0.87(0.67-1.15) 3.29x10™
7 rs4727443  20kb 5' of AZGP1 A 046 1.3 (1.20-1.41) 6.72x107° rs6465759 0.82 CT 036 1.35(1.02-1.78) 3.62x10°
10 rs11191865 OBFC1 G 0.45 0.8 (0.74-0.87) 2.82x10" n.a.
11 rs35705950 MUC5B T 038 8.3 (5.8-11.9)  4.60x107* n.a.
157934606 MUC2 T 052 152(1.40-1.65) 546x107% na.
13 rs1278769 ATP11A A 02 079(0.72-0.88) 9.11x10” na.
15  rs2034650 IVD G 042 0.77(0.71-0.84) 1.86x10° rs1001528 0.96 AG 0.14 1.05(0.72-1.54) 7.93x10"
17 rs1981997 MAPT A 017 0.71(0.64-0.78) 252x10°® n.a.
19  rs12610495 DPP9 G 034 129 (1.18-1.41) 957x10° n.a.

MAF: minor allele frequency, OR: odds ratio, 95%CI: 95% confidence interval, AF: allele frequency and n.a.: not available. An arrow
denoted that PF and RA-ILD have same variation. The SNP rs35705950 was from genome-wide linkage analysis (Seibold et al. [35])
and the others were from GWAS (Fingerlin et al. [38]).
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Figure 1 Schematic presentation of overview assay in Affymetrix Axiom Genome-Wide Population-Optimized Human Array.
Figure is from http://www.affymetrix.com/
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A. RA samples and five HapMap populations B. RA samples and three East Asian HapMap populations
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Figure 2 Principal component analysis of RA samples and reference populations; (A) RA samples and five reference
populations (JPT, CHB, CHD, YRI and CEU) and (B) RA samples and three East Asian populations (JPT, CHB and CHD). One
RA sample (red circle) was supposed to be an outlier from Japanese population.
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A. All tested SNPs B. Tested SNPs outside of HLA region
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Figure 3 Quantile-quantile plots of SNPs subjected to the association test between RA with ILD and RA without ILD using (A)
all tested SNPs and (B) that of SNPs outside the HLA region. Red dots showed the distribution of the negative common logarithm of
expected p-values (x axis) compared to those of observed p-value (y axis). A black line shows a straight line, whose inclination is
equivalent to 1. Blue lines indicate 95% confidence interval. No population stratifications were observed because of having A -values
of 1.02. A-value decreased from 1.02 to 1.01 after selecting tested SNPs outside of HLA region.
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Figure 4 GWAS results of 359,782 SNPs with 169 RA with ILD and 294 RA without ILD patients calculated by
Cochran-Armitage trend test. For each plot, the negative common logarithm of p-value (y axis) of the SNP was calculated by
Cochran-Armitage trend test and plotted according to its chromosomal position (x axis). The brown line corresponded to p-value of 1 x
10°. The region 19¢13.11 indicated the lowest p-value of 5.98 x 107
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Figure 5 GWAS results of 359,782 SNPs with 169 RA with ILD and 294 RA without ILD patients under dominant model. For
each plot, the negative common logarithm of p-value (y axis) of the SNP was calculated by dominant model and plotted according to its
chromosomal position (x axis). The brown line corresponded to p-value of 1 x 10°. A SNP in the region 12q24.11 indicated a p-value of
less than 1 x 10°.
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A. Before imputation analysis
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B. After imputation analysis
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Figure 6 Regional Manhattan plots for the SNP marker_Al in 19g13.11 (A) before imputation analysis and (B) after imputation
analysis. The negative common logarithm of p-value (y axis) for each SNP in the region is shown according to its chromosomal
positions (x axis). The SNP marker_A1 is shown in purple. Blue line behind the plots indicated the recombination rate. Colors of each
plot reflected the r-square value between the SNP marker A1 and the other plotted SNPs (blue: 0 < r* = 0.2, light blue: 0.2 < r? =
0.4, green: 0.4 <r> = 0.6, orange: 0.6 <r> = 0.8 and red: r* = 0.8). SNPs are functionally annotated as synonymous SNP or UTR
(square) and no annotation (circle). Blue lines in the lower box show the structure of genes. Arrows in the lower box represented the
coding strand of genes. 13 SNPs showed lower p-values than that of the SNP marker_A1 and the lowest p-value was 1.87 x 10",
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Figure 7 Regional Manhattan plots for the SNP marker_B in 12g24.11 (A) before imputation analysis and (B) after imputation
analysis. The negative common logarithm of p-values (y axis) for each SNP in the region is shown according to its chromosomal
position (x axis). The SNP marker_B is shown in purple. Blue line behind the plots indicated the recombination rate from HapMap.
Colors of each plot reflected the r-square value between the SNP marker_B and the other plotted SNPs (blue: 0 < r* = 0.2, light blue:
02<r> = 04, green: 0.4<r> = 0.6, orange: 0.6 <r> = 0.8 and red: r* = 0.8). SNPs are functionally annotated as synonymous
SNP or UTR (square) and no annotation (circle). Blue lines in the lower box show the structure of genes. Arrows in the lower box
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represented the coding strand of genes. No SNP showed stronger association than the SNP marker_B.
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A. Before imputation analysis B. After imputation analysis
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Figure 8 Regional Manhattan plots for the SNP marker_H in 7p14.3 (A) before imputation analysis and (B) after imputation
analysis. The negative common logarithm of p-value (y axis) for each SNP in the region is shown according to its chromosomal position
(x axis). The SNP marker_H is shown in purple. Blue line behind the plots indicated the recombination rate. Colors of each plot
reflected the r-square value between the SNP marker_H and the other plotted SNPs (blue: 0 < r* = 0.2, light blue: 0.2 < r* = 0.4,
green: 0.4 < r> = 0.6, orange: 0.6 < r* = 0.8 and red: r* = 0.8). SNPs are functionally annotated as synonymous SNP or UTR
(square) and no annotation (circle). Blue lines in the lower box showed the structure of the gene. An arrow in the lower box represented
the coding strand of genes. Seven SNPs showed lower p-values than that of the SNP marker_H and the lowest p-value was 2.01 X 10°°.
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Figure 9 Quantile-quantile plots of the association test between RA with ILD and RA without ILD patients for HLA-DRB1*04
positive patients. Red dots showed the distribution of the negative common logarithm of expected p-values (x axis) compared to those
of observed p-value (y axis). A black line shows a straight line, which inclination is equivalent to 1. Blue lines indicate 95% confidence
interval. The Q-Q plots showed A-value of 1.01 and no population stratification was observed.
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Figure 10 GWAS results of 359,782 SNPs with 85 RA with ILD and 197 RA without ILD patients under an allelic model for
HLA-DRB1*04 positive patients. For each plot, the negative common logarithm of p-value (y axis) of the SNPs was shown according
to its chromosomal position (x axis). The brown line corresponds to p-value of 1 x 10°°. The region 7p21.3 showed a clear peak and
strong association.
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Figure 11 Regional Manhattan plots for the SNP marker_11 in 7p21.3 (A) before imputation analysis and (B) after imputation
analysis. The negative common logarithm of p-value (y axis) for each SNP in the region is shown according to its chromosomal position
(x axis). The SNP marker_I1 is shown in purple. Blue line behind the plots indicated the recombination rate. Colors of each plot
reflected the r-square value between the SNP marker_I1 and the other plotted SNPs (blue: 0 < r* = 0.2, light blue: 0.2 < r* = 0.4,
green: 0.4 <r* = 0.6, orange: 0.6 <r? = 0.8 and red: r* = 0.8). Imputation analysis showed that no SNP had stronger association

than the SNP marker_11.
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Figure 12 Quantile-quantile plots of the association test between RA with ILD and RA without ILD patients for HLA-DRB1*04
negative patients. Red dots showed the distribution of the negative common logarithm of expected p-values (x axis) compared to those
of observed p-value (y axis). A black line shows a straight line, which inclination is equivalent to 1. Blue lines indicate 95% confidence
interval. The Q-Q plots did not indicate inflation due to population stratification: A-values of 1.01.
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Figure 13 GWAS results of 359,782 SNPs with 84 RA with ILD and 97 RA without ILD patients under an allelic model for
HLA-DRB1*04 negative patients. For each plot, the negative common logarithm of p-value (y axis) of the SNP was shown according
to its chromosomal position (x axis). The region 10g23.1 showed an association although the number of samples was decreased.
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Figure 14 Regional Manhattan plots for marker_K1 (A) before imputation analysis and (B) after imputation analysis. The
negative common logarithm of p-value (y axis) for each SNP in the region is shown according to its chromosomal position (x axis). The
SNP marker_K1 is shown in purple. Blue line behind the plots indicated the recombination rate. Colors of each plot reflected the
r-square value between the SNP marker_K1 and the other plotted SNPs (blue: 0 < r* = 0.2, light blue: 0.2 <r* = 0.4, green: 0.4 < r?
< 0.6, orange: 0.6 <r* = 0.8 and red: > = 0.8). Blue lines in the lower box show the structure of the gene. An arrow in the lower
box represented the coding strand of genes. One SNP showed lower p-value than that of the SNP marker_K1 and its p-value was 1.80
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