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Despite the progress in human leukocyte antigen (HLA) causal variant mapping, independent localization of major histocompatibility
complex (MHC) risk from classical HLA genes is challenging. Here, we conducted a large-scale MHC fine-mapping analysis of rheuma-
toid arthritis (RA) in a Japanese population (6,244 RA cases and 23,731 controls) population by using HLA imputation, followed by a
multi-ethnic validation study including east Asian and European populations (n = 7,097 and 23,149, respectively). Our study identified
an independent risk of a synonymous mutation at HLA-DOA, a non-classical HLA gene, on anti-citrullinated protein autoantibody
(ACPA)-positive RA risk (p = 1.4 x 1079), which demonstrated a cis-expression quantitative trait loci (cis-eQTL) effect on HLA-DOA
expression. Trans-ethnic comparison revealed different linkage disequilibrium (LD) patterns in HLA-DOA and HLA-DRB1, explaining
the observed HLA-DOA variant risk heterogeneity among ethnicities, which was most evident in the Japanese population. Although pre-
vious HLA fine-mapping studies have identified amino acid polymorphisms of the classical HLA genes as driving genetic susceptibility to
disease, our study additionally identifies the dosage contribution of a non-classical HLA gene to disease etiology. Our study contributes to
the understanding of HLA immunology in human diseases and suggests the value of incorporating additional ancestry in MHC
fine-mapping.

Introduction

Rheumatoid arthritis (RA [MIM: 180300]), which affects
up to 0.5% of the global population, is a common autoim-
mune disease characterized by inflammation and destruc-
tion of synovial joints." Anti-citrullinated protein autoan-
tibody (ACPA) is a highly specific biomarker of RA and is
related to disease severity; positivity of ACPA is an impor-
tant component of RA diagnosis, as well as its titer in
serum.’ ACPA-positive and -negative RA, which constitute
approximately 70% and 30% of RA cases, respectively,
are considered to be clinically distinct disease subsets.’
Genetic and environmental factors explain the majority

utes to 30%-50% of RA heritability.>® In particular,
polymorphisms in HLA-DRBI (MIM: 142857), one of
the class II classical human leukocyte antigen (HLA)
genes, are strongly associated with risk of ACPA-positive
and -negative RA and with a quantitative trait locus
(QTL) effect on serum ACPA titer.*'?

Whether a genetic risk from these ACPA-defined RA
phenotypes exists in the MHC region independently of
HLA-DRBI has long been a research question.'? Recently,
fine-mapping of the variants in the MHC region via
HLA imputation'*'® applied to genome-wide association
studies (GWASs) or Immunochip SNP data has successfully
identified an independent risk of ACPA-positive RA at mul-

tiple classical HLA genes in European populations (HLA-A
[MIM: 142800], HLA-B [MIM: 142830], and HLA-DPBI

of RA susceptibility, and the major histocompatibility
complex (MHC) region at 6p21 substantially contrib-
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[MIM: 142858]).”® The MHC is one of the most poly-
morphic genetic sites in the human genome.'® A number
of HLA-related genes (such as non-classical HLA genes,
HLA-like genes, and pseudo HLA genes) and immune-
related genes (such as TNF [MIM: 191160] and BTNL2
[MIM: 606000]) are also located in the MHC region.
As empirical examples, previous studies suggested addi-
tional RA genetic risk independent of the classical HLA
genes.'” Y

Due to strong selection pressure, the MHC region has
a complex ancestry-related linkage disequilibrium (LD)
structure that is characterized by population-specific long-
range HLA haplotypes.”’ Given that HLA fine-mapping
analysis results reflect the LD structure of examined popu-
lations, fine-mapping studies in additional populations,
such as non-Europeans, could contribute to identification
of additional independent association signals in the MHC
region.”’

Here, we performed a large-scale HLA fine-mapping anal-
ysis of RA in the Japanese population (6,244 RA cases with
ACPA information and 23,731 controls), followed by a
validation analysis in east Asian (n = 7,097)'° and Euro-
pean (n = 23,149) populations.®

Material and Methods

RA GWAS Data in the Japanese Population

We used four GWAS datasets consisting of 6,244 RA cases (5,119
ACPA-positive RA cases and 1,125 ACPA-negative RA cases;
Table S1) and 23,731 controls, all of Japanese ancestry. Of these,
two GWAS datasets were previously constructed (BBJ1 and Kyoto
University; 3,042 RA cases and 15,374 controls), and the other
two sets were genotyped in this study (BBJ2 and IORRA; 3,202
RA cases and 8,357 controls).”’ All RA cases fulfilled the 1987
criteria of the American College of Rheumatology for RA diag-
nosis.”> Serum ACPA levels were assayed with the second-genera-
tion ACPA ELISA kit (DIASTAT anti-CCP; MBL, Japan) with
a positivity cutoff value of 4.5 U/mL. All subjects provided
written informed consent approved by the institutional ethical
committees.

Characteristics of the study cohorts, including SNP genotyping
platforms and GWAS quality control (QC) criteria for the subjects
and SNPs, are described in Table S1. After applying the QC filter
separately for each GWAS dataset, as described elsewhere,®!
we estimated the top ten principal components (PCs) by using
LD-pruned whole-genome SNP genotype data (excluding the
SNPs in the MHC region), which were used as covariates to correct
potential population structure.

HLA Imputation of the RA GWAS Data

We applied HLA imputation separately to the RA GWAS datasets
by using the HLA imputation reference panel of the Japanese
population (n = 908), as described elsewhere.”” We extracted the
genotypes of the SNPs located in the MHC region (defined as
from 29 Mbp to 34 Mbp at chromosome 6 [NCBI Genome browser,
build 37]) and imputed genotypes of the two-digit and four-digit
HLA alleles and amino acid polymorphisms of the seven classical
HLA genes (HLA-A, HLA-B, and HLA-C [MIM: 142840] for class I
and HLA-DRB1, HLA-DQB1 [MIM: 604305], HLA-DPA1 [MIM:

142880], and HLA-DPBI1 for class 1I) by using the SNP2HLA
software.'> HLA-DRAI (MIM: 142860) and HLA-DQA1 (MIM:
146880) were not included in the reference panel. We also
imputed additional SNPs not genotyped in the original GWAS
but genotyped in the reference panel. We applied post-imputation
QC criteria of minor-allele frequency (MAF) > 0.5% in each sub-
ject group (ACPA-positive and -negative RA cases and controls)
and an imputation score of Rsq > 0.5 for fine-mapping analysis.
High-resolution (four digit) genotyping of the HLA-DRBI allele
was performed for some of the subjects in the BBJ1 and BBJ2
cohorts (n = 2,153), via a WAKFlow HLA typing kit (Wakunaga,
Japan) with a Luminex multi-analyte profiling system (xMAP, Lu-
minex). Accuracy of imputation was evaluated by assessment of
concordances between imputed and genotyped HLA-DRB]1 alleles,
as described elsewhere.”’

Fine-Mapping Analysis of the HLA Variants with
ACPA-Defined RA Phenotypes

We defined four ACPA-defined RA phenotypes: (1) that of ACPA-
positive RA cases as compared to controls, (2) that of ACPA-nega-
tive RA cases as compared to controls, (3) that of ACPA-positive RA
cases as compared to ACPA-negative RA cases, and (4) that of ACPA
titer QTL in ACPA-positive RA cases. For the ACPA titer QTL anal-
ysis, we defined the trait rank value of the individual ( = tccp) as
any of (1), (2), or (3) as follows, considering the RA classification
criteria and that the ACPA titers over the upper bound of the ELISA
assay were difficult to precisely quantify: (1) when ACPA titer was
between the cutoff value ( = 4.5 U/mL) and three times the cutoff
value (= 13.5 U/mL), tccp = 1; (2) when ACPA titer was between
three times the cutoff value and the upper bound of the ELISA
assay ( = 100 U/mL), tccp = 2; and (3) when ACPA titer exceeded
the upper bound of the ELISA assay, tccp = 3.

We evaluated associations of the HLA variants with the risk
of the binary phenotypes (phenotypes 1-3) by using a logistic
regression model and the effect of the quantitative phenotype
(phenotype 4) by using a linear regression model, as described
elsewhere.'%?%?3 We assumed additive effects of the allele dosages
on the log-odds scale (phenotypes 1-3) or the linear scale (pheno-
type 4). In this study, we defined the HLA variants as bi-allelic SNPs
in the MHC region (29 Mbp to 34 Mbp at chromosome 6 [NCBI
Genome browser, build 37]), two-digit and four-digit bi-allelic
HLA alleles, bi-allelic HLA amino acid polymorphisms corre-
sponding to the respective residues, and multi-allelic HLA amino
acid polymorphisms for each amino acid position. To robustly
account for potential population stratification, we included the
top ten PCs obtained from each genome-wide SNP data as covari-
ates in the regression models. Given that we merged the imputed
genotype data of the GWAS datasets into a single dataset, we also
included dummy categorical variables as covariates that distin-
guished the respective GWAS datasets.

An omnibus p value for each HLA amino acid site was calculated
by a log-likelihood ratio test comparing the likelihood of the null
model against the likelihood of the fitted model, as described else-
where.'%?92* We evaluated the significance of the improvement
in model fitting by calculating the deviance, which follows a >
distribution with m-1 degree(s) of freedom for an amino acid posi-
tion with m residues.

Conditional Association Analysis of the HLA Variants
To evaluate independent risk among the HLA variants, we con-
ducted a conditional regression analysis that additionally included
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the HLA variant genotypes as covariates. When conditioned on
the HLA gene(s), we robustly included all the two-digit and four-
digit alleles and identified HLA risk variants as covariates. When
conditioning on the specific HLA amino acid position(s), we
included the multi-allelic variants of the amino acid residues.
When conditioning on the HLA gene(s), we included all the
two- and four-digit alleles of the corresponding HLA gene(s). We
applied a forward stepwise conditional analysis for the HLA amino
acid positions and then HLA genes, based on the genome-wide
association significance threshold (p = 5.0 x 107%).

Explained Phenotypic Variance Considering Non-
additive Effect of the HLA Variants

We estimated the phenotypic variances explained by the identi-
fied risk HLA variants. Variance of the binary phenotype (pheno-
types 1-3) was estimated on the basis of a liability threshold model
assuming a disease prevalence of 0.5%.'%?%** Variance of the
quantitative phenotype was estimated on the basis of the ex-
plained variance in a linear regression model. For each phenotype,
we performed a multivariate regression analysis that included
four-digit alleles of the risk HLA genes and the risk SNP allele in
the regression models. The HLA allele with the highest frequency
for each HLA gene and non-risk SNP allele were used as references.
Genetic risk scores (GRSs) were calculated separately for each
phenotype on the basis of the effect sizes of the risk HLA variants
obtained from the multivariate regression analysis on each pheno-
type. To comprehensively evaluate phenotypic variances, we also
considered non-additive effects of the HLA variants, as described
elsewhere.”* We conducted a multivariate regression analysis
that additionally included non-additive genotype dosages of the
HLA variants with MAF > 5% in the subject groups.

Cis-eQTL Analysis of HLA-DOA

A cis-eQTL effect of rs369150 genotypes on HLA-DOA (GenBank:
NM_002119 [MIM: 142930]) mRNA expression in Japanese individ-
uals was obtained from a previously conducted eQTL study of
peripheral blood cells (PBCs) of the 298 individuals.>® Expression
was measured with a microarray technique (the A_32_P356316
probe for SurePrint G3 Human Gene Expression 8660K Microarray
Kits [Agilent Technologies]).”> No common variants (MAF > 0.01
in the Japanese population) were located within the probe sequence
region. A PBC cis-eQTL effect in Europeans was obtained from the
Blood eQTL browser (n = 2,775).%° Cell-type-specific expression
profiles of HLA-DOA were obtained from the FANTOM database.?”

A Multi-ethnic Validation Study of the HLA-DOA Risk
SNP on ACPA-Positive RA Cases

We conducted a multi-ethnic validation study of the identified
HLA-DOA risk SNP on ACPA-positive RA cases. We referred to
the results of the previously conducted HLA imputation fine-
mapping studies on ACPA-positive RA cases versus controls in
east Asian, including Chinese and Korean (2,782 ACPA-positive
RA cases and 4,315 controls),' and European (7,279 ACPA-posi-
tive RA cases and 15,870 controls) populations.® Given that the
top associated HLA-DOA risk SNP (rs378352) was not available in
these results, the association results of the proxy SNP (rs369150,
7 = 0.99 in Japanese) were assessed. Trans-ethnic LD comparison
between 15369150 genotypes and HLA-DRBI four-digit alleles
was performed by evaluation of the HLA imputation reference
panels of the Japanese (n = 908),%° east Asian (n = 350),'"%® and
European populations (T1DGC consortium; n = 5,225).%

Results

HLA Imputation of the RA GWAS Data for the
Japanese Population

We performed HLA imputation for the large-scale RA
GWAS data on individuals with Japanese ancestry, which
included 5,119 ACPA-positive RA cases, 1,125 ACPA-nega-
tive RA cases, and 23,731 controls obtained from four data-
sets (BBJ1, BBJ2, IORRA, and Kyoto University; Table S1).%’
We used the population-specific HLA imputation reference
panel of individuals with Japanese ancestry.” We assessed
imputation accuracy by using separately genotyped HLA-
DRBI1 alleles from a subset of the subjects and confirmed
genotype concordance rates of 97.5% in 4-digit alleles.
We obtained imputed genotypes of 143 two-digit or four-
digit alleles and 685 amino acid polymorphisms of seven
classical HLA genes (HLA-A, HLA-B, and HLA-C for class I
and HLA-DRBI1, HLA-DQBI1, HLA-DPA1, and HLA-DPBI
for class II) and 6,504 SNPs in the MHC region (from 29
Mbp to 34 Mbp at chromosome 6 [NCBI Genome browser,
build 37]).

HLA-DRB1 Has the Largest Impact on ACPA-Defined
RA Phenotypes

To comprehensively assess the HLA variant risk on RA, we
evaluated four ACPA-defined RA phenotypes: (1) ACPA-
positive RA cases versus controls, (2) ACPA-negative RA
cases versus controls, (3) ACPA-positive RA cases versus
ACPA-negative RA cases (i.e., ACPA positivity in overall
RA cases), and (4) ACPA titer QTL in ACPA-positive RA cases.
When we tested the associations of the imputed HLA vari-
ants, we found the most significant associations of HLA-
DRBI for each of the four ACPA-defined RA phenotypes
(Figure 1 and Table S2). Within HLA-DRB1, amino acid poly-
morphisms of HLA-DRB1 showed the most significant risk,
as previously reported;”®'?'! the amino acid position 11
(or 13, in strong LD with the position 11 [ = 1.00 be-
tween Proll and Argl3 and 0.95 between Valll and
His13; Figure S1]) for ACPA-positive RA risk (p = 1.7 X
107%%2; Figure 1A), position 71 for ACPA-negative RA risk
(p = 9.8 x 10~ !1; Figure 1B), position 11 [or 13] for ACPA-
positive versus -negative RA (p = 3.6 x 10~>7; Figure 1C),
and position 74 for ACPA titer QTL (p = 2.3 x 10~*5;
Figure 1D). We note that HLA-DRB1 Ala71 is in strong LD
with Pro11 and Arg13 (¥ = 0.95; Figure S1).

When we performed a stepwise conditional analysis
of HLA-DRB1 amino acid polymorphisms, ACPA-positive
RA risk at amino acid positions 74, 37, 67, and 86, and
ACPA-positive versus -negative RA risk at amino acid
position 74, was independently observed (p < 5.0 x 10°%;
Figure S2). We note that, though, parsimonious localization
of causal amino acid positions is relatively difficult when
multiple amino acid positions with moderate LDs are fitted
in a regression model, ' while additional accumulation of
the subjects could increase statistical power to distinguish
the causal position(s). No significant additional risk was

368 The American Journal of Human Genetics 99, 366-374, August 4, 2016



>

ACPA+ RA cases vs controls

_|0910<p)
100 200 300
1

0

__— HLA-DRB1
1201

Figure 1. Regional Association Plots of
HLA Variants to RA Risk in Japanese Popu-
lations

Each diamond represents -log,o(p) of the
tested HLA variants, including SNPs, HLA
alleles, and HLA amino acid polymor-
phisms. The dotted horizontal line repre-

(amino acid
position 11)

w
15
I

_|0g10(p)
10
<.

sents the study-wide significance threshold
of p = 5.0 x 107®. The bottom part shows
the physical positions of the HLA genes on
chromosome 6 (NCBI Genome browser,
build 37). Each panel shows an association
plot of the ACPA-defined RA phenotypes:
(A) ACPA-positive RA cases versus controls,
(B) ACPA-negative RA cases versus con-

HLA-DRB1
(amino acid
position 71)

4 ACPA+ RA cases vs ACPA- RA cases

_|0g10(p) a

HLA-DRB1
/

?
| Y '

trols, (C) ACPA-positive RA cases versus
ACPA-negative RA cases, and (D) ACPA
titer QTL in ACPA-positive RA cases.

(amino acid
position 11)

gene variants, we observed a sig-
nificant independent association of

w)

B4 ACPA titer QTL in ACPA+ RA cases

i

_|0910<p)

__— HLA-DRB1

ACPA-positive RA at HLA-DPB1 amino
acid position 84 (p = 2.2 x 10733
Figure 2B). When we conditioned
on HLA-DRB1 and HLA-DPB1, we
observed a significant independent as-
sociation at a synonymous coding SNP
of HLA-DOA, one of the non-classical

(amino acid
position 74)

31 32
| [ 11
HLA-C HLA-DRB1
HLA-B HLA-DQB1
Chromosome 6 position (Mbp)

observed for the other two ACPA-defined RA phenotypes
when these phenotypes were conditioned on the top asso-
ciated HLA-DRB1 amino acid positions (p > 5.0 x 10~%).

Han et al. have pointed out that individuals affected
with other diseases clinically indistinguishable from, or
possibly misdiagnosed as, ACPA-negative RA might be
embedded within ACPA-negative RA cases and thus
could confound associations.” We note that risk HLA
alleles of candidate confounding diseases in Europeans,
such as HLA-B*27 for ankylosing spondylitis (AS [MIM:
106300])*° and HLA-C*06:02 for psoriasis vulgaris (PsV
[MIM: 177900]),%* have very low frequencies in Japanese
populations ( = 0.002 and 0.011, respectively).”” When
we conditioned on the GRS of ACPA-positive RA to adjust
for possible misdiagnosis of ACPA-positive RA cases as
ACPA-negative RA cases,” we also found the most signifi-
cant association of ACPA-negative RA at the HLA-DRB1
amino acid position 71 (p = 6.7 x 107%).

Independent Risk of Multiple Classical and Non-
classical HLA Genes on ACPA-Positive RA

We then investigated ACPA-defined RA phenotype risk of
the other HLA genes independently of HLA-DRBI (Figure 2
and Figure S3). When we conditioned on the HLA-DRB1

HLA-DOA™. HLA-DPB1

HLA genes (1378352, p=1.4 x 10°7;
[l Figure 2C). When we conditioned
on HLA-DRBI, HLA-DPB1, and HLA-
DOA, we observed a significant inde-
pendent association at HLA-B*40:02
(p =28 x 10~?; Figure 2D), which
is known as a risk mutation allele
in AS?” and a protective allele in acquired aplastic ane-
mia (MIM: 609135).>° No independent association was
observed when we conditioned on these risk HLA genes
(p > 5.0 x 1078 Figure 2E). A stepwise regression analysis
for each of the risk HLA genes did not identify additional in-
dependent risk variants (data not shown). Observed ACPA-
positive RA risk HLA gene combinations were generally
consistent with those previously reported by large-scale
European studies,”® providing additional findings of in-
dependent ACPA-positive RA risk at the HLA-DOA SNP
(discussed later). For the other three ACPA-defined RA com-
parison patterns, no independent association signal was
observed when we conditioned on HLA-DRB1 (Figure S3).

To comprehensively evaluate the contribution of the
multiple classical and non-classical HLA genes, we con-
ducted a multivariate regression analysis incorporating
the associated HLA variants (Table S3). Increased risk on
ACPA-positive RA (odds ratio [OR] = 8.00, 95% confidence
interval [95% CI] = 6.18-10.4; p = 2.6 x 107°% and
ACPA-positive versus -negative RA (OR = 3.38, 95%
Cl = 2.75-4.17; p = 2.3 x 1073° were observed at
HLA-DRB1 Aspll, the amino acid polymorphism corre-
sponding to the Asian-specific RA risk allele of HLA-DRB1*
09:01.”'7 HLA-DRB1 Glu71 demonstrated a protective

HLA-DPA1
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effect on ACPA-negative RA (OR = 0.70, 95% CI = 0.58-
0.84; p = 9.4 x 107°), and HLA-DRB1 Glu74 showed a
reducing effect on ACPA titer (f = —0.220, SE = 0.016; p =
2.0 x 10~*%). GRSs of ACPA-defined RA phenotypes showed
almost no correlation between ACPA-negative RA risk and
ACPA-positive versus -negative RA (r = 0.03) and negative
correlation between ACPA-negative RA risk and ACPA titer
QTL (r = —0.48), whereas other phenotype pairs showed
positive correlations (r = 0.22-0.94; Figure S4).

Variants of the identified risk HLA genes explained 9.2%
(6.4% for HLA-DRB1 and 2.8% for other HLA genes), 1.5%,
4.0%, and 5.0% of the phenotypic variance of ACPA-posi-
tive RA, ACPA-negative RA, ACPA-positive versus ACPA-
negative, and ACPA titer, respectively (Figure S5). Applying
a multivariate regression model fitting non-additive effects
of the HLA alleles, we found a significant non-additive ef-
fect of the HLA-DRB1*04:05 allele that relatively increased
homozygous risk (OR = 3.74 for heterozygous and 25.2 for

HLA-DOA".. HLA-DPB1

DPBI; Table 1). The HLA-DOA risk
SNP also demonstrated independent
association when we conditioned on
all the imputed classical HLA genes
(p=7.4 x 10~°). To rule out false-pos-
itive results due to inaccurate HLA
imputation, we performed a separate
association analysis using directly
genotyped data of the HLA-DOA SNP, four-digit HLA-
DRB1 alleles, and a HLA-DPB1 proxy SNP (1s9277396 for
the amino acid position 84; 7 =0.99 in Japanese), and
confirmed significant independent risk of the HLA-DOA
SNP (OR = 1.27; p = 0.0048; 1,710 ACPA-positive RA cases
from BBJ1 and BBJ2 and 877 controls from the reference
panel). We note that our data did not indicate an indepen-
dent RA risk of a HLA class II SNP reported by a previous RA
GWAS in a Chinese population (1s7765379; r* = 0.89 with
an originally reported risk SNP of rs12525220; p = 0.83
when conditioned on all the imputed HLA genes)."’

To assess the functional contribution of the risk HLA-
DOA SNP, we assessed the eQTL database of the Japanese
individuals (n = 298).%° We found that 1s369150, a proxy
SNP of rs378352 (> = 0.99 in Japanese), was also one of
the top associated SNPs with a cis-eQTL effect on HLA-
DOA mRNA expression (p = 1.2 x 1077; Figure 3). The
ACPA-positive RA risk allele of rs369150-A (equivalent to

HLA-DPA1
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Table 1. Association of a HLA-DOA SNP with ACPA-Positive RA Risk

Reference Allele

No. Subjects Frequency
Reference/ ACPA + ACPA +
SNP Position® Gene Alternative Population Cohort RA Cases Controls RA Cases Controls OR (95% CI)" p Value”
1s378352 32,974,934 HLA-DOA A/G Japanese BBJ1 1,820 14,209 0.279 0.258 1.24 (1.13-1.36) 4.6 x 107°
BBJ2 710 3,105 0.263 0.261 1.13 (0.96-1.33) 0.15
IORRA 1,955 5,252 0.266 0.258 1.16 (1.04-1.29) 0.0053
Kyoto 634 1,165 0.297 0.245 1.27 (1.03-1.58) 0.027
Meta- 5,119 23,731 0.274 0.258 1.20 (1.13-1.28) 1.4 x 10°°
analysis
1s369150° 32,975,720 HLA-DOA A/G east Asian® - 2,782 4,315 0.342 0.310 1.15 (1.05-1.27) 0.0040
European? - 7,279 15,870 0.300 0.260 1.06 (1.01-1.12) 0.031

ACPA, anti-citrullinated protein autoantibody; RA, rheumatoid arthritis; OR, odds ratio; 95% Cl, 95% confidence interval.

NCBI Genome browser, build 37.

PConditioned on HLA-DRBT and HLA-DPBI.

A proxy SNP of rs378352 (2 = 0.99 in Japanese).
4Obtained from previous reports.®'°

1s378352-A) reduced expression of HLA-DOA. 1s369150-A
was also the top cis-QTL allele that decreased HLA-DOA
expression in Europeans (n = 2,775; p = 1.4 x 107161 %¢

ACPA+ RA cases vs controls
(conditioned on
HLA-DRB1 and HLA-DPB1)

o
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Figure 3. Regional Association Plots at HLA-DOA with ACPA-
Positive RA Risk

Each diamond represents -log;o(p) of the tested SNPs at the HLA-
DOA locus. The upper panel shows the SNP associations of ACPA-
positive RA risk (conditioned on HLA-DRBI1 and HLA-DPB1). The
middle panel shows SNP associations in the cis-eQTL study on
HLA-DOA expression in Japanese populations.”® The sub-panel
shows a boxplot of the HLA-DOA expression based on genotypes
of 1s369150.%° The bottom part shows the physical positions of
the local genes (NCBI Genome browser, build 37).

Cell-type-specific expression profiles indicated relatively
high expression levels of HLA-DOA in immune-related
cells (Figure $6).%”

A Multi-ethnic Validation Study of the HLA-DOA

SNP Risk

To further confirm HLA-DOA SNP risk, we conducted a
multi-ethnic validation study by using previous results in
east Asian (n = 7 ,097)'° and European (n = 23,149) popu-
lations.® 1369150 showed significant independent risk in
both populations, with similar OR in east Asians (OR =
1.15, 95% CI = 1.05-1.27; p = 0.0040) but weaker OR in
Europeans (OR = 1.06, 95% CI = 1.01-1.12; p = 0.031)
as compared to the Japanese population.

To dissect observed risk heterogeneity among popula-
tions, we assessed a trans-ethnic LD comparison of the
HLA-DOA SNP and HLA-DRB1 alleles (Figure 4), using
HLA reference panels of Japanese (n = 908),”” east Asian
(n = 350),'%® and European (n = 5,225) populations.®
Notably, in Furopeans, the strongest ACPA-positive RA
risk allele of HLA-DRB1*04:01 (OR = 3.81) was in the high-
est positive LD with the HLA-DOA SNP risk allele (r=0.21),
which could confound the spuriously reduced HLA-DOA
SNP OR after conditioning on HLA-DRBI. In contrast, in
the Japanese population, the HLA-DOA SNP risk allele
was in weak LD (—0.1 < r < 0.1) with any of the moderate
or strong HLA-DRBI risk alleles (OR < 0.50 or OR > 1.20),
which suggests that the HLA-DOA SNP OR could be more
precisely observed in Japanese individuals when condi-
tioning on HLA-DRB1. Moderate LD was observed in east
Asians, as an intermediate between the Europeans and
Japanese. These results suggest that population-specific
LD structures of the HLA variants could explain observed
risk heterogeneity among ethnicities and thus could pro-
vide empirical evidence of the HLA-DOA SNP risk on
ACPA-positive RA.
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Figure 4. Trans-ethnic Comparison of LD between HLA-DRB1 and HLA-DOA

Two dimensional visualization of LD structures between the HLA-DRB1 four-digit alleles and the HLA-DOA SNP risk allele in Japanese
(left),?” east Asian (middle),'**® and European (right) populations.® Each point represents the respective HLA alleles or SNP allele,
and the size of the point corresponds to its frequency as indicated in the legend. Points with frequencies < 0.02 are not shown. Vertical
positions of the points for HLA-DRBI alleles represent their binominal OR for ACPA-positive RA risk. Colors of the points for HLA-DRB1
alleles and the segments connecting to the points correspond to the LD values of r as indicated in the legend.

Discussion

Fine-mapping of the MHC region and identification of
causal HLA variants should enhance our genetic and bio-
logical knowledge about immune-related human diseases.
Given their relatively strong effect sizes, the identified
causal HLA variants could contribute to integration of
human genetics into personalized medicine.*"**

In this study, we conducted a large-scale MHC fine-
mapping study of ACPA-defined RA phenotype risks in
Japanese individuals. In addition to validation of previ-
ously reported contributions of multiple classical HLA
genes, most evidently exemplified by HLA-DRB1, we iden-
tified an independent risk of HLA-DOA, one of the non-
classical HLA genes, on ACPA-positive RA risk as well as a
cis-eQTL effect of the causal variant. Although most of
the previous HLA fine-mapping studies have identified
contributions of amino acid polymorphisms of classical
HLA genes,”®!'91%2923 gurs reports dosage contribution
of a non-classical gene to immune-related human diseases.

Non-classical HLA genes, including HLA-DOA, are gener-
ally less polymorphic in amino acid sequences than clas-
sical HLA genes.*® Instead, dosages of non-classical HLA
molecules, such as HLA-DO (a heterodimer of HLA-DOA
and HLA-DOB) and HLA-DM, could have regulatory effects
on antigen presentation and cross-restriction of class II
classical HLA molecules, including HLA-DR.** HLA-DO
is known to have suppressive dosage effects on autoimmu-
nity.>'#?* Overexpression of HLA-DO (namely, HLA-DOA
and HLA-DOB) protects against autoimmune diabetes in
non-obese diabetic (NOD) mice,*> whereas HLA-DO defi-

cient mice develop autoantibody production.*® Our results
regarding the suppressive dosage effect of the RA-risk HLA-
DOA allele on HLA-DOA expression might be consistent
with these biological findings and suggest a potential func-
tional mechanism for the observed dosage contribution of
HLA-DOA to ACPA-positive RA etiology.

Our study provides an empirical example in which popu-
lation-specific LD structure of the HLA variants could
cause observed risk heterogeneity among populations
when conditioned on variants with strong effect sizes,
such as HLA-DRBI for RA risk. This result suggests the value
of incorporating additional ethnic populations in MHC
fine-mapping to further reveal embedded risk that is diffi-
cult to identify in a limited range of ancestral lineages.

Although our study clearly points to independent risk
of one of the non-classical HLA genes, a larger number of
additional HLA-related or immune-related genes are con-
tained in the MHC region, and some of them should
have impacts on disease etiologies.'”'®* To comprehen-
sively assess the genetic risk of these unassessed variants,
further construction of an HLA imputation reference panel
covering a larger variety of gene polymorphisms is war-
ranted. We also note that the SNPs included in the current
HLA imputation reference panels are obtained by microar-
ray genotyping, and thus, not all the variants in the MHC
region were assessed. To this end, application of high-
throughput next-generation sequencing of the MHC genes
and region would be useful.?’

In summary, we fine-mapped ACPA-defined RA risk
in the MHC by applying HLA imputation to large-scale
RA GWAS data from a Japanese population. Our study
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identified an independent risk of HLA-DOA on ACPA-
positive RA, suggesting a dosage contribution of this
non-classical HLA gene to the disease etiology. Our study
contributes to understanding HLA immunology in human
diseases and suggests the incorporation of additional
ancestry in MHC fine-mapping.

Supplemental Data

Supplemental Data include six figures and four tables and can be
found with this article online at http://dx.doi.org/10.1016/j.
2jhg.2016.06.019.
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Blood eQTL Browser, http://genenetwork.nl/bloodeqtlbrowser/

Broad Institute, SNP2HLA: imputation of amino acid polymor-
phisms in human leukocyte antigens (east Asian and European
HLA imputation reference panels), http://www.broadinstitute.
org/mpg/snp2hla/

FANTOM Consortium, http://fantom.gsc.riken.jp/

GenBank, http://www.ncbi.nlm.nih.gov/genbank/

Human Genetic Variation Database (HGVD), http://www.genome.
med.kyoto-u.ac.jp/SnpDB/

JGA Meta Viewer, an imputation reference panel of HLA vari-
ants in Japanese, https://ddbj.nig.ac.jp/jga/viewer/view/study/
JGAS00000000018

NCBI Genome, http://www.ncbi.nlm.nih.gov/genome/

OMIM, http://www.omim.org/
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