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Abstract

Nephrotic syndrome (NS) is the most common cause of chronic glomerular disease in
children. In Japan, the estimated incidence of idiopathic NS (INS) is 6.49 cases/100,000 children
annually. Between 80 and 90% of patients achieve remission with steroid therapy (steroid-
sensitive NS [SSNS]), whereas 10-20% exhibit resistance to the therapy (steroid-resistant NS
[SRNS])).

| conducted a genome-wide association study (GWAS) to identify the genetic factors in
susceptibility to childhood SSNS in the Japanese population. In the discovery stage, 224 patients
with childhood SSNS and 419 adult healthy controls were genotyped using Affymetrix ‘Japonica
Array’, then whole-genome imputation was performed. The most significant association was
detected in the HLA-DR/DQ region and top SNPs were replicated in an independent Japanese
sample set including 216 cases and 719 healthy controls by DigiTag2 assay [rs4642516,
combined P =7.84x102%, odds ratio (OR)=0.33 under allelic model, combined P =4.87x1023,
OR=0.29 under dominant model; rs3134996, combined P=1.72x102°, OR=0.29 under allelic
model, combined P=9.57x10?!, OR=0.28 under dominant model]. High-accuracy HLA-
imputation and direct HLA-typing were conducted to fine-map the HLA association. HLA-
DRB1*08:02 (Pc=1.82x10"° OR=2.62), and HLA-DQB1*06:04 (Pc=2.09x102, OR=0.10) were
considered as primary HLA alleles associated with Japanese childhood SSNS. HLA-
DRB1*08:02-DQB1*03:02 (Pc=7.01x10't, OR=3.60) was identified as the most significant
susceptibility haplotype and showed more significant and stronger association than single HLA
allele. HLA-DRB1*13:02-DQB1*06:04 (Pc=4.18x10'?, OR=0.10) was identified as the most

significant protective haplotype. The findings indicate that HLA fine-mapping after SNP-based

analysis is essential for a better understanding of disease mechanism.
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CEU Northern and Western Europeans from Utah
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General Introduction

Nephrotic syndrome (NS) is a kidney disorder characterized by heavy proteinuria,
hypoalbuminemia, edema and dyslipidemia. NS can be classified as primary NS (also called
idiopathic NS) which only affects the kidneys, or secondary NS caused by systemic disorders.
Idiopathic nephrotic syndrome (INS) is the most common glomerular disease in children,
accounting for about 90% of children with NS. Geographic or ethnic differences have been
reported about the incidence of childhood INS. The annual incidence of NS in children has been
estimated to be 2.0-2.7 per 100,000 in USA with a cumulative prevalence of 16 cases per
100,000 children[1, 2]. South Asian children had a six-time higher incidence than Europeans,
whereas East/Southeast Asians had a similar rate as European children[3]. In Japan, the
estimated incidence of INS is 6.49 cases/100,000 children annually[4]. The main pathological
types of INS in pediatric patients are minimal change disease (MCD, 85%), focal segmental
glomerulosclerosis (FSGS, 10%) and mesangial proliferation (5%)[5].

Corticosteroids are used as the first-line treatment to induce the remission of INS and are
effective in 80-90% of pediatric patients. 80-90% of patients with childhood INS achieved
complete remission in 4 weeks after steroid treatment (60mg/m? oral prednisolone per day),
which are defined as steroid-sensitive NS (SSNS). While 10-20% of pediatric cases exhibit
steroid-resistant NS (SRNS), defined by persistent proteinuria after 60mg/m? oral prednisolone
per day for 4 weeks. Up to 90% of steroid responders will relapse, with approximately half
becoming frequently-relapsing NS (FRNS) or steroid-dependent NS (SDNS)[6] (Table 1).
Alternative immunosuppressive agents including alkylating agents, cyclosporine, mycophenolate
mofetil (MMF) and rituximab are used in patients suffering significant side effects of steroid

therapy, or the ones who do not respond to steroid treatment. Generally speaking, childhood INS



patients, especially the ones with SSNS, have a favorable long-term outcome. However, the
prognosis of patients with SRNS is poor, with 50% developing end-stage renal disease (ESRD)
within 15 years[7]. The long-term course of disease and the adverse effects caused by steroid
and/or other immunosuppressive agents often have detrimental effects on the life quality of
patients with INS and their families[8].

The underlying pathogenesis and genetic background of INS is not fully understood.
Previous studies have highlighted the crucial role of podocytes in the development of INS[9, 10].
Podocytes are terminally differentiated epithelial cells that locate at the outermost layer of the
glomerular basement membrane (GBM). Podocytes form the final barrier to urinary protein loss
by the formation and maintenance of podcyte foot processes and the interposed slit diaphragms,
which explain why podocyte injury is typically associated with marked proteinuria[11]. The
podocyte dysfunction or injury can be caused by genetic abnormalities of podocyte-related genes,
circulating factors, infections, drugs and toxins[12, 13]. As the most common pathological type
of INS in pediatric patients, both MCD and FSGS have been suggested for the category of
podocytopathies[14]. Under electron microscopy, podocyte foot process effacement can be
observed in MCD and FSGS cases, indicating the podocyte injury[15].

Immune system plays an important role in the development and maintenance of INS.
Some INS patients are reported to have infection history or allergen exposure before disease
onset or the relapse of NS[16]. About 30% of patients with SSNS have been shown to have
allergic symptoms[16, 17]. The favorable response of INS to immunosuppressive treatment has
been considered as additional proof of the involvement of immune system. The dysfunctions of
T-cells and B-cells contribute to the predisposition of INS[18]. Many researches focused on the

relationship between circulating factors and INS, and cytokines are considered as the most likely



pathogenic factors. Patients with MCD relapse were found to have increased levels of various

cytokines in serum or urine, including interleukin (IL)-2, soluble IL-2 receptor, interferon-y , IL-

4, IL-12, IL-18, tumor necrosis factor (TNF)- a and vascular endothelial growth factor

(VEGF)[11].

A large number of genetic studies have been conducted to elucidate possible genetic
factors influencing the susceptibility to INS, including linkage analyses and candidate gene
studies. Most of the previous genetic studies focused on families with SRNS (FSGS) in order to
discover mutations in podocyte-related genes. In the past 20 years, over 45 recessive or dominant
genes encoding proteins in podocytes have been identified in patients with SRNS of hereditary
NS, explaining 57-100% of familial and infant-onset NS, and 10-20% of sporadic cases[7, 19,
20]. Genetic alterations in podocyte-related genes were recognized in 29.5% of patients with
SRNS[21]. In contrast, SSNS is thought to be an immune-mediated disease[22]. Since SSNS in
two generations is rare, the knowledge of specific genetic mutation for familial SSNS is still
limited[23, 24]. The strong association between human leukocyte antigen (HLA), especially
HLA-DR/-DQ genes, and the susceptibility to INS has been repeatedly reported in different
populations[25-42].

As a powerful approach to investigate disease-associated genetic factors, genome-wide
association studies (GWASSs) have also been utilized in NS field. Missense variants in HLA-
DQAL were reported as susceptibility factors associated childhood SSNS in South Asian
population and Europeans[43]. Common variant in GPC5 was identified as a genetic factor
contributing to acquired NS in Japanese adults[44]. However, there has been no published

GWAS working on childhood-onset INS in the Japanese population yet.
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As a heterogenetic disease, the associated genetic factors and the pathogenesis of INS
have not been completely elucidated yet. Since the histopathologic spectrum of INS in children
differs from that in adults, and there may be ethnic differences in susceptible genes, a GWAS
examining childhood INS in the Japanese population is needed.

In this study, | focused on pediatric patients with SSNS and performed a two-stage
GWAS in the Japanese population, aiming to identify the genetic factors related to the
susceptibility of childhood SSNS. The identification and further fine-mapping of disease-

associated genes can provide a better understanding of disease mechanism.
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Chapter 1:

Genome-wide association study for childhood steroid-sensitive nephrotic

syndrome in the Japanese population
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Introduction

Genome-wide association study (GWAS) is a powerful approach to analyze the whole
genome using genome-wide SNP array based on linkage disequilibrium (LD) block structures.
As there’s no prior hypothesis, GWAS can provide an unbiased genetic association with a given
phenotype. Since the advent of GWAS in 2005, GWASs have been strikingly successful in
identifying common genetic variants associated with complex diseases, contributing substantially
to our knowledge of disease mechanisms.

To date, two GWASs for NS patients have been reported. A GWAS including both
primary and secondary adult-onset NS patients was conducted in the Japanese population[44].
GPC5 (rs16946160) was reported as a significant genetic factor associated with severe
proteinuria in Japanese patients with adult-onset NS irrespective of the etiology. Gbadegesin RA
et al reported a genome-wide association study using exome array[42]. Four exome-wide
significant variants in or around HLA-DQA1 and -DQBL1 were identified in South Asian children
with SSNS. Two missense variants in HLA-DQAL [C34Y (rs1129740) and F41S (rs1071630)]
were further replicated in children of European ancestry.

As a heterogenetic disease, the histopathologic spectrum of INS in children markedly
differs from that in adult-onset cases, and there may be ethnic differences in susceptible genes, a
GWAS examining childhood INS in the Japanese population is necessary for understanding the
disease mechanism.

Here, for the purpose of identifying loci conferring susceptibility to childhood-onset INS,
especially for SSNS, | performed a two-stage GWAS for childhood SSNS in the Japanese

population.
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Materials and Methods

Samples and clinical data
In the discovery stage of GWAS, 224 Japanese patients with childhood-onset INS based

on International Study of Kidney Disease in Children (ISKDC) criteria [45] (onset age < 18

years, urine protein to creatinine ratio = 2.0 and serum albumin < 2.5¢/dl) and responded to

steroid treatment (achieved complete remission within 4 weeks after starting 60 mg/m? oral
prednisolone per day, considered as SSNS) were included. Patients with the history of steroid
resistance during follow-up were not included in this study. The related definitions of NS are
shown in Table 1. Another 216 cases were recruited for replication purpose. In total, 440 patients
were included, with male to female ratio 2.6:1 and median age at onset 4.0 years (Table 2). There
was no onset-age bias between patients in the two sample sets (P=0.12, Figure 1A and 1B).
Renal biopsy was performed in 248 of the 440 patients (56%) [Minimal change disease (n=227,
91.5%), Focal segmental glomerulosclerosis (n=14, 5.7%) and Mesangial proliferative
glomerulonephritis (n=7, 2.8%)]. DNA samples and clinical information regarding subjects were
collected from 39 hospitals across Japan (see Supplementary). Clinical data for the patients were
collected using a simple questionnaire. Genomic DNA was extracted from peripheral blood
following a standard protocol.

Considering healthy adults have passed childhood period without the disease onset,
healthy Japanese adults were selected as controls for this study. In total, 1,138 Japanese healthy
adults (age > 18 years) without current diseases or disease history were recruited from Tokyo
area in Japan. In the discovery stage, a total of 419 healthy adults were referred by the

Department of Human Genetics, Graduate School of Medicine, the University of Tokyo. For the
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replication phase, 719 healthy adult controls were recruited from the Pharma SNP Consortium
(Tokyo, Japan).

This study was approved by the Research Ethics Committees of Graduate School of
Medicine, the University of Tokyo, Graduate School of Medicine, Kobe University, as well as all
of the universities and hospitals that participated in this collaborative study. Written informed
consent was obtained from all participants (or the parents or guardians of patients) for

participation in this study.

Genome-wide SNP genotyping in the discovery GWAS

In the discovery stage of GWAS, 224 patients with childhood SSNS and 419 adult
healthy controls were genotyped using Affymetrix ‘Japonica Array’ (Toshiba, Japan)[46], which
was specially designed for the Japanese population based on the whole-genome sequencing data
of 1,070 healthy Japanese individuals.

Two hundred nanograms of genomic DNAs were amplified, fragmented and labeled
according to the manufacturer’s instruction with Nimbus automated system (Hamilton, Reno,
NV, USA) controlled by Hamilton Run Control-Axiom (v1.1.0 med, Affymetrix) and Gene Titan
Multi-channel instrument operated by AGCC Gene Titan Instrument Control (version 4.1.0.1567,

Affymetrix)[46].

Genotype calling and data quality control
The genotype calling for discovery samples was conducted using Genotyping Console
software v4.2.0.26 (Affymetrix). Quality control (QC) steps were applied on the genotyped data

using PLINK 1.9[47]. | removed SNPs with genotype call rate < 97%, SNPs with minor allele
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frequency (MAF) < 5% and SNPs with Hardy-Weinberg equilibrium (HWE) test p-value <
0.0001 in healthy controls. Identify-by-descent (IBD) test was done to check the cryptic
relatedness among samples and sample duplicates. A Pi-Hat (proportion identity by descent)
threshold of > 0.1875 was used to exclude first and second degree relatives. To check the
population stratification between cases and controls that may potentially confound the
association results, | conducted principal component analysis (PCA) using GCTA (version
1.26.0)[48] for samples in the discovery stage and HapMap Phase |1l data. HapMap Phase |11
reference data included 113 individuals of Utah of Northern and Western European ancestry
(CEUV), 113 individuals of Yoruban descent (YRI), 84 individuals of Han Chinese (CHB) and 86

individuals of Japanese (JPT).

Whole-genome imputation using 2KJPN panel

Before whole-genome imputation, the clustering plots of SNPs were classified by the Ps
classification function in the SNPolisher package (version 1.5.2; Affymetrix). SNPs assigned as
‘recommended’ by the Ps classification were retained. SNPs with call rate < 99%, HWE p-value
< 0.0001 or MAF < 0.5% were excluded. Prephasing was conducted first with the SNPs which
passed the filtering step with SHAPEIT (v.2.r644); the options were —burn 10, —prune 10, and —
main 25. Genotype imputation was performed on the phased genotypes with IMPUTE2 (version
2.3.1) using a phased reference panel of 2,049 healthy Japanese individuals (2KJPN panel). For
IMPUTEZ2, the applied options were —Ne 2000, —k hap 1000, —k 120, —burnin 15, and —iter 50.

After whole-genome imputation, QC was conducted using the following thresholds:
individual call rate >97%, SNP/short insertion or deletion (INDEL) call rate >97%, MAF >5%

and Hardy-Weinberg equilibrium (HWE) test p-value >0.0001 in healthy controls.
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Statistical analyses and selecting candidate loci of interest

Association analyses of SNPs and short INDELs were performed using PLINK 1.9[47].
Since Cochran-Armitage trend test is commonly used in GWAS analysis with the advantage of
not relying on the assumption of HWE, SNP-based association analyses were done by Cochran-
Armitage trend test. Genomic inflation factor A was calculated by dividing the observed by the
expected median test statistics. The quantitle-quantitile (Q-Q) plots were obtained using the
expected distribution of association test statistics under null hypothesis against the observed P-
values across all tested SNPs/short INDELSs. P-values for SNPs/short INDELSs associations were
further corrected by genomic control (GC).

After whole-genome imputation, SNPs/short INDELs were selected from the candidate

loci with suggestive significant associations (GC-corrected P < 1 X 10°) under Cochran-

Armitage trend test. All cluster plots of the SNPs with a GC-corrected P<1x10~° were checked
by visual inspection. For replicable SNPs, the associations under allelic model, dominant model
and recessive model were further checked using Fisher’s exact test.

Manhattan plots and Q-Q plots were generated using R package ‘qqman’. Regional plots

were prepared using Locuszoom (http://locuszoom.org)[49]. The power of GWAS was

calculated using R package ‘CATS’[50]. NCBI database (https://www.ncbi.nlm.nih.gov), GTEx

Portal database (https://gtexportal.org/homel/), HaploReg v4.1[51, 52]

(http://archive.broadinstitute.org/mammals/haploreg/haploreg.php) and the NephQTL browser
(http://nephqtl.org)[53] were used for variants interpretation. Proxy SNPs were selected by

SNAP (SNP Annotation and Proxy Search)[54] using 1000 Genomes Pilot 1 (CHB-JPT panel).
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SNP genotyping for validation and replication by DigiTag 2 assay

Genotyping of candidate variants was performed using DigiTag2 assay based on the
protocol[55, 56]. Ten nanograms of genomic DNAs were amplified by multiplex PCR. Then
multiplexed oligonucleotide ligation assay was performed, and the labeling reaction was
achieved with two 5’ query probes and one common probe prepared for a single SNP site. The 5°
query probes had a sequence complementary to that of the 5° sequence flanking the target SNP
and each of the probes had an allele-specific sequence. Then hybridization reaction was
performed using a DNA microarray (NGK Insulators) with separated areas containing
oligonucleotide probes for the tested SNPs. The genotype calls were determined using SNPStar
software (version 0.0.0.8, Olympus).

As the validation study, genotyping was performed in 224 cases in discovery sample set.
The genotypes determined by genome-wide SNP array and DigiTag2 assay were compared to
assess the typing accuracy.

As the replication study, genotyping of candidate variants was done in an independent
Japanese sample set including 216 cases and 719 healthy controls. Combined analysis was done

for the replicable SNPs using typed data in discovery GWAS and data in replication stage.
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Results

Genotyping and QC procedure in the discovery GWAS

224 patients with childhood SSNS and 419 adult healthy controls with 645,708
autosomal SNPs were genotyped using Affymetrix ‘Japonica Array’. All genotyped samples
passed the recommended sample quality control metric for the AXIOM arrays (dish QC > 0.82).
One control sample with an overall call rate < 97% was excluded. Then the remaining 642
samples were recalled. After the second round of genotype calling, all the samples had an overall
call rate > 97%.

SNP QC was conducted using the following thresholds: SNP call rate > 97% (21,199
SNPs were excluded), MAF > 5% (127,207 SNPs were excluded), and HWE p-value > 0.0001 in
healthy controls (1,407 SNPs were excluded).

No subject was excluded in IBD test. In PCA, when plotted samples with 3 global
populations (CEU, YRI and JPT+CHB), no outlier was detected (Figure 2A). Further PCA was
conducted using my dataset together with JPT individuals and CHB individuals, 6 healthy
controls were located outside of the main Japanese cluster and identified as outliers (Figure 2B).
After the removal of the 6 outliers, there was no obvious population stratification between the

cases and controls in discovery stage (Figure 2C).

Association analyses in the discovery GWAS
Association analyses of typed SNPs

After stringent QC and filtering steps, 224 cases and 412 healthy controls with 495,895
autosomal SNPs were retained for association analysis. The inflation factor, A, was 1.045 for all

tested SNPs (Figure 3). Considering the 4% of inflation was not negligible, | adjusted the P-
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values using genomic control (GC). Figure 4 presents the genome-wide view of the SNP
association data (GC-corrected P) using Cochran-Armitage trend test. The HLA-DR/DQ region
on chromosome 6 exhibited the most significant association with childhood SSNS in the initial
GWAS (rs4642516, 21kb 5> of HLA-DQB1, GC-corrected P=5.44x10"°)(Figure 5). No other

locus outside the HLA region reached genome-wide significance (GC-corrected P<5x10®).

Association analyses after whole-genome imputation

After whole-genome imputation, there were 32,509,374 autosomal SNPs and short
INDELs with info score > 0.5. QC was conducted using the following thresholds: SNP/short
INDEL call rate > 97% (980,814 SNPs/short INDELs were excluded), MAF > 5% (27,422,486
SNPs/short INDELs were excluded), and HWE test p-value > 0.0001 in healthy controls (531
SNPs/short INDELs were excluded). After QC, 224 cases and 412 controls with 4,105,543
autosomal SNPs and short INDELSs were included in association analyses. The A value was 1.023
for all tested variations (Figure 6A) and decreased to 1.019 when SNPs/short INDELs in HLA
region (Hgl9: chr6: 29,691,116-33,054,976) were excluded (Figure 6B). GC correction was
performed to adjust the P-value of each variant (GC-corrected P).

Manhattan plot of variants after whole-genome imputation was shown in Figure 7.
Besides the genome-wide significant association detected in HLA-DR/DQ region, two loci on
chromosome 5 achieved the suggestive significance (GC-corrected P<1x10°) using Cochran-
Armitage trend test.

For further validation and replication, in total 10 SNPs/short INDELs were selected based
on the association analysis after whole-genome imputation. In HLA region, 6 SNPs/short

INDELSs in high LD (r>>0.8) at the top hit were picked up. Another 4 SNPs from 2 candidate loci
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outside HLA region (1 genotyped SNP and 1 imputed SNP with minimum P-value in each
candidate locus) were selected (Table 3).

Next | performed conditional analysis in HLA region, to clarity if there is secondary
disease-associated gene (locus) in HLA region. 18,747 variants in HLA region were extracted and
conditional analysis was conducted using logistic regression by PLINK 1.9. After conditioning

on the top typed SNP in HLA-DR/DQ region (rs4642516), there was no secondary signal in HLA

region after Bonferroni correction (significance threshold conditional P< 0.05/18,747=2.67 X 10°

%) (Figure 8).

Validation of candidate variants

Genotyping for candidate SNPs/short INDELs was performed by DigiTag2 assay.
Genotyping failed for four SNPs/short INDELs in HLA-DR/DQ region (rs79193269, rs9275103,
rs9282090 and rs9275101) and one SNP outside HLA region (rs4865828). 5 candidate SNPs

were genotyped successfully, with mean concordance rate as 97% (90-100%).

Replication and combined analysis of candidate variants
In the replication stage, the associations of rs4642516 and rs3134996 in HLA-DR/DQ

region were confirmed in an independent sample set using Cochran-Armitage trend test

(rs4642516, P=6.69 x 10%; rs3134996, P=9.44 x 1019). Other candidate loci did not achieve

significance after Bonferroni correction (significance threshold P-value < 0.05/5=0.01)(Table 3).
To further evaluate the appropriate genetic model for the two replicable variants, |
performed the association analyses under dominant, recessive and allelic model using Fisher’s

exact test, separately (Table 4). rs4642516 and rs3134996 showed highly significant associations
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under allelic and dominant models [rs4642516, P =4.51 X 10%°, OR=0.30 (0.22-0.42) under

allelic model, P=3.43 x 10"*3, OR= 0.28 (0.20-0.41) under dominant model; rs3134996, P=1.26

X 10%%, OR=0.30 (0.22-0.41) under allelic model, P=6.24 x 10", OR=0.29 (0.19-0.43) under

dominant model].

Combined analysis was done using typed data in discovery GWAS and replication stage.
rs4642516 [minor allele G, combined P-value=7.84x1023, OR=0.33 (0.26-0.41) under allelic
model; combined P-value=4.87x102%, OR=0.29 (0.22-0.38) under dominant model; combined

P-value=2.40x10", OR=0.17 (0.07-0.39) under recessive model] and rs3134996 [minor allele A,

combined P-value=1.72x10%°, OR=0.29 (0.23-0.37) under allelic model; combined P-

value=9.57x102%, OR=0.28 (0.21-0.38) under dominant model; combined P-value=1.31x10°,
OR=0.23 (0.14-0.39) under recessive model] showed significant associations with the disease

(Table 5).
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Discussion

To identify genetic variants influencing childhood SSNS, | performed a two-stage GWAS
using Japanese-specific SNP array ‘Japonica Array’ and followed by whole-genome imputation
in the Japanese population. This study is the first GWAS for childhood SSNS patients using
genome-wide SNP array based on LD block structures. The most significant association was
detected in HLA-DR/DQ region, and the top SNPs were further replicated in an independent
Japanese sample set [rs4642516 (21kb 5’of HLA-DQBI, allelic P-combined=7.84x1023,

OR=0.33; dominant P-combined=4.87x102%, OR=0.29) and rs3134996 (705bp 5> of HLA-DQB1,

allelic P-combined=1.72x10"%°, OR=0.29; dominant P-combined=9.57x10%, OR=0.28)]. In the

current experiences, majority of the disease-associated SNPs mapped by GWASs were located in
intergenic (43%) or intronic (45%) regions[57]. These non-coding SNPs may play an important
role in the regulatory network[58]. Here, the replicated SNPs, rs4642516 and rs3134996, were
previously reported as expression quantitative trait loci (eQTL) correlated with the expression of
many genes including HLA-DQA2/-DQB1/-DQB2/-DRBL1 in various tissues, as well as in
glomerulus and/or tubulointerstitium tissues (GTEXx database and NephQTL browser).

The strong association between HLA genes, especially HLA-DR/-DQ genes, and the
susceptibility to INS has been reported in different populations, including the Japanese
population[25-42]. However, most of the previous genetic studies were conducted using
candidate gene approaches with limited numbers of samples. For the first time, the present study
confirmed the predominant role of HLA-DR/DQ region in the pathogenesis of Japanese

childhood SSNS by a hypothesis-free method.
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Previously, an exome array association study identified 4 exome-wide significant variants
in or around HLA-DQA1 and -DQBL1 in South Asian children with SSNS. Two missense variants
in HLA-DQA1 (C34Y [rs1129740, allele A], allelic P=1.187x10°, OR=2.11; F41S [rs1071630,
allele G], allelic P=1.187x10° OR=2.11) were further replicated in children of European
ancestry[42]. As genome-wide approaches without prior hypothesis, both the current GWAS and
the exome-wide association study identified the most significantly associated variants in HLA-
DR/DQ region, providing solid evidence that the HLA-DR/DQ region plays the predominant role
in the susceptibility to childhood SSNS. Although the two reported SNPs were not included in
Japanese-specific genotyping array or whole-genome imputation reference, another two SNPs
that are in LD with the missense variants achieved suggestive significant associations in
discovery stage of present GWAS (rs9272346, r’=0.76, D’=1 with rs1129740, allele A, GC-
corrected P= 9.54x10%, OR=1.97 under allelic model; rs1063355, r’>=0.65, D’=1 with rs1071630,
allele G, GC-corrected P=1.60x10"7, OR=1.93 under allelic model), indicating that the
susceptibility loci within the HLA region detected by SNP-based analyses may be shared across
different populations.

Another published GWAS was conducted in Japanese adult-onset NS patients including
both primary and secondary NS, aiming to identify the genetic variants associated with severe
proteinuria in NS patients[44]. A SNP rs16946160 (allele A, P = 6.0x10*!, OR=2.54 under
recessive model) in GPC5 was reported as a significant genetic factor contributing to the
common pathway of massive proteinuria in acquired NS, whereas the HLA region did not show
significant association. Although both studies were performed in the same ethnic group, the
reported SNP was not replicated in Japanese children with SSNS in the current GWAS

(rs16946160, P=0.60 under recessive model in the discovery stage). One possible explanation is
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the different disease spectra in the two Japanese GWASs. In the present study, | focused on
pediatric patients with primary NS and who responded to steroid treatment only, in order to
decrease the potential confounding factors brought by disease heterogeneity. About half of
patients in this study were undertaken renal biopsy (248 in 440 patients), since renal biopsy is
not the clinical routine for pediatric patients with INS. As the most common pathologic type in
childhood SSNS, MCD accounted for 91.5% of the 248 patients. However, addressing the
question of underlying genetic susceptibility factors shared by NS patients with different causes,
the GWAS of Japanese adult-onset NS included both primary and secondary patients with
various pathological types. MCD only accounted for 18% of cases in the GWAS of adult NS.
Therefore, the different disease backgrounds in patients led to the different disease-associated
genes identified in the two Japanese GWASs.

In non-HLA regions, although two loci with suggestive significant associations were
observed on chromosome 5 in the discovery stage, the significant associations were not
confirmed in the replication sample set. The power of this two-stage GWAS exceeded 80% to
detect common alleles (MAF >= 5%) with genotypic relative risk (RR) above 2.95, at a
significant P-value threshold of 5x10® (Figure 9). The current sample size put limits on the
ability to detect associated variants with modest associations. Although this study did not reveal
any other disease-associated genetic factor outside of HLA region, it does point out that HLA-
DR/DQ genes are the strongest genetic factors associated with Japanese childhood SSNS, and
other potentially associated common variants in non-HLA regions could have moderate disease
associations. GWAS with larger sample size is necessary for detecting more candidate loci

associated with Japanese childhood SSNS (especially for non-HLA genes).
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Chapter 2:

Fine-mapping of HLA association
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Introduction

The human leukocyte antigen (HLA) region is a gene complex located on chromosome
6p21, encoding the major histocompatibility complex (MHC) proteins in humans. The classical
HLA region spans 3.6 megabases (Mb) and encompasses more than 200 genes, playing important
roles in the regulation of immune system as well as some fundamental cellular processes[59].
This region can be subdivided into classical class I, classical class 111 and classical class 11 region.
HLA region is known as the most polymorphic genetic system in humans, which means there are
many different alleles in a population. HLA region is characterized by strong LD extending
across HLA genes and non-HLA genes, making it challenging to ascertain the primary disease-
risk HLA gene(s).

The strong association between HLA genes, especially HLA-DR/-DQ genes and the
susceptibility to INS has been reported in different populations, including Japanese patients[25-
42]. However, prior works on the associations between HLA genes and NS have the following
limitations: First, most of the studies had relatively small sample sizes (mostly < 100 patients).
Second, limited HLA alleles were tested or only low-resolution HLA types were determined.
Third, there were very few HLA allele/haplotype analyses focusing on INS in the Japanese
population.

Using SNP-based association analyses, the most significant association with Japanese
childhood SSNS was detected in HLA-DR/DQ region and the associations of top SNPs
(rs4642516, 21kb 5’of HLA-DQB1; rs3134996, 705bp 5 of HLA-DQB1) were further confirmed
in an independent Japanese sample set. However, since SNPs in HLA-DR region do not conform

to the Hardy-Weinberg equilibrium because of the marked copy number polymorphism of HLA-
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DRB genes, commercially available SNP genotyping arrays are unable to analyze SNPs in HLA-
DR region. Therefore, even the HLA-DQ region may appear to be the most significantly
associated genetic factor governing disease susceptibility in SNP-based GWASs, HLA-DR
region, which is in strong LD with HLA-DQ region, must also be considered. HLA fine-mapping
is necessary to clarify the disease-associated HLA genes and alleles[60].

Since 4-digit HLA alleles correspond to specific HLA molecules, high-resolution HLA
imputation and typing at 4-digit level were conducted in this study, aiming to dissect the HLA
association detected by SNP-based analysis and provide a better understanding of disease

mechanism at molecular and functional levels.
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Materials and Methods

HLA imputation

Four-digit HLA imputation was done using typed SNP data by R package ‘HIBAG’[61].
After SNP quality control (SNP call rate >97%, MAF >5%, and HWE test p-value >0.0001 in
healthy controls), SNP data for each individual was extracted from an extended MHC region,
ranging from 25,759,242 to 33,534,827 base pair (bp) based on the hgl9 position. Our
department in-house Japanese imputation reference was used for the imputation of HLA
genotype[62]. After HLA-imputation, post QC was conducted using a call-threshold (CT) >
0.4[62].

In the discovery stage, six classical HLA genes in both class | and class 1l regions (HLA-A,
-C, -B, -DRB1, -DQB1, and -DPB1) were imputed in 224 cases and 412 healthy controls. HLA
haplotypes were determined using Arlequin algorithm (Arlequin version 3.5.2.2)[63].

In the replication stage, HLA-imputation was performed for HLA-DRB1 and -DQB1
using the same approach in 269 healthy controls whose HLA genotypes were not determined by
direct genotyping. SNP genotyping was performed in these 269 controls using Affymetrix
Axiom Genome-Wide ASI 1 Array previously[64]. The SNPs passed QC using the same criteria
(SNP call rate > 97%, MAF > 5%, and HWE test p-value > 0.0001 in healthy controls) were

extracted for HLA imputation.

HLA genotyping

Genotyping of HLA-DRB1 and -DQB1 was performed using the PCR-SSO (sequence-

specific oligonucleotide probing) method on Luminex platform with the WAKFlow HLA typing
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kit (Wakunaga, Hiroshima, Japan). Briefly, target DNA was amplified by PCR with biotinylated
primers specifically designed for each HLA locus. The PCR product was then denatured and
hybridized to complementary oligonucleotide probes immobilized on fluorescently coded
microsphere beads. At the same time, biotinylated PCR product was labeled with phycoerythrin-
conjugated streptavidin and finally examined using the Luminex system. Genotype
determination and data analysis were performed automatically using the WAKFlow typing
software.

To evaluate the accuracy of HLA-imputation, direct HLA-DRB1/-DQB1 typing was
conducted in 224 cases in the discovery set. 409 controls in the discovery set were genotyped
previously using the same method. The typed data was used as validation.

The HLA-DRB1/-DQB1 genotype data of 450 controls genotyped using the same method

was obtained from published studies[65, 66] and used here.

Genotyping of single-tag SNP rs3129888

Genotyping was performed for the reported single-tag SNP rs3129888 by DigiTag2 assay
following the experiment protocol. Genotyping was performed in 224 cases in discovery stage to
compare the concordance with the genotype determined by ‘Japonica Array’ typing. Then

genotyping was done in the replication sample set including 216 cases and 719 controls.

Statistical methods and software
SNP analyses were done by PLINK 1.9[47]. HLA-imputation was performed by R
package ‘HIBAG’[61]. HLA haplotypes were determined using the Arlequin algorithm (Arlequin

version 3.5.2.2)[63]. HLA allele and haplotype frequencies were compared between case and
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control groups. P-values were calculated using the Pearson’s chi-square test or Fisher’s exact test
in presence vs. absence of each HLA allele/HLA haplotype. HLA alleles/haplotypes with
frequencies < 0.5% in cases or controls were excluded from the association analyses. Then,
Bonferroni correction was performed by the standard method in which P-values were corrected
for the number of alleles/haplotypes tested in each analysis [shown as P-corrected (Pc)]. An
association was considered to be significant when the P-value was <0.05 after correction for
multiple comparisons. For the evaluation of disease variance explained in this study, logistic
regression and the calculation of Nagelkerke’s pseudo-R? were done by R programming and R

package ‘rcompanion’.
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Results

HLA-imputation and analyses in the discovery stage
HLA-imputation in discovery sample set

In the discovery stage, six classical HLA genes (HLA-A, -C, -B, -DRB1, -DQB1, and -
DPB1) were imputed in 224 cases and 412 healthy controls. A total of 197 cases and 411

controls passed post-imputation QC (CT>0.4) and were included in subsequent analyses.

Association analyses of HLA alleles

Significantly associated HLA alleles were identified in all six HLA genes after multiple
corrections (Table 6A to 6F and Table 8). HLA-A*02:06 (Pc=8.84x103, OR=1.91), HLA-
DRB1*08:02 (Pc=2.56x10*, OR=2.79), and HLA-DQB1*03:02 (Pc=4.14x10*, OR=2.08) were
highly associated with the susceptibility to Japanese childhood SSNS. HLA-A*33:03
(Pc=2.43x10°, OR=0.30), HLA-B*44:03 (Pc=1.25x10% ~ OR=0.13), HLA-C*14:03
(Pc=5.25x10"°, OR=0.13), HLA-DRB1*13:02 (Pc=7.47x10*, OR=0.18), and HLA-DQB1*06:04

(Pc=3.40x10"°, OR=0.07) showed significantly protective effects.

Association analyses of HLA haplotypes

HLA haplotypes were determined using imputed alleles by Arlequin algorithm and
significantly associated haplotypes were detected after multiple corrections (Table 7A to 7D and
Table 8). HLA-DRB1*08:02-DQB1*03:02 (Pc=4.34x10°, OR=4.33) and HLA-DRB1*13:02-
DQB1*06:04 (Pc=6.17x10"°, OR=0.07) demonstrated the most significant positive and negative
association, respectively. HLA-DRB1*08:02-DQB1*03:02 even showed a stronger and more

robust association than HLA-DRB1*08:02 or HLA-DQB1*03:02 alone. The two significant
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HLA-DRB1-DQB1 haplotypes (HLA-DRB1*08:02-DQB1*03:02 and HLA-DRB1*13:02-
DQB1*06:04) showed more significant associations than their related HLA-DRB1-DQB1-DPB1
haplotypes (HLA-DRB1*08:02-DQB1*03:02-DPB1*05:01, Pc=3.91x102, OR=2.88; HLA-

DRB1*13:02-DQB1*06:04-DPB1*04:01, Pc=9.52x1073, OR=0.11).

Validation of HLA-DRB1/-DQB1

HLA genotyping was performed for HLA-DRB1/-DQB1 in 224 cases in the discovery
stage successfully. The concordance rate between the imputed (after post-imputation QC using
CT>0.4) and genotyped HLA-DRB1/-DQB1 genotypes was 99.2%, indicating the HLA-

imputation using Japanese-specific reference achieved a high accuracy.

Replication of HLA-DRB1/-DQB1
Replication of HLA-DRB1/-DQB1
In the replication stage, HLA genotyping for HLA-DRB1 and HLA-DQB1 was done in
213 of the 216 cases successfully. HLA-DRB1 genotyping failed in 3 cases. The genotyped data
of 450 controls in the replication sample set were obtained previously using the same approach
[65, 66]. High-accuracy HLA-imputation was performed for HLA-DRB1 and -DQB1 in 269
healthy controls whose HLA genotypes were not determined by direct genotyping. 260 of the 269
controls passed the post-imputation QC (CT>0.4) and were included in the replication data set.
Almost all the significant HLA-DRB1 and -DQB1 alleles and HLA-DRB1-DQB1
haplotypes identified in the discovery stage were replicated except for HLA-DQB1*03:02 (Table
9A to 9C and Table 10). Although HLA-DQB1*03:02 did not show significance in the

replication stage (P-value=3.07x10! before multiple correction), HLA-DRB1*08:02-
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DQB1*03:02 was still the most significant susceptibility haplotype in the same sample set

(Pc=1.25x10"*, OR=3.15) (Table 10).

Combined analyses and identification of primary HLA alleles

Combined analyses were performed using the HLA-DRB1/-DQB1 genotype data in the
validation and replication steps (Table 9A to 9C and Table 10). HLA-DRB1*08:02 (Pc=1.82x10"
° OR=2.62), HLA-DRB1*13:02 (Pc=7.31x10", OR= 0.16), and HLA-DQB1*06:04
(Pc=2.09x107?, OR=0.10) were identified as the most significantly associated HLA alleles. HLA-
DRB1*08:02-DQB1*03:02 (Pc=7.01x10"!, OR=3.60) and HLA-DRB1*13:02-DQB1*06:04
(Pc=4.18x107?, OR=0.10) were highly associated with childhood SSNS.

Considering the tight LD between HLA-DRB1 and -DQB1 gene, | performed the
reciprocal conditional analyses using logistic regression in combined dataset, aiming to elucidate
which allele in the HLA-DRB1-DQB1 haplotype has independent effect on disease. When HLA-
DQB1*03:02 was conditioned on, the significance of HLA-DRB1*08:02 decreased from
P=2.88x10? to conditional P=3.13x107, but still show robustly independent effect. However,
when | conditioned on HLA-DRB1*08:02, the significance of HLA-DQB1*03:02 disappeared
(P=5.62x10" to conditional P=0.10). Similarly, HLA-DQB1*06:04 showed some independent
effect when HLA-DRB1*13:02 was conditioned on (P=2.63x107° to conditional P=7.22x107),
while HLA-DRB1*13:02 didn’t show any significance when HLA-DQB1*06:04 was conditioned
on (P=2.32x10"° to conditional P=0.37). Both HLA-DRB1*08:02 (P=2.88x10° to conditional
P=1.14x10® when HLA-DQB1*06:04 was conditioned on) and HLA*DQB1*06:04 (P=2.63x10"
° to conditional P=8.47x10"° when HLA-DRB1*08:02 was conditioned on) still showed strikingly

significant associations in reciprocal conditional analyses (Table 11).
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Single-tag SNP for capturing HLA-DRB1*08:02 and HLA-DRB1*08:02-DQB1*03:02

rs3129888 (G) was reported as a tag SNP for HLA-DRB1*08:02 and HLA-DRB1-DQB1
haplotypes carrying HLA-DRB1*08:02 (sensitivity was 92.3% and specificity was 98.9%) in the
Japanese population[67, 68].

Genotyping of rs3129888 using DigiTag2 assay was performed in 224 cases in the
discovery sample set as validation (concordance rate=100%) and the replication sample set
including 216 cases and 719 healthy controls successfully.

To check the sensitivity and specificity of the tag SNP, I conducted the analyses using the
combined data sets of HLA-DRB1 alleles and HLA-DRB1-DQB1 haplotypes including 437 cases
and 1,119 controls, separately. In HLA-DRBL1 allele dataset, 177 of 184 HLA-DRB1*08:02 had
the G allele of rs3129888 (sensitivity 96.2%), and 2,865 of 2,928 other HLA-DRB1 sub-alleles
had the A allele of rs3129888 (specificity 97.8%) (Table 12A). For HLA-DRB1*08:02-
DQB1*03:02, 110 of 112 HLA-DRB1*08:02-DQB1*03:02 had the G allele of rs3129888
(sensitivity 98.2%), and 2,870 of 3,000 other HLA-DRB1-DQB1 haplotypes had the A allele of

rs3129888 (specificity 95.7%) (Table 12B).

Variance explained by HLA association

Logistic regression and Nagelkerke’s pseudo-R? were used to measure the proportion of
variance explained by genetic factor(s). To use informative and independent genetic marker, |
included the top SNP in the HLA region (rs4642516), which was detected in the discovery stage
and replicated in an independent sample set. The results of the conditional analysis in the HLA

region demonstrated that there was no other SNP showing an independent effect in the HLA
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region. Logistic regression was performed in the replication dataset including 213 cases and 710
controls. Case-control status was used as outcome while the genotype of rs4642516 was used as
covariate in the logistic regression. 9.7% of variance (Nagelkerke’s pseudo-R?) in Japanese
childhood SSNS can be explained by rs4642516. Considering the complicated LD structure
within HLA region, there may be strong intercorrelations between the index SNP in GWAS and
the two independent classical HLA alleles (rs4642516 and HLA-DRB1*08:02, r’=0.02, D’=1;
rs4642516 and HLA-DQB1*06:04, r>=0.21, D’=1 in combined dataset). | also conducted the
logistic regression using the two independent classical HLA alleles, HLA-DRB1*08:02 and HLA-
DQB1*06:04, in the replication dataset. HLA-DRB1*08:02 and HLA-DQB1*06:04 explained

8.1% of the variance in childhood SSNS in the Japanese population (Nagelkerke’s pseudo-R?).
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Discussion

In the first chapter, the strong association between HLA-DR/DQ region and Japanese
childhood SSNS was identified by SNP-based analyses. HLA-DR/-DQ genes belong to HLA
class Il genes, encoding the HLA-DR, HLA-DQ molecules, respectively. HLA-DR/-DQ
molecules play crucial roles in the process of antigen presentation in the immune reaction.

However, in the post-GWAS era, interpretation of HLA-association is still challenging.
Based on the design of GWAS typing arrays, only tag SNPs which can capture most common
SNPs of the genome through LD were considered and genotyped, the SNP-disease association
detected by GWASs dose not provide the causality link directly. The associated SNP may only
tag the causal variants, and less likely is the causal variant itself. In HLA-associated diseases, the
situation could be more complicated because of the high gene density, extreme polymorphism,
strong and complicated LD structures within the HLA region as well as the lack of SNPs in HLA-
DR region in commercial available arrays[60, 69]. Since current knowledge for the
immunogenetic background of INS is still limited, clarifying the disease-associated
allele(s)/haplotype(s) by HLA fine-mapping is important for improving our understanding of
disease mechanism from the molecular and functional aspects, and may have huge impact on the
individualized treatment. In this chapter, high-accuracy HLA-imputation and direct HLA-typing
were conducted and HLA alleles/haplotypes associated with Japanese childhood SSNS were
elucidated.

In the previous Japanese study, HLA-DRw8 was reported as a risk factor associated with
Japanese adult NS patients with MCD[40]. Consistently, in the present study, HLA-DRB1*08:02
exhibited a significant positive association with Japanese childhood SSNS patients and was

further determined as a primary susceptibility factor by reciprocal conditional analyses. The
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increased allele frequency of HLA-DQB1*03:02 was reported in Japanese pediatric patients with
SSNS[27], and the same tendency was also observed in the present study (14.6% in SSNS cases
vs. 9.5% in healthy controls). Since HLA-DRB1*08:02 was concluded as the primary genetic
factor, the increased allele frequency of HLA-DQB1*03:02 is likely to be caused by the tight LD
with HLA-DRB1*08:02.

HLA haplotype associated with INS was rarely reported in previous studies. In this study,
HLA-DRB1*13:02-DQB1*06:04 and HLA-DRB1*08:02-DQB1*03:02 were identified as the
most significant protective and susceptibility haplotype, respectively. In HLA allele analyses, the
strong and complicated LD structures within HLA region make it challenging to clarify the
primary genetic factor. Here, the results given by reciprocal conditional analyses supported that
HLA-DQB1*06:04 and HLA-DRB1*08:02 was the primary genetic factor in the related
haplotype, respectively. More importantly, HLA-DRB1*08:02-DQB1*03:02 showed a stronger
and more significant association than HLA-DRB1*08:02 or HLA-DQB1*03:02 alone. There
could be two possible hypotheses: First, this associated HLA haplotype is a ‘marker’ for the
susceptibility gene/locus by virtue of statistically significant LD, tagging the true susceptibility
variants better than single allele. Second, the susceptibility haplotype HLA-DRB1-DQB1 itself
may play a more important role than single HLA-DRB1/-DQBL1 allele in the pathogenesis of
Japanese childhood SSNS[69]. The HLA molecules encoded by these two alleles might work
together or have some functional interaction in the disease mechanism.

For autoimmune diseases with a main association signal coming from HLA class Il region,
such as type 1 diabetes, celiac disease, multiple sclerosis, systemic lupus erythematosus,
inflammatory bowel disease and narcolepsy, the reported variance explained by HLA alleles

varies from 2-58%[70, 71]. In the current study, 9.7% (Nagelkerke’s pseudo-R?) of the disease
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variance in Japanese childhood SSNS was explained by rs4642516 (the top SNP in HLA region),
while HLA-DRB1*08:02 and HLA-DQB1*06:04 explained 8.1% of the disease variance. The
less disease variance explained by the two HLA alleles compared to that explained by the top
GWAS hit (rs4642516) indicated that, there could be more independent HLA alleles contributing
to the disease pathogenesis.

Interestingly, consistent with previous researches in the Japanese population, single-tag
SNP rs3129888 works with high sensitivity and specificity for capturing HLA-DRB1*08:02 and
HLA-DRB1*08:02-DQB1*03:02 in this study. Single-tag SNP rs3129888 could be used as an
cost-effective biomarker to capture the susceptibility genetic factors in clinical practice.

Not surprisingly, the significantly associated HLA alleles detected in this Japanese study
are different from previous studies in other populations. The increased frequency of HLA-DR7
antigen in INS has been reported in several populations[25, 26, 29, 30, 32, 34, 38, 39], but it was
not replicated in the previous Japanese study[40] and the current study. Based on the reported

frequencies in the Allele Frequency Net Database (http://www.allelefrequencies.net)[72], HLA-

DR7 is common in European, African, Chinese, and Saudi Arabian populations, with an allele
frequency of 10.3-18%[73-77]. By contrast, the frequency of HLA-DRY7 is only 0.3-0.8% in the
Japanese population[78, 79]. On the contrary, as the significant susceptibility allele in the present
study, HLA-DRB1*08:02 is common in Japanese (4.2%)[80], while rare in European and
Chinese populations (0-0.9%)[81] and relatively rare in South Koreans (2.4%)[82]. The
susceptibility haplotype HLA-DRB1*08:02-DQB1*03:02 seems to be extremely rare in
European, since there is no haplotype frequency reported. These observations indicated that the
disease-associated HLA alleles may vary depending on geographic and ethnic origins. Given the

diversity seen in HLA region, analyzing the disease associated HLA allele/haplotype in certain
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population/area at high-resolution level is necessary to get a better understanding of the disease
mechanism.

The current study not only provided the solid evidence for the predominant role of HLA-
DR/DQ region in the pathogenesis of Japanese childhood SSNS, as well as clarified the disease
associated HLA alleles and haplotypes, but also gave a particularly vivid example to emphasize
the importance of HLA fine-mapping after SNP-based analysis.

An exome array association study of childhood SSNS published in 2015 identified four
variants in or around HLA-DQAL and -DQB1 with exome-wide significance in South Asian
children with SSNS. Two missense variants in HLA-DQA1l (C34Y [rs1129740], allelic
P=1.187x10% OR=2.11; F41S [rs1071630], allelic P=1.187x10° OR=2.11) were further
replicated in children of European ancestry[42]. Although the two reported SNPs were not
included in the current study, another two SNPs that are in LD with the missense variants
achieved suggestive significant associations in discovery GWAS (rs9272346, r>=0.76, D’=1 with
rs1129740, GC-corrected P= 9.54x10%, OR=1.97 under allelic model; rs1063355, r>=0.65, D’=1
with rs1071630, GC-corrected P=1.60x10", OR=1.93 under allelic model), indicating that the
susceptibility loci within the HLA region detected by SNP-based analyses may be shared across
different populations. Notably, refinement of the HLA-DQAL association was recently done by
HLA-imputation using exome array data in the same South Asian samples[43]. HLA-
DRB1*07:01 (P=4.6x10°, OR=2.510), HLA-DQA1*02:01 (P=5.5x10°% OR=2.492), HLA-
DQB1*02:01 (P=1.0x10°, OR=2.282) and HLA-DQA1*01:01 (P=3.3x10*, OR=0.465) were
significantly associated with childhood SSNS. However HLA-DRB1*07:01 and HLA-
DQB1*02:01 were not replicated in the current study, because they are at a low allele frequency

in the Japanese population [HLA-DRB1*07:01 (0.375%), HLA-DQB1*02:01 (0.134%),
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http://hla.or.jp]. Considering the LD patterns and allele frequencies in HLA region are highly
differentiated across populations and areas, it is essential to clarify the disease-associated and the
primary HLA alleles/haplotypes though HLA fine-mapping after SNP-based association analysis.
High-resolution HLA-typing and imputation techniques at 4-digit level can provide more
information for investigating presumable molecular mechanism of disease pathogenesis as
compared with SNP-based results. HLA-imputation using dense SNP data with population-
specific reference provides a fast, accurate and cost-effective approach to examine HLA-disease
associations in large-scale studies, largely improving our immunogenetic knowledge of diseases.
Nowadays, interpretation of HLA-disease associations in term of the functions of
variants has been problematic because of several reasons[69]. First, because of the existence of
extended LD within HLA region, ascertaining the primary HLA gene(s) is difficult. Moreover,
HLA-associated diseases can be the result of the combination of different HLA molecules
encoded by various loci rather than the results of one HLA variant only[83]. Second, almost all of
the HLA-associated diseases are multifactorial polygenic diseases. Disease-associated HLA
allele(s) may work together with other genetic variants as well as environmental factors in the
disease mechanisms. However, our knowledge of associated genetic variants for a given disease
is still limited, and it also challenging to evaluate or control the possible environmental factors in
current genetic analyses. For example, although infection history, allergen exposure, exposures
to lead or heavy metals are reported as associated environmental factors contributing to the onset,
relapse and course of NS, the previous studies are mostly cross-sectional studies or prospective
studies with limited follow-up, the roles of these exposures in NS have not been explicitly
identified[84]. It is still difficult to interpret the disease mechanism considering the potential

pathways activated by different pathogens and allergens. Third, in most HLA-associated diseases
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(for example MCD, the most common INS), the existence of autoantigens or the disease-relevant
antigens are largely unknown, which prevents the three-dimensional analysis of HLA-peptide

interactions.
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Summary and Conclusions

This is the first GWAS of childhood SSNS using genome-wide SNP array based on LD
block structures. The most significant association was detected in HLA-DR/DQ region in the
Japanese population and the top SNPs were replicated in an independent Japanese sample set.

The HLA association with Japanese childhood SSNS was further dissected by HLA fine-
mapping. HLA-DRB1*08:02-DQB1*03:02 and HLA-DRB1*13:02-DQB1*06:04 were identified
as the most significant susceptibility and protective haplotype to the disease, respectively. HLA-
DRB1*08:02 and HLA-DQB1*06:04 were further identified as the primary factor in each related
haplotype. Moreover, HLA-DRB1*08:02-DQB1*03:02 showed a stronger and more significant
association to the disease susceptibility than single allele alone, providing the possible
hypothesis that the haplotype itself may play a more important role than single HLA-DRB1/-
DQBL1 allele in the disease pathogenesis, or this associated HLA haplotype tags the true
susceptibility variants better than single allele. Interestingly, rs3129888 works as single-tag SNP
for capturing HLA-DRB1*08:02 and HLA-DRB1*08:02-DQB1*03:02 with high sensitivity and
specificity. rs3129888 could be used as an cost-effective biomarker to capture the susceptibility
genetic factors in clinical practice.

The present study demonstrated the predominant role of HLA-DR/DQ locus in the
pathogenesis of Japanese patients with childhood SSNS. In the current study, rs4642516 (the top
SNP in HLA region) explained 9.7% (Nagelkerke’s pseudo-R?) of the disease variance in the
Japanese childhood SSNS. However, this study did not reveal any other association in non-HLA
regions. As a two-stage GWAS, the current sample size puts limits on the ability of detecting

genetic variants with modest associations. Larger-scale GWAS in the Japanese population is still
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needed in the future, with the purpose to identify more disease-associated loci (especially in non-
HLA regions). Common genetic factors with moderate associations, and disease-associated rare
variants (MAF<5% in the population) may be detected in GWAS with larger sample size. It is
also meaningful to conduct replication in other populations using the top SNPs detected in HLA
region in this GWAS. Functional study focused on associated HLA allele/haplotype could
improve our knowledge of the role of HLA genes in the pathogenesis of childhood SSNS. It
would be helpful to compare the structures and functions of disease-associated HLA
alleles/haplotypes detected in this study, with the ones reported in other populations. Clarifying
the common mechanism shared by different population-specific disease-associated HLA-

alleles/haplotypes is important for the understanding of disease pathogenesis.
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Table 1. Definitions of nephrotic syndrome.

Nephrotic syndrome

Urine protein to creatinine ratio >2.0 and serum albumin
<2.5 g/dl

Complete remission

Negative protein on urine dipstick test or urine protein to
creatinine ratio 0.2 for 3 consecutive days

Relapse

Protein >3+ on urine dipstick test for 3 consecutive
days

Steroid-sensitive nephrotic
syndrome (SSNS)

Complete remission within 4 weeks after starting 60
mg/m? oral prednisolone per day

Steroid-resistant nephrotic
syndrome (SRNS)

Persistent proteinuria after 60 mg/mz2 oral prednisolone
per day for 4 weeks

Steroid-dependent
nephrotic syndrome
(SDNS)

Two relapses of nephrotic syndrome during the reduction
of steroid treatment or within 2 weeks of discontinuation
of steroid treatment

Frequently-relapsing
nephrotic syndrome
(FRNS)

>2 relapses of nephrotic syndrome within 6 months after
initial remission, or >4 relapses within any 12-month
period
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Table 2. Clinical information of patients in the discovery stage and the replication stage.

Characteristic Discovery stage  Replication stage Total

Number of patients 224 216 440

Sex ratio (Male: Female) 2.3:1 (156:68) 3.1:1 (163:53) 2.6:1
Onset age (Median, Range) (yr) 3.8 (0.4-16.3) 4.3 (1.3-22.0) 4.0 (0.4-22.0)
Follow-up (Median, Range) (yr) 5.5 (0-48.2) 6.3 (0-30.3) 5.8 (0-48.2)
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Table 3. Candidate SNPs/INDELs identified in the discovery stage using Cochran-Armitage
trend test and the replication of candidate SNPs.

Discovery stage

(224 cases vs. 412 controls)

Replication

(216 cases vs. 719 controls)

CHR SNP/INDEL BP Al A2 Annotation

Freq in Freq in corGreCc_ted Freq in Freq in P_value
cases controls P_value cases controls

5 rs4242036 53733306 A G Genotyped 0.11 0.04 4.46E-06 0.06 0.05 0.49

5 rs4865828 53733241 A G Imputed 0.11 0.04 4.46E-06 / / /

5 rs6864175 84134415 T A Imputed 0.29 0.18 6.67E-06 0.24 0.21 0.26

5 rs1875277 84127057 C T Genotyped 0.29 0.19 1.50E-05 0.25 0.22 0.33

6 1$79193269 32636661 C CCTT Imputed 0.08 0.23 1.54E-10 / / /

6 159275103 32649386 T C Imputed 0.11 0.27 2.46E-10 / / /

6 rs9282090 32629047 A AC Imputed 0.13 0.29 4.60E-10 / / /

6 rs9275101 32649355 G A Imputed 0.11 0.26 4.69E-10 / / /

6 154642516 32657543 G T Genotyped 0.11 0.26 4.69E-10 0.10 0.28 6.69E-13

6 1$3134996 32636866 A T Genotyped 0.09 0.23 7.06E-10 0.12 0.32 9.44E-10

CHR: Chromosome; Al: Minor allele (test allele); A2: Major allele (reference allele).

Freq: Minor allele frequency.

GC-corrected P-value: P-values were calculated using Cochran-Armitage trend test, corrected by
genomic control in the discovery GWAS.
P-value: P-values were calculated using Cochran-Armitage trend test.

/. Genotyping of 5 candidate SNPs/INDELSs was failed.

Bonferroni correction: The P-value required for significance in the replication stage was
0.05/5=0.01.
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Table 4. Replication of two candidate SNPs in HLA-DR/DQ region under different genetic

models.
CHR SNP Al | A2 Genetic model Cases (N=216) | Controls (N=719) P-Fisher OR (95% CI)

Allelic 45/387 398/1036 451E-15 0.30 (0.22-0.42)

6 rs4642516 G T Dominant 43/173 336/381 3.43E-13 0.28 (0.20-0.41)
Recessive 2/214 62/655 9.51E-06 0.10 (0.01-0.41)

Allelic 49/345 403/853 1.26E-15 0.30 (0.22-0.41)

6 rs3134996 A T Dominant 34/163 265/363 6.24E-11 0.29 (0.19-0.43)
Recessive 15/182 138/490 1.75E-06 0.29 (0.17-0.51)

CHR: Chromosome; Al: Minor allele (test allele); A2: Major allele (reference allele); P-Fisher:
P-value was calculated using Fisher’s exact test.

OR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.
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Table 5. Combined analysis of SNPs in HLA-DR/DQ region.

Discovery GWAS Replication Combined analysis
Cli{ SNP Al/A2 (I}ggggf (224 cases vs. 412 controls) (216 cases vs. 719 controls) (40 cases vs. 1131 controls)
Cases Controls | P-Fisher ORC(I9)5% Cases Controls P-Fisher ORC(?)S% Cases Controls | P-Fisher ORC(?)S%

Allelic 0.11* | 026* | 1.06E-10 (0.206'_306. s | 010 028" | 451E-15 (0.2%_38 o | 0 | 027 | 7seEs (0.2053. 0

6 | rs4642516 | G/T | Dominant | 47177 | 194218 | 529E-11 (0'201'_33 py | 97| pensst | 34313 (O_S(fg apy | 90350 | 5305599 | 487E-23 (0'2%_209_ )
Recessive | 4220 | 24388 | 241602 | 1%_25 s | 2214 | evess | osiE0 (0.0%-1(;). 4y | 6434 | sen043 | 240807 | gx& 0

Alic | 009 | 033 | 4SSN | g pygag | 012 | 032 | 126815 | oy, | 010 | 028 | LB | o iy

6 | 153134996 | A/T | Dominant | 37187 | 1687244 | 1.86E-10 (0_1()9'_23 4 | 3416 | 265563 | 624E-11 (0'109'%3_ 4 | 71350 | 4330607 | 957821 | N 5
Recessive | 2222 | 21391 | 6.35E-03 (0_0%}(1 2y | 15182 | 13800 | Lseeos | R | 1704 | 1sorsst | 1siE-t0 | e 0

CHR: Chromosome; Al: Minor allele (test allele); A2: Major allele (reference allele). P-Fisher: P-value calculated using Fisher’s
exact test; OR Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%. *: Minor allele frequency in cases; °: Minor

allele frequency in controls.
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Table 6A. HLA allele association analysis of HLA-A with childhood SSNS in the discovery stage
using HLA-imputation data.

Allele frequency

HLA-A alleles? (ch:ize; 2) Controls (2n=822) chi-square test
No % No % OR (95% CI)P P-value P-corrected®
A*02:01 42 10.7 84 10.2 1.05 (0.71-1.55) NS -
A*02:06 53 135 62 7.5 1.91 (1.29-2.81) 9.82E-04 8.84E-03
A*02:07 16 4.1 24 2.9 1.41 (0.74-268) NS -
A*11:01 42 10.7 80 9.7 1.11 (0.75-1.64) NS -
A*24:02 141 35.8 326 39.7 0.85 (0.66-1.09) NS -
A*26:01 35 8.9 69 8.4 1.06 (0.70-1.63) NS -
A*26:03 9 2.3 29 35 0.64 (0.30-1.36) NS -
A*31:01 44 11.2 65 7.9 1.46 (0.98-2.19) NS -
A*33:03 10 2.5 65 7.9 0.30 (0.15-0.60) 2.70E-04 2.43E-03

Alleles: HLA alleles with frequencies < 0.5% in cases or controls are omitted.

POR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.

°P-corrected: P-values for allele frequency comparisons between cases and controls using the
Pearson's chi-square test or Fisher’s exact test and then corrected for the multiplicity of testing
by the number of comparisons.

NS: Not significant (P-value>=0.05).

-: The P-value before multiple correction was not significant (P-value>=0.05), the P-corrected
was omitted.
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Table 6B. HLA allele association analysis of HLA-C with childhood SSNS in the discovery stage
using HLA-imputation data.

Allele frequency
Cases

HLA-C alleles? (2n=394) Controls (2n=822) chi-square test
No % No % OR (95% CI)® P-value P-corrected®
C*01:02 64 16.2 140 17.0 0.94 (0.68-1.31) NS -
C*03:03 57 145 113 13.7 1.06 (0.75-1.50) NS -
C*03:04 58 14.7 102 12.4 1.22 (0.86-1.72) NS -
C*04:01 24 6.1 42 5.1 1.20 (0.72-2.02) NS -
C*06:02 2 0.5 7 0.9 0.59 (0.12-2.87) NS -
C*07:02 45 114 119 145 0.76 (0.53-1.10) NS -
C*08:01 41 104 48 5.8 1.87 (1.21-2.89) 4.22E-03 5.06E-02
C*08:03 4 1.0 12 15 0.69 (0.22-2.16) NS -
C*12:02 44 11.2 81 9.9 1.15 (0.78-1.70) NS -
C*14:02 37 9.4 49 6.0 1.63 (1.05-2.55) 2.90E-02 3.48E-01
C*14:03 4 1.0 60 7.3 0.13 (0.05-0.36) 4.37E-06 5.25E-05
C*15:02 9 2.3 31 3.8 0.60 (0.28-1.27) NS -

aAlleles: HLA alleles with frequencies < 0.5% in cases or controls are omitted.

POR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.

‘P-corrected: P-values for allele frequency comparisons between cases and controls using the
Pearson's chi-square test or Fisher’s exact test and then corrected for the multiplicity of testing
by the number of comparisons.

NS: Not significant (P-value>=0.05).

-: The P-value before multiple correction was not significant (P-value>=0.05), the P-corrected
was omitted.
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Table 6C. HLA allele association analysis of HLA-B with childhood SSNS in the discovery stage
using HLA-imputation data.

Allele frequency
Cases

HLA-B alleles? (2n=394) Controls (2n=822) chi-square test
No % No % OR (95% CI)P P-value P-corrected®
B*07:02 16 4.1 57 6.9 0.57 (0.32-1.00) 4.84E-02 1.06E+00
B*13:01 2 0.5 13 1.6 0.32(0.07-1.41) NS -
B*15:01 38 9.6 72 8.8 1.11 (0.74-1.68) NS -
B*15:07 3 0.8 5 0.6 1.25 (0.30-5.27) NS -
B*15:11 3 0.8 5 0.6 1.25 (0.30-5.27) NS -
B*15:18 2 0.5 14 1.7 0.29 (0.07-1.30) NS -
B*35:01 33 8.4 67 8.2 1.03 (0.67-1.59) NS -
B*37:01 2 0.5 7 0.9 0.59 (0.12-2.87) NS -
B*39:01 15 3.8 34 4.1 0.92 (0.49-1.70) NS -
B*40:01 16 4.1 47 5.7 0.70 (0.39-1.25) NS -
B*40:02 45 114 58 7.1 1.70 (1.13-2.56) 1.05E-02 2.31E-01
B*40:06 32 8.1 33 4.0 2.11 (1.28-3.49) 2.88E-03 6.34E-02
B*44:03 4 1.0 59 7.2 0.13 (0.05-0.37) 5.69E-06 1.25E-04
B*46:01 19 4.8 38 4.6 1.05 (0.59-1.84) NS -
B*48:01 10 25 22 2.7 0.95 (0.44-2.02) NS -
B*51:01 42 10.7 70 8.5 1.28 (0.86-1.92) NS -
B*52:01 45 11.4 80 9.7 1.20 (0.81-1.76) NS -
B*54:01 22 5.6 65 7.9 0.69 (0.42-1.13) NS -
B*55:02 13 33 16 1.9 1.72 (0.82-3.61) NS -
B*56:01 5 1.3 5 0.6 2.10 (0.60-7.30) NS -
B*59:01 8 2.0 20 2.4 0.83 (0.36-1.90) NS -
B*67:01 9 2.3 11 1.3 1.72 (0.71-4.19) NS -

Alleles: HLA alleles with frequencies < 0.5% in cases or controls are omitted.

bOR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.

°P-corrected: P-values for allele frequency comparisons between cases and controls using the
Pearson's chi-square test or Fisher’s exact test and then corrected for the multiplicity of testing
by the number of comparisons.

NS: Not significant (P-value>=0.05).

-: The P-value before multiple correction was not significant (P-value>=0.05), the P-corrected
was omitted.
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Table 6D. HLA allele association analyses of HLA-DRB1 with childhood SSNS in the discovery
stage using HLA-imputation data.

HLA-DRB1 alleles?

Cases (2n=394)

Controls (2n=822)

Allele frequency

chi-square test

No % No % OR (95% CI)® P-value P-corrected®
DRB1*01:01 15 3.8 57 6.9 0.53 (0.30-0.95) 3.06E-02 5.20E-01
DRB1*04:03 18 4.6 25 3.0 1.53 (0.82-2.83) NS -
DRB1*04:05 56 14.2 121 147 0.96 (0.68-1.35) NS -
DRB1*04:06 13 3.3 27 3.3 1.00 (0.51-1.97) NS -
DRB1*08:02 40 10.2 32 3.9 2.79 (1.72-4.51) 1.50E-05 2.56E-04
DRB1*08:03 27 6.9 63 7.7 0.89 (0.56-1.41) NS -
DRB1*09:01 73 18.5 126 15.3 1.26 (0.91-1.73) NS -
DRB1*11:01 14 3.6 23 2.8 1.28 (0.65-2.52) NS -
DRB1*12:01 23 5.8 30 3.6 1.64 (0.94-2.86) NS -
DRB1*12:02 3 0.8 18 2.2 0.34 (0.10-1.17) NS -
DRB1*13:02 1.3 55 6.7 0.18 (0.07-0.45) 4.40E-05 7.47E-04
DRB1*14:03 11 2.8 11 1.3 2.12 (0.91-4.93) NS -
DRB1*14:05 7 1.8 16 1.9 0.91 (0.37-2.23) NS -
DRB1*14:06 13 3.3 13 1.6 2.12 (0.97-4.62) NS -
DRB1*14:54 6 15 26 3.2 0.47 (0.19-1.16) NS -
DRB1*15:01 18 4.6 67 8.2 0.54 (0.32-0.92) 2.19E-02 3.72E-01
DRB1*15:02 44 11.2 70 8.5 1.35(0.91-2.01) NS -

Alleles: HLA alleles with frequencies < 0.5% in cases or controls are omitted.
bOR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.

°P-corrected: P-values for allele frequency comparisons between cases and controls using the
Pearson's chi-square test or Fisher’s exact test and then corrected for the multiplicity of testing

by the number of comparisons.
NS: Not significant (P-value>=0.05).

-: The P-value before multiple correction was not significant (P-value>=0.05), the P-corrected

was omitted.
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Table 6E. HLA allele association analyses of HLA-DQB1 with childhood SSNS in the discovery
stage using HLA-imputation data.

HLA-DQB1 alleles?

Cases (2n=394)

Controls (2n=822)

Allele frequency

chi-square test

No % No % OR (95% CI)® P-value P-corrected®
DQB1*03:01 62 15.7 99 12.0 1.36 (0.97-1.92) NS -
DQB1*03:02 68 17.3 75 9.1 2.08 (1.46-2.96) 3.77E-05 4.14E-04
DQB1*03:03 79 20.1 133 16.2 1.30 (0.95-1.77) NS -
DQB1*04:01 53 135 121 14.7 0.90 (0.64-1.27) NS -
DQB1*04:02 8 2.0 26 3.2 0.63 (0.28-1.41) NS -
DQB1*05:01 16 4.1 63 7.7 0.51 (0.29-0.89) 1.70E-02 1.87E-01
DQB1*05:02 6 15 17 2.1 0.73 (0.29-1.87) NS -
DQB1*05:03 11 2.8 29 35 0.79 (0.39-1.59) NS -
DQB1*06:01 71 18.0 133 16.2 1.14 (0.83-1.56) NS -
DQB1*06:02 14 3.6 65 7.9 0.43 (0.24-0.77) 3.94E-03 4.33E-02
DQB1*06:04 2 0.5 53 6.4 0.07 (0.02-0.31) 3.09E-06 3.40E-05

Alleles: HLA alleles with frequencies < 0.5% in cases or controls are omitted.
POR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.

°P-corrected: P-values for allele frequency comparisons between cases and controls using the
Pearson's chi-square test or Fisher’s exact test and then corrected for the multiplicity of testing

by the number of comparisons.
NS: Not significant (P-value>=0.05).

-: The P-value before multiple correction was not significant (P-value>=0.05), the P-corrected

was omitted.
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Table 6F. HLA allele association analyses of HLA-DPB1 with childhood SSNS in the discovery
stage using HLA-imputation data.

HLA-DPB1 alleles?

Cases (2n=394)

Controls (2n=822)

Allele frequency

chi-square test

No % No % OR (95% CI)® P-value P-corrected®
DPB1*02:01 102 25.9 210 255 1.02 (0.77-1.34) NS -
DPB1*02:02 10 25 35 4.3 0.59 (0.29-1.19) NS -
DPB1*03:01 8 2.0 36 4.4 0.45 (0.21-0.98) 4.01E-02 4.01E-01
DPB1*04:01 2.0 43 5.2 0.38 (0.17-0.81) 9.17E-03 9.17E-02
DPB1*04:02 30 7.6 83 10.1 0.73 (0.47-1.13) NS -
DPB1*05:01 188 47.7 316 38.4 1.46 (1.15-1.86) 2.13E-03 2.13E-02
DPB1*06:01 2 0.5 5 0.6 0.83 (0.16-4.32) NS -
DPB1*09:01 40 10.2 65 7.9 1.32 (0.87-1.99) NS -
DPB1*13:01 4 1.0 12 15 0.69 (0.22-2.16) NS -
DPB1*14:01 2 0.5 10 1.2 0.41 (0.09-1.90) NS -

Alleles: HLA alleles with frequencies < 0.5% in cases or controls are omitted.
POR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.

°P-corrected: P-values for allele frequency comparisons between cases and controls using the
Pearson's chi-square test or Fisher’s exact test and then corrected for the multiplicity of testing

by the number of comparisons.
NS: Not significant (P-value>=0.05).

-: The P-value before multiple correction was not significant (P-value>=0.05), the P-corrected

was omitted.
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Table 7A. Association analysis of HLA-A-C-B haplotypes with childhood SSNS in the discovery
stage using HLA-imputation data.

HLA-A-C-B haplotypes®

Cases (2n=394)

Haplotype frequency

Controls (2n=822)

chi-square test

No % No % OR (95% CI)® P-value P-corrected®
A*02:01-C*01:02-B*54:01 4 1.0 7 0.9 1.19 (0.35-4.10) NS -
A*02:01-C*03:03-B*15:01 3 0.8 8 1.0 0.78 (0.21-2.96) NS -
A*02:01-C*03:04-B*40:01 2 0.5 0.6 0.83 (0.16-4.32) NS -
A*02:06-C*03:03-B*35:01 4 1.0 11 13 0.76 (0.24-2.39) NS -
A*02:06-C*07:02-B*39:01 5 1.3 14 1.7 0.74 (0.27-2.07) NS -
A*02:06-C*08:01-B*40:06 16 4.1 9 1.1 3.82(1.67-8.73) 6.47E-04 1.94E-02
A*02:06-C*14:02-B*51:01 2 0.5 7 0.9 0.59 (0.12-2.87) NS -
A*02:07-C*01:02-B*46:01 11 2.8 19 2.3 1.21 (0.57-2.58) NS -
A*11:01-C*01:02-B*54:01 0.5 17 2.1 0.24 (0.06-1.05) 4.00E-02 1.20E+00
A*11:01-C*03:03-B*35:01 2 0.5 5 0.6 0.83 (0.16-4.32) NS -
A*11:01-C*04:01-B*15:01 11 2.8 19 2.3 1.21 (0.57-2.58) NS -
A*11:01-C*07:02-B*67:01 3 0.8 6 0.7 1.04 (0.26-4.19) NS -
A*24:02-C*01:02-B*54:01 8 2.0 32 3.9 0.51 (0.23-1.12) NS -
A*24:02-C*01:02-B*55:02 3 0.8 7 0.9 0.89 (0.23-3.47) NS -
A*24:02-C*01:02-B*59:01 5 13 15 18 0.69 (0.25-1.92) NS -
A*24:02-C*03:03-B*15:01 7 1.8 5 0.6 2.96 (0.93-9.37) NS -
A*24:02-C*03:03-B*35:01 10 25 14 1.7 1.50 (0.66-3.41) NS -
A*24:02-C*03:04-B*40:01 3 0.8 11 13 0.57 (0.16-2.04) NS -
A*24:02-C*03:04-B*40:02 9 2.3 19 2.3 0.99 (0.44-2.20) NS -
A*24:02-C*07:02-B*07:02 10 25 45 55 0.45 (0.22-0.90) 2.11E-02 6.33E-01
A*24:02-C*08:01-B*40:06 4 1.0 6 0.7 1.39 (0.39-4.97) NS -
A*24:02-C*12:02-B*52:01 39 9.9 77 9.4 1.06 (0.71-1.59) NS -
A*24:02-C*14:02-B*51:01 8 2.0 14 1.7 1.20 (0.50-2.88) NS -
A*26:01-C*03:03-B*15:01 7 1.8 5 0.6 2.96 (0.93-9.37) NS -
A*26:01-C*03:03-B*35:01 5 1.3 11 13 0.95 (0.33-2.75) NS -
A*26:01-C*03:04-B*40:02 8 2.0 15 1.8 1.12 (0.47-2.65) NS -
A*26:01-C*08:01-B*40:06 4 1.0 6 0.7 1.39 (0.39-4.97) NS -
A*31:01-C*03:04-B*40:02 8 2.0 5 0.6 3.39(1.10-10.42) 3.45E-02 1.04E+00
A*31:01-C*14:02-B*51:01 19 4.8 16 1.9 2.55(1.30-5.02) 5.00E-03 1.50E-01
A*33:03-C*14:03-B*44:03 4 1.0 54 6.6 0.15 (0.05-0.41) 2.11E-05 6.33E-04

4Haplotypes: HLA-A-C-B haplotypes with frequencies < 0.5% in cases or controls are omitted.
POR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.

°P-corrected: P-values for HLA haplotype frequency comparisons between cases and controls
using the Pearson's chi-square test or Fisher’s exact test and then corrected for the multiplicity of
testing by the number of comparisons.
NS: Not significant (P-value>=0.05).

72



-: The P-value before multiple correction was not significant (P-value>=0.05), the P-corrected
was omitted.
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Table 7B. Association analysis of HLA-DRB1-DQB1 haplotypes with childhood SSNS in the
discovery stage using HLA-imputation data.

Haplotype frequency
HLA-DRB1-DQB1

Cases (2n=394) Controls (2n=822) chi-square test
haplotypes?
No % No % OR (95% CI)® P-value P-corrected®
DRB1*01:01-DQB1*05:01 15 3.8 57 6.9 0.53 (0.30-0.95) 3.06E-02 6.12E-01
DRB1*04:03-DQB1*03:02 18 4.6 24 2.9 1.59 (0.85-2.97) NS -
DRB1*04:05-DQB1*04:01 53 135 120 14.6 0.91 (0.64-1.29) NS -
DRB1*04:06-DQB1*03:02 13 33 27 3.3 1.00 (0.51-1.97) NS -
DRB1*08:02-DQB1*03:02 33 8.4 17 21 4.33 (2.38-7.87) 2.17E-07 4.34E-06
DRB1*08:02-DQB1*04:02 7 1.8 15 1.8 0.97 (0.39-2.41) NS -
DRB1*08:03-DQB1*06:01 27 6.9 63 7.7 0.89 (0.56-1.41) NS -
DRB1*09:01-DQB1*03:03 72 18.3 123 15.0 1.27 (0.92-1.75) NS -
DRB1*11:01-DQB1*03:01 14 3.6 22 2.7 1.34 (0.68-2.65) NS -
DRB1*12:01-DQB1*03:01 16 4.1 22 2.7 1.54 (0.80-2.96) NS -
DRB1*12:01-DQB1*03:03 6 15 8 1.0 1.57 (0.54-4.57) NS -
DRB1*12:02-DQB1*03:01 3 0.8 18 22 0.34 (0.10-1.17) NS -
DRB1*13:02-DQB1*06:04 2 0.5 53 6.4 0.07 (0.02-0.31) 3.09E-06 6.17E-05
DRB1*14:03-DQB1*03:01 11 2.8 11 13 2.12 (0.91-4.93) NS -
DRB1*14:05-DQB1*05:03 7 1.8 15 1.8 0.97 (0.39-2.41) NS -
DRB1*14:06-DQB1*03:01 13 3.3 13 1.6 2.12 (0.97-4.62) NS -
DRB1*14:54-DQB1*05:02 2 0.5 13 1.6 0.32 (0.07-1.41) NS -
DRB1*14:54-DQB1*05:03 4 1.0 13 1.6 0.64 (0.21-1.97) NS -
DRB1*15:01-DQB1*06:02 14 3.6 65 7.9 0.43 (0.24-0.77) 3.94E-03 7.87E-02
DRB1*15:02-DQB1*06:01 44 11.2 70 8.5 1.35(0.91-2.01) NS -

®Haplotypes: HLA-DRB1-DQB1 haplotypes with frequencies < 0.5% in cases or controls are
omitted.

POR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.

‘P-corrected: P-values for HLA haplotype frequency comparisons between cases and controls
using the Pearson's chi-square test or Fisher’s exact test and then corrected for the multiplicity of
testing by the number of comparisons.

NS: Not significant (P-value>=0.05).

-: The P-value before multiple correction was not significant (P-value>=0.05), the P-corrected
was omitted.
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Table 7C. Association analysis of HLA-DRB1-DQB1-DPBL1 haplotypes with childhood SSNS in
the discovery stage using HLA-imputation data.

Haplotype frequency

HLA-DRB1-DQB1-DPB1 haplotypes® Cases (2n=394) Controls (2n=822) chi-square test
No % No % OR (95% CI)° P-value P-corrected®
DRB1*01:01-DQB1*05:01-DPB1*04:02 11 2.8 49 6.0 0.45 (0.23-0.88) 1.69E-02 4.40E-01
DRB1*04:03-DQB1*03:02-DPB1*02:01 9 2.3 10 1.2 1.90 (0.77-4.71) NS -
DRB1*04:03-DQB1*03:02-DPB1*05:01 9 2.3 9 11 2.11 (0.83-5.36) NS -
DRB1*04:05-DQB1*04:01-DPB1*02:01 10 25 12 15 1.76 (0.75-4.10) NS -
DRB1*04:05-DQB1*04:01-DPB1*05:01 38 9.6 69 8.4 1.16 (0.77-1.76) NS -
DRB1*04:06-DQB1*03:02-DPB1*02:01 4 1.0 19 2.3 0.43 (0.15-1.28) NS -
DRB1*08:02-DQB1*03:02-DPB1*05:01 20 5.1 15 18 2.88 (1.46-5.68) 1.51E-03 3.91E-02
DRB1*08:02-DQB1*04:02-DPB1*05:01 4 1.0 7 0.9 1.19 (0.35-4.10) NS -
DRB1*08:03-DQB1*06:01-DPB1*02:01 6 15 16 19 0.78 (0.30-2.01) NS -
DRB1*08:03-DQB1*06:01-DPB1*02:02 3 0.8 16 1.9 0.39 (0.11-1.33) NS -
DRB1*08:03-DQB1*06:01-DPB1*05:01 16 4.1 22 2.7 1.54 (0.80-2.96) NS -
DRB1*09:01-DQB1*03:03-DPB1*02:01 40 10.2 32 3.9 2.79 (1.72-4.51) 1.50E-05 3.91E-04
DRB1*09:01-DQB1*03:03-DPB1*05:01 24 6.1 7 9.4 0.63 (0.39-1.01) NS -
DRB1*11:01-DQB1*03:01-DPB1*02:01 2 0.5 9 11 0.46 (0.10-2.14) NS -
DRB1*11:01-DQB1*03:01-DPB1*05:01 7 1.8 11 13 1.33(0.51-3.47) NS -
DRB1*12:01-DQB1*03:01-DPB1*05:01 9 2.3 10 1.2 1.90 (0.77-4.71) NS -
DRB1*12:01-DQB1*03:03-DPB1*05:01 4 1.0 7 0.9 1.19 (0.35-4.10) NS -
DRB1*12:02-DQB1*03:01-DPB1*05:01 2 0.5 10 1.2 0.41 (0.09-1.90) NS -
DRB1*13:02-DQB1*06:04-DPB1*04:01 2 0.5 35 4.3 0.11 (0.03-0.48) 3.66E-04 9.52E-03
DRB1*14:05-DQB1*05:03-DPB1*05:01 4 1.0 11 13 0.76 (0.24-2.39) NS -
DRB1*14:54-DQB1*05:03-DPB1*05:01 4 1.0 7 0.9 1.19 (0.35-4.10) NS -
DRB1*15:01-DQB1*06:02-DPB1*02:01 3 0.8 39 4.7 0.15 (0.05-0.50) 3.71E-04 9.65E-03
DRB1*15:01-DQB1*06:02-DPB1*04:02 3 0.8 5 0.6 1.25(0.30-5.27) NS -
DRB1*15:01-DQB1*06:02-DPB1*05:01 4 1.0 13 1.6 0.64 (0.21-1.97) NS -
DRB1*15:02-DQB1*06:01-DPB1*05:01 9 2.3 10 12 1.90 (0.77-4.71) NS -
DRB1*15:02-DQB1*06:01-DPB1*09:01 34 8.6 48 5.8 1.52 (0.96-2.40) NS -

®Haplotypes: HLA-DRB1-DQB1-DPBL1 haplotypes with frequencies < 0.5% in cases or controls
are omitted.

POR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.

°P-corrected: P-values for HLA haplotype frequency comparisons between cases and controls
using the Pearson's chi-square test or Fisher’s exact test and then corrected for the multiplicity of
testing by the number of comparisons.

NS: Not significant (P-value>=0.05).

-: The P-value before multiple correction was not significant (P-value>=0.05), the P-corrected
was omitted.
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Table 7D. Association analysis of HLA-A-C-B-DRB1-DQB1 haplotypes with childhood SSNS

in the discovery stage using HLA-imputation data.

Haplotype frequency
HLA-A-C-B-DRB1-DQBL1 haplotypes? Cases (2n=394) Controls (2n=822) chi-square test
No % No % OR (95% CI)° P-value P-corrected®
A*02:06-C*08:01-B*40:06-DRB1*09:01-DQB1*03:03 12 3.0 5 0.6 5.13 (1.80-14.67) 7.04E-04 6.34E-03
A*02:07-C*01:02-B*46:01-DRB1*08:03-DQB1*06:01 9 23 16 19 1.18 (0.52-2.69) NS -
A*11:01-C*04:01-B*15:01-DRB1*04:06-DQB1*03:02 9 2.3 18 2.2 1.04 (0.46-2.35) NS -
A*24:02-C*01:02-B*54:01-DRB1*04:05-DQB1*04:01 5 13 24 29 0.43(0.16-1.13) NS -
A*24:02-C*01:02-B*59:01-DRB1*04:05-DQB1*04:01 5 13 13 1.6 0.80 (0.28-2.26) NS -
A*24:02-C*07:02-B*07:02-DRB1*01:01-DQB1*05:01 9 23 39 4.7 0.47 (0.23-0.98) 3.92E-02 3.53E-01
A*24:02-C*08:01-B*40:06-DRB1*09:01-DQB1*03:03 2 0.5 5 0.6 0.83(0.16-4.32) NS -
A*24:02-C*12:02-B*52:01-DRB1*15:02-DQB1*06:01 38 9.6 62 75 1.31 (0.86-2.00) NS -
A*26:01-C*08:01-B*40:06-DRB1*09:01-DQB1*03:03 2 0.5 6 0.7 0.69 (0.14-3.45) NS -

®Haplotypes: HLA-A-C-B-DRB1-DQBL1 haplotypes with frequencies < 0.5% in cases or controls

are omitted.

POR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.

‘P-corrected: P-values for HLA haplotype frequency comparisons between cases and controls
using the Pearson's chi-square test or Fisher’s exact test and then corrected for the multiplicity of
testing by the number of comparisons.
NS: Not significant (P-value>=0.05).

-: The P-value before multiple correction was not significant (P-value>=0.05), the P-corrected

was omitted.
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Table 8. HLA alleles and haplotypes significantly associated with childhood SSNS in the
discovery stage using HLA-imputation data.

Allele frequency

HLA alleles/haplotypes? (2%2353854) égzgglzs) chi-square test

No % No % OR (95% CI)® P-corrected®
A*02:06 53 135 62 7.5 1.91 (1.29-2.81) 8.84E-03
A*33:03 10 2.5 65 7.9 0.30 (0.15-0.60) 2.43E-03
C*14:03 1.0 60 7.3 0.13(0.05-0.36) 5.25E-05
B*44:03 1.0 59 7.2 0.13 (0.05-0.37) 1.25E-04
DRB1*08:02 40 10.2 32 3.9 2.79 (1.72-4.51) 2.56E-04
DRB1*13:02 5 1.3 55 6.7 0.18 (0.07-0.45) 7.47E-04
DQB1*03:02 68 17.3 75 9.1 2.08 (1.46-2.96) 4.14E-04
DQB1*06:02 14 3.6 65 7.9 0.43 (0.24-0.77) 4.33E-02
DQB1*06:04 2 0.5 53 6.4 0.07 (0.02-0.31) 3.40E-05
DPB1*05:01 188 47.7 316 38.4 1.46 (1.15-1.86) 2.13E-02
A*33:03-B*44:03 4 1.0 54 6.6 0.15 (0.05-0.41) 6.54E-04
A*02:06-B*40:06 17 4.3 10 1.2 3.66 (1.66-8.07) 1.86E-02
B*44:03-C*14:03 4 1.0 59 7.2 0.13(0.05-0.37) 1.59E-04
B*40:06-C*08:01 28 7.1 24 2.9 2.54 (1.45-4.45) 2.05E-02
A*02:06-C*08:01-B*40:06 16 4.1 9 1.1 3.82(1.67-8.73) 1.94E-02
A*33:03-C*14:03-B*44:03 4 1.0 54 6.6 0.15 (0.05-0.41) 6.33E-04
DRB1*08:02-DQB1*03:02 33 8.4 17 2.1 4.33(2.38-7.87) 4.34E-06
DRB1*13:02-DQB1*06:04 2 0.5 53 6.4 0.07 (0.02-0.31) 6.17E-05
DRB1*08:02-DQB1*03:02-DPB1*05:01 20 5.1 15 1.8 2.88 (1.46-5.68) 3.91E-02
DRB1*09:01-DQB1*03:03-DPB1*02:01 40 10.2 32 3.9 2.79 (1.72-4.51) 3.91E-04
DRB1*13:02-DQB1*06:04-DPB1*04:01 2 0.5 35 4.3 0.11 (0.03-0.48) 9.52E-03
DRB1*15:01-DQB1*06:02-DPB1*02:01 3 0.8 39 4.7 0.15 (0.05-0.50) 9.65E-03
A*02:06-C*08:01-B*40:06-DRB1*09:01- 12 3.0 5 06 5.13 (1.80-14.67) 6.34E-03

DQB1*03:03

Alleles/haplotypes: HLA alleles/haplotypes with frequencies < 0.5% in cases or controls were

excluded from the association analyses.

POR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.
°P-corrected: P-values for allele/haplotype frequency comparisons between cases and controls
using the Pearson's chi-square test or Fisher’s exact test and then corrected for the multiplicity of

testing by the number of comparisons.
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Table 9A. Replication and combined analysis of HLA-DRB] alleles with childhood SSNS.

Replication stage

Combined analysis

HLA-DRBI alleles® (2(;2‘8256) (g?:n]tzozlg) chi-square test (2ﬁi;e7s4) (2C110:n;2031§) chi-square test
No (%) No (%) OR (95% CI)® P-value P-corrected® No (%) No (%) OR (95% CI)® P-value P-corrected®
DRBI1*01:01 11 (2.6%) 86 (6.1%) 0.41 (0.22-0.78) 4.82E-03 9.16E-02 26 (3.0%) 143 (6.4%) 0.45 (0.29-0.69) 1.58E-04 3.17E-03
DRBI*04:01 5(1.2%) 11 (0.8%) 1.52 (0.53-4.40) NS - 6 (0.7%) 21 (0.9%) 0.73 (0.29-1.81) NS
DRBI1*04:03 10 (2.3%) 39 (2.7%) 0.85 (0.42-1.72) NS - 28 (3.2%) 63 (2.8%) 1.14 (0.73-1.80) NS
DRBI*04:05 71 (16.7%) 158 (11.1%) 1.60 (1.18-2.16) 2.35E-03 4.46E-02 128 (14.6%) 279 (12.5%)  1.20(0.96-1.51) NS
DRBI*04:06 4 (0.9%) 56 (3.9%) 0.23 (0.08-0.64) 2.16E-03 4.10E-02 20 (2.3%) 84 (3.8%) 0.60 (0.37-0.98) 4.10E-02 8.20E-01
DRBI*04:10 4(0.9%) 19 (1.3%) 0.70 (0.24-2.07) NS - 12 (1.4%) 31 (1.4%) 0.99 (0.51-1.94) NS
DRBI*08:02 44 (10.3%) 62 (4.4%) 2.52 (1.69-3.77) 3.49E-06 6.64E-05 90 (10.3%) 94 (4.2%) 2.62 (1.94-3.54) 9.11E-11 1.82E-09
DRBI*08:03 35 (8.2%) 110 (7.7%) 1.07 (0.72-1.59) NS - 68 (7.8%) 173 (7.7%) 1.01 (0.75-1.35) NS
DRBI*09:01 83 (19.5%) 196 (13.8%) 1.51 (1.14-2.01) 4.09E-03 7.77E-02 162 (18.5%) 319 (14.3%)  1.37(1.11-1.68) 2.98E-03 5.97E-02
DRBI1*11:01 11 (2.6%) 44 (3.1%) 0.83 (0.42-1.62) NS - 27 (3.1%) 67 (3.0%) 1.03 (0.66-1.63) NS
DRBI*12:01 23 (5.4%) 43 (3.0%) 1.83 (1.09-3.07) 2.08E-02 3.95E-01 51 (5.8%) 73 (3.3%) 1.84 (1.27-2.65) 9.72E-04 1.94E-02
DRBI1*12:02 5(1.2%) 19 (1.3%) 0.88 (0.33-2.36) NS - 8 (0.9%) 37 (1.7%) 0.55 (0.25-1.18) NS
DRBI*13:02 7 (1.6%) 125 (8.8%) 0.17 (0.08-0.37) 4.91E-07 9.32E-06 12 (1.4%) 180 (8.0%) 0.16 (0.09-0.29) 3.65E-12 7.31E-11
DRBI*14:03 11 (2.6%) 22 (1.5%) 1.68 (0.81-3.50) NS - 22 (2.5%) 33 (1.5%) 1.73 (1.00-2.98) 4.73E-02 9.45E-01
DRBI*14:05 7 (1.6%) 32(2.3%) 0.72 (0.32-1.65) NS - 18 (2.1%) 47 (2.1%) 0.98 (0.57-1.70) NS
DRBI*14:06 7 (1.6%) 19 (1.3%) 1.23 (0.51-2.95) NS - 22 (2.5%) 32 (1.4%) 1.78 (1.03-3.08) 3.68E-02 7.37E-01
DRBI*14:54 2 (0.4%) 26 (1.8%) / / / 9 (1.0%) 52 (2.3%) 0.44 (0.21-0.89) 1.93E-02 3.86E-01
DRBI*15:01 19 (4.5%) 113 (8.0%) 0.54 (0.33-0.89) 1.40E-02 2.66E-01 40 (4.6%) 180 (8.0%) 0.55 (0.39-0.78) 6.98E-04 1.40E-02
DRBI*15:02 52 (12.2%) 178 (12.5%)  0.97 (0.70-1.35) NS - 97 (11.1%) 248 (11.1%)  1.00 (0.78-1.28) NS
DRBI*16:02 5(1.2%) 12 (0.8%) 1.39 (0.49-3.98) NS - 9 (1.0%) 14 (0.6%) 1.65 (0.71-3.83) NS

Alleles: HLA alleles with frequencies < 0.5% in cases or controls are omitted.
POR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.

°P-corrected: P-values for allele frequency comparisons between cases and controls using the Pearson's chi-square test or Fisher’s

exact test and then corrected for the multiplicity of testing by the number of comparisons.
/:The HLA-DRBI allele was excluded from association analysis because of low frequency (<0.5%) in the replication stage.
NS: Not significant (P-value>=0.05).
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-: The P-value before multiple correction was not significant (P>=0.05), the P-corrected was omitted.
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Table 9B. Replication and combined analysis of HLA-DQB] alleles with childhood SSNS.

Replication stage Combined analysis
HLA-DQBI Cases Controls chi-square test Cases Controls chi-square test
alleles® (2n=426) (2n=1420) q (2n=874) (2n=2238) q
No (%) No (%) OR (95% CI)® P-value P-corrected® No (%) No (%) OR (95% CI)® P-value P-corrected®

DQBI1*03:01 69 (16.2%) 151 (10.6%) 1.62 (1.19-2.21) 1.88E-03 2.07E-02 140 (16.0%) 250 (11.2%) 1.52 (1.21-1.90) 2.42E-04 2.66E-03
DQBI1*03:02 48 (11.3%) 136 (9.6%) 1.20 (0.85-1.70) NS - 128 (14.6%) 213 (9.5%) 1.63 (1.29-2.06) 3.86E-05 4.25E-04
DQBI1%03:03 82 (19.2%) 211 (14.9%) 1.37 (1.03-1.81) 2.97E-02 3.26E-01 173 (19.8%) 340 (15.2%) 1.38 (1.13-1.69) 1.87E-03 2.06E-02
DQBI1*04:01 70 (16.4%) 158 (11.1%) 1.57 (1.16-2.13) 3.51E-03 3.86E-02 123 (14.1%) 279 (12.5%) 1.15 (0.92-1.44) NS

DQBI1*04:02 19 (4.5%) 50 (3.5%) 1.28 (0.75-2.19) NS - 36 (4.1%) 76 (3.4%) 1.22 (0.82-1.83) NS

DQOBI1*05:01 12 (2.8%) 91 (6.4%) 0.42 (0.23-0.78) 4.62E-03 5.08E-02 28 (3.2%) 154 (6.9%) 0.45 (0.30-0.68) 8.53E-05 9.38E-04
DQBI1*05:02 6 (1.4%) 32 (2.3%) 0.62 (0.26-1.49) NS - 12 (1.4%) 49 (2.2%) 0.62 (0.33-1.17) NS

DQBI*05:03 8 (1.9%) 62 (4.4%) 0.42 (0.20-0.88) 1.84E-02 2.02E-01 22 (2.5%) 90 (4.0%) 0.62 (0.38-0.99) 4.29E-02 4.72E-01
DQBI1*06:01 87 (20.4%) 284 (20.0%) 1.03 (0.78-1.34) NS - 163 (18.6%) 417 (18.6%) 1.00 (0.82-1.22) NS

DQBI1*06:02 14 (3.3%) 108 (7.6%) 0.41 (0.23-0.73) 1.65E-03 1.81E-02 29 (3.3%) 173 (7.7%) 0.41 (0.27-0.61) 7.13E-06 7.84E-05
DQBI1*06:04 5(1.2%) 117 (8.2%) 0.13 (0.05-0.33) 2.63E-07 2.89E-06 7 (0.8%) 170 (7.6%) 0.10 (0.05-0.21) 1.90E-13 2.09E-12

Alleles: HLA alleles with frequencies < 0.5% in cases or controls are omitted.

®OR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.

‘P-corrected: P-values for allele frequency comparisons between cases and controls using the Pearson's chi-square test or Fisher’s
exact test and then corrected for the multiplicity of testing by the number of comparisons.

NS: Not significant (P-value>=0.05).

-: The P-value before multiple correction was not significant (P-value>=0.05), the P-corrected was omitted.
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Table 9C. Replication and combined analysis of HLA-DRBI1-DQB1 haplotypes with childhood SSNS.

Replication stage Combined analysis
HLi:;ﬁfyjlfsﬂQBl (2226;6) (2Cr?:n 510213) chi-square test (2ii§;e7s4) (2Cr?32“2031;) chi-square test

No (%) No (%) OR (95% CI)® P-value Cmi ctede No (%) No (%) OR (95% CI)® P-value Cmﬁ’ cted
DRBI*01:01-DQBI1*05:01 11 (2.6%) 85 (6.0%) 0.42 (0.22-0.79) 5.52E-03 1.10E-01 26 (3.0%) 142 (6.3%) 0.45 (0.30-0.69) 1.85E-04 4.07E-03
DRBI*04:01-DOBI*03:01 5(1.2%) 11 (0.8%) 1.52 (0.53-4.40) NS - 6 (0.7%) 21 (0.9%) 0.73 (0.29-1.81) NS -
DRB1%04:03-DOBI1*03:02 10 (2.3%) 38 (2.7%) 0.87 (0.43-1.77) NS . 28 (3.2%) 61 (2.7%) 1.18 (0.75-1.86) NS .
DRBI*04:05-DQBI*04:01 70 (16.4%)  155(10.9%)  1.60 (1.18-2.18)  227E-03  454E-02 123 (14.1%)  275(12.3%)  1.17 (0.93-1.47) NS -
DRB1*04:06-DOB1*03:02 4(0.9%) 56 (3.9%) 0.23 (0.08-0.64) 2.16E-03 4.32E-02 20 (2.3%) 84 (3.8%) 0.60 (0.37-0.98) 4.10E-02 9.02E-01
DRBI*04:10-DOBI1*04:02 4(0.9%) 17 (1.2%) 0.78 (0.26-2.34) NS - 12 (1.4%) 28 (1.3%) 1.10 (0.56-2.17) NS -
DRBI1*08:02-DOB1*03:02 28 (6.6%) 31 (2.2%) 3.15(1.87-5.32) 6.25E-06 1.25E-04 64 (7.3%) 48 (2.1%) 3.60 (2.46-5.29) 3.19E-12 7.01E-11
DRBI*08:02-DOBI*04:02 15 (3.5%) 30 (2.1%) 1.69 (0.90-3.17) NS - 24 (2.7%) 45 (2.0%) 1.38 (0.83-2.27) NS -
DRB1*08:03-DOB1*06:01 35 (8.2%) 106 (7.5%) 1.11 (0.74-1.65) NS - 66 (7.6%) 169 (7.6%) 1.00 (0.74-1.34) NS -

DRB1*09:01-DOBI1*03:03 80 (18.8%) 193 (13.6%) 1.47 (1.10-1.96) 8.16E-03 1.63E-01 158 (18.1%) 312 (13.9%) 1.36 (1.10-1.68) 3.78E-03 8.31E-02

DRBI*11:01-DOBI*03:01 11 (2.6%) 43(3.0%)  0.85(0.43-1.66) NS - 25 (2.9%) 64 (2.9%) 1.00 (0.63-1.60) NS -
DRBI*12:01-DQBI*03:01 20 (4.7%) 26(1.8%)  2.64(1.46-4.78)  8.82E-04  1.76E-02 38 (4.3%) 43 (2.1%) 2.07(135320)  7.53E-04  1.66E-02
DRBI*12:01-DOBI*03:03 2 (0.4%) 17 (1.1%) / / / 8 (0.9%) 23 (1.0%) 0.89 (0.40-2.00) NS -
DRBI*12:02-DOBI*03:01 5(1.2%) 19(13%)  0.88(0.33-2.36) NS - 8 (0.9%) 37 (1.7%) 0.55 (0.25-1.18) NS -
DRBI*13:02-DQBI1*06:04 5(1.2%) 117(82%)  0.13(0.05-0.33)  2.63E-07  5.25E-06 7(0.8%) 170 (7.6%)  0.10 (0.05-021)  1.90E-13  4.18E-12
DRBI*14:03-DOBI*03:01 11 (2.6%) 22 (1.5%) 1.68 (0.81-3.50) NS - 22 (2.5%) 33 (1.5%) 173 (1.00-2.98)  4.73E-02  1.04E+00
DRBI*14:05-DOBI*05:03 7 (1.6%) 29(2.0%)  0.80 (0.35-1.84) NS - 16 (1.8%) 43 (1.9%) 0.95 (0.53-1.70) NS -
DRBI*14:06-DQBI*03:01 7 (1.6%) 19 (1.3%) 1.23 (0.51-2.95) NS - 22 (2.5%) 32 (1.4%) 1.78 (1.03-3.08)  3.68E-02  8.10E-01
DRBI1*14:54-DOBI*05:03 1(0.2%) 17 (1.2%) / / / 6 (0.7%) 30 (1.3%) 0.51(0.21-1.23) NS -
DRBI*15:01-DQBI*06:02 14 (3.3%) 107 (7.5%)  042(0.24-0.74)  1.89E-03  3.77E-02 29 (3.3%) 172(7.7%) 041 (0.28-0.62)  8.41E-06  1.85E-04
DRBI*I5:02-DOBI*06:01  52(122%)  177(12.5%)  0.98 (0.70-1.36) NS - 97(11.1%)  247(11.0%)  1.01(0.78-1.29) NS -
DRBI*16:02-DQBI1*05:02 5(1.2%) 12 (0.8%) 139 (0.49-3.98) NS - 9 (1.0%) 14 (0.6%) 1.65 (0.71-3.83) NS -

*Haplotypes: HLA-DRBI-DQBI haplotypes with frequencies < 0.5% in cases or controls are omitted.
POR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.
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°P-corrected: P-values for HLA haplotype frequency comparisons between cases and controls using the Pearson's chi-square test or
Fisher’s exact test and then corrected for the multiplicity of testing by the number of comparisons.
/:The HLA-DRBI1-DQBI haplotype was excluded from association analysis because of low frequency (<0.5%) in the replication stage.

NS: Not significant (P-value>=0.05).
-: The P-value before multiple correction was not significant (P-value>=0.05), the P-corrected was omitted.
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Table 10. Validation, replication and combined analyses of the significant HLA-DRBI1/-DQBI alleles and HLA-DRBI-DQBI
haplotypes detected in the discovery stage.

Validation Replication Combined analysis

HLA alleles/ haplotypes® Cases Controls Chi-square test Cases Controls Chi-square test Cases Controls Chi-square test

(2n=448) (2n=818) (2n=426)  (2n=1,420) (2n=874)  (2n=2,238)
OR OR OR
0, 0, » c 0, 0, _ c 0, 0, . ¢
No (%) No (%) (95% CI)° P-corrected No (%) No (%) (95% CI)° P-corrected No (%) No (%) 95% CI)° P-corrected
46 32 2.81 44 62 2.52 90 94 2.62
* . | | -
DRBI%08:02 (10.3%) (3.9%) (1.76-4.48) 1.24E-04 (10.3%) (4.4%) (1.69-3.77) 6.64E-05 (10.3%) (4.2%) (1.94-3.54) 1.82E-09
5 55 0.16 7 125 0.17 12 180 0.16
* . - - -
DRBI*13:02 (1.1%) (6.7%) (0.06-0.39) 1.28E-04 (1.6%) (8.8%) (0.08-0.37) 9-32E-06 (1.4%) (8.0%) (0.09-0.29) 731E-11
80 77 2.09 48 136 1.20 128 213 1.63
*, - - -
DOBI*03:02 (17.9%) (9.4%) (1.49-2.93) 1.44E-04 (11.3%) (9.6%) (0.85-1.70) NS (14.6%) (9.5%) (1.29-2.06) 4.25E-04
65 0.40 14 108 0.41 29 173 0.41
*, . 0, | - -
DOBI*06:02 15 (3.4%) (8.0%) (0.23-0.71) 1.43E-02 (3.3%) (7.6%) (0.23-0.73) 1.81E-02 (3.3%) (7.7%) (0.27-0.61) 7.84E-05
2 53 0.06 5 117 0.13 7 170 0.10
l) *, - - - -
OB17%06:04 (0.5%) (6.5%) (0.02-0.27) 3-26E-06 (1.2%) (8.2%) (0.05-0.33) 2.89E-07 (0.8%) (7.6%) (0.05-0.21) 2.09E-12
36 17 4.12 28 31 3.15 64 48 3.60
*08-())- *0)3 - | - -
DRBI*08:02-DOBI*03:02 (8.0%) 2.1%) (2.28-7.42) 8.76E-06 (6.6%) (2.2%) (1.87-5.32) 1.25E-04 (7.3%) (2.1%) (2.46-5.29) 7-01E-11
2 53 0.06 5 117 0.13 7 170 0.10
D, *73:02-D *()6- | | -
RE1*13:02-DOBI*06:04 (0.5%) (6.5%) (0.02-0.27) 1.00E-05 (1.2%) (8.2%) (0.05-0.33) 3.25E-06 (0.8%) (7.6%) (0.05-0.21) 4.18E-12
15 65 0.40 14 107 0.42 29 172 0.41
* - - *, . | _ _
DRBI*15:01-DQBI*06:02 (3.4%) (8.0%) (0.23-0.71) 2.74E-02 (3.3%) (7.5%) (0.24-0.74) 3.77E-02 (3.3%) (7.7%) (0.28-0.62) 1.85E-04

Alleles/haplotypes: The significant HLA-DRB1/-DOBI alleles and HLA-DRBI1-DQBI haplotypes identified in the discovery stage
using HLA-imputation data.

POR: Odds ratio; 95% CI: lower and upper limits of confidence interval at 95%.

°P-corrected: P-values for haplotype frequency comparisons between cases and controls using the Pearson's chi-square test or Fisher’s
exact test and then corrected for the multiplicity of testing by the number of comparisons.

NS: Not significant (P-corrected>=0.05).
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Table 11. HLA allele reciprocal conditional analyses.

HLA allele TEST OR (95% ClI) P
Logistic regression 2.70 (1.98-3.67) 2.88E-10
HLA-DRB1*08:02 B
Condition on DQB1*03:02 2.41 (1.72-3.37) 3.13E-07
Logistic regression 1.62 (1.28-2.04) 5.62E-05
HLA-DQB1*03:02 .
Condition on DRB1*08:02 1.25 (0.96-1.62) 0.10 (NS)
Logistic regression 0.17 (0.09-0.30) 2.32E-09
HLA-DRB1*13:02 .
Condition on DQB1*06:04 1.68 (0.53-5.30) 0.37 (NS)
Logistic regression 0.10 (0.05-0.21) 2.63E-09
HLA-DQB1*06:04 .
Condition on DRB1*13:02 0.06 (0.01-0.24) 7.22E-05
Logistic regression 2.70 (1.98-3.67) 2.88E-10
HLA-DRB1*08:02
Condition on DQB1*06:04 2.48 (1.82-3.39) 1.14E-08
Logistic regression 0.10 (0.05-0.21) 2.63E-09
HLA-DQB1*06:04
Condition on DRB1*08:02 0.11 (0.05-0.23) 8.47E-09

NS: Not significant (P>=0.05).
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Table 12. Single-tag SNP (rs3129888) for capturing HLA-DRB1*08:02 and HLA-DRB1*08:02-
DQB1*03:02.

Tag SNP HLA-DRB1*08:02 Other HLA-DRB1 sub-alleles
rs3129888 (G) 177 63
rs3129888 (A) 7 2865
Total 184 2928
Tag SNP DRB1*08:02-DQB1*03:02 Other HLA-DRB1-DQB1 haplotypes

rs3129888 (G) 110 130
rs3129888 (A) 2 2870
Total 112 3000
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Figure 1. Distribution of patients’ onset age: No bias of onset-age between the discovery case
samples and the replication case samples (P=0.12).

(A) Distribution of patients’ onset age in discovery stage.

(B) Distribution of patients’ onset age in replication stage.
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Figure 2. Principal component analysis of 642 samples (224 cases and 418 healthy controls) from the discovery stage of GWAS and
HapMap Phase III samples (113 Utah residents with ancestry from northern and western Europe [CEU], 113 Yoruba in Ibadan [YRI],
84 Han Chinese in Beijing [CHB], and 86 Japanese in Tokyo [JPT]).

(A) Plotted all samples with global reference data (CEU, YRI and JPT+CHB), no outlier was detected.

(B) Focused on Asian samples (JPT and CHB): 6 controls around the JPT cluster were identified as outliers (highlighted by circles in
red), and then excluded.

(C) 224 cases and 412 controls for association analyses, after the removal of outliers based on the results of PCA.
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Figure 3. Quantile-quantile (Q-Q) plot of P-values for each SNP calculated using Cochran-
Armitage trend test in the initial GWAS (224 cases with childhood SSNS and 412 healthy
controls). The inflation factor, A, was estimated to be 1.045 for all tested SNPs.
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Figure 4. Results of the genome-wide association study (Manhattan plot) for childhood SSNS in
the Japanese population.

P-values were calculated using Cochran-Armitage trend test in 224 cases and 412 controls in the
discovery stage and adjusted by genomic control (GC-corrected P). The horizontal red and blue
lines indicate the genome-wide significant threshold (P=5x10"%) and suggestive threshold
(P=1x10"°), respectively.
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Figure 5. Regional plot of top signal in HLA-DR/DQ region in discovery GWAS.

The associations were calculated using Cochran-Armitage trend test and adjusted by genomic
control (GC-corrected P). The purple dot indicates the top single nucleotide polymorphism in the
association analysis (rs4642516, GC-corrected P=5.44x1019),
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Figure 6. Quantile-quantile (Q-Q) plots of P-values for each variant calculated using Cochran-
Armitage trend test after whole-genome imputation (224 cases with childhood SSNS and 412
healthy controls).

The inflation factor, A, was estimated to be (A) 1.023 for all tested variations, including those in
the HLA region, and (B) 1.019 when SNPs and INDELs in the HLA region (Hgl9: chr6:
29,691,116-33,054,976) were excluded.
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Figure 7. Whole-genome imputation was performed using the 2KJPN panel.

The associations were conducted using Cochran-Armitage trend test, P-values were corrected by
genomic control. The horizontal red and blue lines indicate the genome-wide significant
threshold (P=5x10"%) and suggestive threshold (P=1x107), respectively.
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Figure 8. Regional plot of HLA region after conditioning on top typed SNP (rs4642516) using
logistic regression.
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Figure 9. The study power of the current GWAS.

The power of our two-stage GWAS exceeded 80% to detect common alleles (minor allele
frequency (MAF) >= 5%) with genotypic relative risk (RR) above 2.95, at a significant P-value
threshold of 5x10°® under additive model.
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