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A genome-wide association study in Han Chinese
identifies multiple susceptibility loci for IgA nephropathy

Xue-Qing Yu>!5, Ming Li»»!°, Hong Zhang>!>, Hui-Qi Low?, Xin Wei'*2, Jin-Quan Wang?>, Liang-Dan Sun®’,
Kar-Seng Sim*, Yi Li4, Jia-Nee Foo*, Wei Wang!-2, Zhi-Jian Li!2, Xian-Yong Yin®’, Xue-Qing Tang!?, Li Fan'-2,
Jian Chen8, Rong-Shan Li%, Jian-Xin Wan!?, Zhang-Suo Liu'!, Tan-Qi Lou!?, Li Zhu?, Xiao-Jun Huang!3,

Xue-Jun Zhang®’, Zhi-Hong Liu’ & Jian-Jun Liu®14

We performed a two-stage genome-wide association study of
IgA nephropathy (IgAN) in Han Chinese, with 1,434 affected
individuals (cases) and 4,270 controls in the discovery phase
and follow-up of the top 61 SNPs in an additional 2,703

cases and 3,464 controls. We identified associations at 17p13
(rs3803800, P = 9.40 x 10~"1, OR = 1.21; rs4227, P = 4.31 x
1071, OR =1.23) and 8p23 (rs2738048, P =3.18 x 10714,

OR = 0.79) that implicated the genes encoding tumor necrosis
factor (TNFSF13) and a-defensin (DEFA) as susceptibility
genes. In addition, we found multiple associations in the major
histocompatibility complex (MHC) region (rs660895, P = 4.13 x
1029, OR = 1.34; rs1794275, P = 3.43 x 10~'3, OR = 1.30;
rs2523946, P = 1.74 x 10~'1, OR = 1.21) and confirmed a
previously reported association at 22q12 (rs12537, P =1.17 x
10-"1, OR = 0.78). We also found that rs660895 was associated
with clinical subtypes of IgAN (P = 0.003), proteinuria

(P =0.025) and IgA levels (P = 0.047). Our findings show that
IgAN is associated with variants near genes involved in innate
immunity and inflammation.

IgA nephropathy (IgAN) is the most common primary glomerulone-
phritis among individuals undergoing renal biopsy"?2. It is charac-
terized by the deposition of IgA in the mesangial area of glomeruli,
accompanied by various histopathological lesions including mesang-
ial cell proliferation and accumulation of extracellular matrix?3. The
prevalence of IgAN is higher in Asia than in western countries®>.
Although most individuals with IgAN have a mild form of the
disease, 15-40% of cases will progress to end-stage renal diseases within

20 years of disease onset>®,

The pathogenesis of IgAN is unclear, but both genetic and envi-
ronmental factors contribute to its development®”. Several lines of
evidence support the importance of genetic risk factors, including dif-
ferences in ethnic and geographical distributions, familial clustering
and inter-individual variation in disease course and prognosis®~1°.

Both linkage and association studies have been performed to
identify genetic risk factors for IgAN!!. Three genome-wide link-
age studies of familial IgAN'2"! reported linkages at 6q22-23,
4q26-31 and 17q12-22, but no disease genes were identified. Studies
of human leukocyte antigen (HLA) molecules have found associations
with HLA-DQ and HLA-DR alleles®!>-17. Candidate genes encoding
proteins involved in adaptive and innate immunity, glycosylation of
IgA1and the renin-angiotensin system have also been investigated!8,
but most of these studies were limited by small sample sizes, insuf-
ficient methodologies and lack of validation in independent samples.
Recently, a genome-wide association study (GWAS) of IgAN reported
associations within the MHC, 1q32 and 22q12 regions!®.

Here we performed a two-stage GWAS of IgAN using three inde-
pendent samples of Han Chinese consisting of a total of 4,137 cases
and 7,734 controls (Table 1). In the discovery stage, we analyzed
444,882 common autosomal SNPs in 1,434 cases and 4,270 controls.
Principal components analysis (PCA) confirmed all the samples to
be Chinese but indicated moderate genetic mismatch between cases
and controls (Supplementary Fig. 1), which caused an inflation of the
genome-wide association results (A,. = 1.36). We used two different
methods to minimize the adverse effects of population stratification.
First, we performed the association analysis using PCA-based cor-
rection for population stratification, which reduced the A, to 1.054.
Second, we divided all cases and controls from the discovery sample
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Table 1 Summary of samples in the GWAS and replication studies

22q12,P=1.17 x 10711, OR = 0.78) (Table 2).

Cases Controls rs3803800 and rs4227 are 28 kb apart and in

Sample Mean Meanage Male/female Sample Mean Male/female  strong linkage disequilibrium (LD) (D =

Cohort Population size age at diagnosis (%) size age (%) 0.94, 12 = 0.40), and conditioning on rs4227

GWAS Southern Chinese 1,434 35.0 32.0 44.0/56.0 4,270 43.8 47.5/52.5 abolished the association at rs3803800
Replication 1 Northern Chinese 1,402 33.3 31.7 54.7/45.3 1,716 29.5 58.2/41.8 (Peonditional = 0-03).

Replication 2 Southern Chinese 1,301 35.0 31.4 45.2/54.8 1,748 36.5 51.8/48.2 Of the five MHC SNPs, we confirmed

Total 4,137 345 31.7 48.3/51.7 7,734 40.0 53.7/46.3 three that surpassed genome—wide Sig—

into three genetically homogeneous clusters (using the K-means
method) and then performed the association analysis, which reduced
the A, to 1.074. For both analyses, the quantile-quantile analysis of
the observed P values showed a good overall fit with the null distribu-
tion (Supplementary Fig. 2), and the two analyses yielded consistent
results (Fig. 1). Taken together, our results indicated that the final
association results from our discovery stage showed minimal inflation
effects due to population stratification.

Our discovery analysis identified extensive associations within the
MHC region (Supplementary Fig. 3). Forward conditional analysis of
the 2,644 SNPs within the MHC identified multiple independent asso-
ciations at rs2523946, rs9264942, rs660895, rs1794275 and rs9277554
(Supplementary Table 1). Conditioning on these five SNPs abolished
the extensive associations within the MHC (smallest P_ gitional >
0.0002) (Supplementary Fig. 3). In addition, the discovery analysis
also identified suggestive associations with SNPs on chromosomes 7,
8,17 and 22 (P < 107%) (Fig. 1).

To validate the results from the discovery analysis, we selected
and genotyped 61 SNPs (56 non-MHC SNPs and 5 MHC SNPs) in
two independent replication samples of southern and northern Han
Chinese, consisting of a total of 2,703 cases and 3,464 controls. Of
the 56 non-MHC SNPs, four showed consistent odds ratios (ORs)
across the three independent GWAS and replication samples, as
well as significant association in the combined replication samples
(P < 0.05 after correction for testing 61 SNPs). The associations at the
four SNPs all surpassed genome-wide significance (P < 5 x 1078) in
the combined GWAS and replication samples (rs2738048 at 8p23.1,
P =3.18 x 10714, OR = 0.79; rs3803800 at 17p13, P = 9.40 x 10711,
OR = 1.21; rs4227 at 17p13, P = 4.31 x 107!%, OR = 1.23; rs12537 at
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nificance in the combined GWAS and
replication samples (rs2523946, P = 1.74 x 107!, OR = 1.21;
rs660895, P =4.13 x 1072%, OR = 1.34; rs1794275, P = 3.43 x 10713,
OR =1.30) (Table 2). Conditional analysis showed that these asso-
ciations at these three SNPs are independent (Supplementary
Table 2). Furthermore, of the eight haplotypes comprising the three
SNPs, four showed significant association (TAG, P = 8.54 x 10721,
OR=0.75; TGA, P=7.41 x 1074, OR = 1.34; CGA, P=9.70 x 10712,
OR = 1.47; CGG, P = 4.46 x 1077, OR = 1.24) (Supplementary
Table 3). These results clearly implicate multiple independent asso-
ciations within the MHC region.

Adjustment for age and gender had a moderate impact on the
associations at the seven validated SNPs, causing a few adjusted
Pvalues to fall just below genome-wide significance (Supplementary
Table 4). Also, analysis of the seven SNPs using the 4,137 cases and
2,535 clinically verified healthy controls yielded similar OR estimates
to those obtained during analysis of 4,137 cases and all 7,734 controls
(including both the clinically verified and self-reported healthy con-
trols) (Supplementary Table 4). The validation results of the other
54 SNPs are summarized in Supplementary Table 5.

We further investigated HLA allele associations in our discovery
sample through imputation. We identified multiple associations, with
the strongest one at B*4001 (P = 5.64 x 1077, OR = 1.34). Forward
stepwise conditional analysis identified additional independent
associations at HLA-DQB*0302 (P = 6.18 x 107, OR = 1.42) and
HLA-A*1101 (P=4.01 x 1074 OR = 1.19) (Supplementary Table 6).
Furthermore, our imputation analysis also identified two HLA
haplotypes showing associations: DRB*0901-DQB*0303 (P = 6.01 x
1075, OR = 0.77) and DQA*0201-DQB*0201 (P = 3.84 x 1075,
OR = 0.60) (Supplementary Table 7).

—logy, P

mChr.1 EChr.2 BChr.3 OChr.4 mChr.5 EChr.6 EChr.7 mChr.8
O Chr.9 mChr.10 @ Chr. 11 ®m Chr. 12 m Chr. 13 ® Chr. 14 @ Chr. 15 @O Chr. 16
B Chr. 17 m Chr. 18 B Chr. 19 m Chr. 20 ® Chr. 21 ® Chr. 22

EChr.1 BChr.2 mBChr.3 OChr.4 mEChr.5 EChr.6 ®Chr.7 mChr.8
O Chr.9 ®Chr.10 @ Chr. 11 m Chr. 12 m Chr. 13 ®m Chr. 14 @ Chr. 15 O Chr. 16
B Chr. 17 B Chr. 18 ® Chr. 19 ® Chr. 20 B Chr. 21 ® Chr. 22

Figure 1 Manhattan plots of the P values of association obtained by analysis of the 444,882 polymorphic SNPs in the discovery sample of 1,434 IgAN
cases and 4,270 controls. (a) Plot obtained following adjustment for the top five principal components from the PCA. (b) Plot obtained after subdividing
samples into three genetically homogeneous clusters. The —log;y P values (y axis) are presented against their chromosomal positions (x axis). The blue
horizontal line represents a P-value threshold of 105 for suggestive significance.
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Table 2 Association results of the seven validated SNPs in the GWAS, replication and combined samples

Cases Controls
Alleles

dbSNP (risk Location ~ Coding or
locus allele) (bp) noncoding Gene Stage? n RAF n RAF P OR (95% CI)¢ 12 Qb
rs2738048 G/A 6810195 Noncoding DEFAs GWAS 1,434 0.27 4,270 0.32 2.04E-07 0.77 (0.70-0.85)
8p23.1 G Replication 1 1,402 0.27 1,716 0.32 1.80E-05 0.78(0.70-0.88)

Replication 2 1,301 0.29 1,748 0.33 3.48E-04 0.82(0.74-0.91)

Overall 4,137 0.27 7,734 0.32 3.18E-14 0.79(0.74-0.84) 0 0.729
rs3803800 A/G 7403693 Coding TNFSF13 GWAS 1,434 042 4,270 0.36 1.50E-06 1.25(1.14-1.36)
17p13 A Replication 1 1,402 0.35 1,716 0.31 6.75E-05 1.24(1.12-1.38)

Replication 2 1,301 0.38 1,748 0.35 2.62E-02 1.13(1.02-1.26)

Overall 4,137 0.38 7,734 0.35 9.40E-11 1.21(1.14-1.28) 0.082 0.336
rs4227 G/T 7431901 Coding MPDU1 GWAS 1,434 0.27 4,270 0.22 5.52E-07 1.29(1.17-1.42)
17p13 G Replication 1 1,402 0.21 1,716 0.17 1.77E-03 1.22(1.08-1.39)

Replication 2 1,301 0.24 1,748 0.21 1.55E-02 1.16(1.03-1.31)

Overall 4,137 0.24 7,734 0.21 4.31E-10 1.23(1.16-1.32) 0 0.428
rs12537 T/C 28753460 Coding MTMR3 GWAS 1,434 0.14 4,270 0.18 2.30E-07 0.72(0.64-0.82)
22ql2 T Replication 1 1,402 0.21 1,716 0.24 1.17E-03 0.82(0.73-0.92)

Replication 2 1,301 0.15 1,748 0.18 1.19E-03 0.80 (0.69-0.91)

Overall 4,137 0.16 7,734 0.19 1.17E-11 0.78(0.72-0.84) 0.076 0.339
rs2523946  C/T 30049922 Noncoding HLA-A GWAS 1,434 0.58 4,270 0.51 4.05E-09 1.30(1.19-1.42)
6p21.3 C Replication 1 1,402 0.48 1,716 0.45 2.82E-02 1.12(1.01-1.24)

Replication 2 1,301 0.55 1,748 0.51 1.15E-03 1.18(1.07-1.31)

Overall 4,137 054 7,734 0.50 1.74E-11 1.21(1.15-1.28) 0 0.996
rs660895 G/A 32685358 Noncoding HLA-DRBI GWAS 1,434 0.31 4,270 0.26 8.19E-08 1.29(1.18-1.42)
6p21.3 G Replication 1 1,402 0.26 1,716 0.19 1.08E-10 1.49(1.32-1.68)

Replication 2 1,301 0.29 1,748 0.24 2.29E-05 1.28(1.14-1.44)

Overall 4,137 0.28 7,734 0.24 4.13E-20 1.34(1.26-1.42) 0 1
rs1794275 A/G 32779226 Noncoding HLA-DQA/B GWAS 1,434 0.18 4,270 0.14 3.28E-08 1.38(1.23-1.55)
6p21.3 A Replication 1 1,402 0.20 1,716 0.16 3.81E-04 1.25(1.10-1.41)

Replication 2 1,301 0.19 1,748 0.15 5.74E-04 1.25(1.10-1.42)

Overall 4,137 0.19 7,734 0.15 3.43E-13 1.30(1.21-1.39) 0 0.997

“Validated” means (i) showing consistent OR across the three independent GWAS and replication samples; (ii) showing significant association in the combined replication sample
(P < 0.05 after correction for testing 61 SNPs in the replication study); and (iii) reaching genome-wide significance (P < 5 x 10-8) in the combined GWAS and replication samples.
aReplication 1, northern samples; replication 2, southern samples. °Q, P value for the Cochran’s Q statistic; all the P values are unadjusted. °95% Cl, 95% confidence interval.

We also investigated the previously reported associations within
the MHC, 1q32 and 22q12 regions!” in our discovery sample. The
reported rs9275596 in HLA-DR-DQ showed strong association in our
discovery sample (P = 1.65 x 1078, OR = 0.68) and is in strong LD
with rs660895 and rs1794275 (D’ = 1.00). Conditioning on the haplo-
types of our three validated MHC SNPs greatly reduced the strength
of the association at rs9275596 (P = 2.06 x 1073, OR = 0.78), but
the TAG haplotype of the three SNPs remained significant genome-
wide (P = 1.89 x 10712, OR = 0.70) after conditioning on rs9275596
(Supplementary Table 8). Our discovery sample also yielded mod-
erate evidence for the other two reported MHC SNPs (rs9357155,
P=2.07x 1073, OR = 0.82; rs1883414, P = 1.80 x 1072, OR = 0.88).

The reported rs2412971 at 22q12 also showed significant associa-
tion in our discovery sample (P = 4.31 x 1077, OR = 0.78). 152412971
and rs12537 are in strong LD (D’ = 0.98, r* = 0.50) (Supplementary
Fig. 4), and conditioning on rs12537 abolished the association at
1r$2412971 (P_opditional = 0-06, OR opnditional = 0-87). Our discovery
sample did not identify significant associations for the two reported
SNPs at 1q32 (Supplementary Fig. 5), but it did yield consistent OR

estimates (being protective) with the previous study, although the ORs
from our study were much more moderate than the reported ones
(Supplementary Table 9). Notably, imputation analyses identified
suggestive associations in the region adjacent to the 1q32 locus that
were independent of the reported SNPs (D’ < 0.05) (Supplementary
Fig. 5). The previous GWAS was performed using samples of northern
Chinese!?, whereas our study was done in southern Chinese. The
disparity of association between the two studies may be a result of
chance (owing to the low frequency of these SNPs in the Chinese
population), but it could also indicate potential genetic heterogeneity
between different geographical populations of China. Further studies
will be needed to investigate this possibility.

We further investigated the associations of the seven validated sus-
ceptibility SNPs with the clinical phenotypes of IgAN in 3,394 cases in
which clinical information were collected (Supplementary Table 10).
We found that the minor, or risk, allele (G) of rs660895 was associ-
ated with a mild subtype (asymptomatic hematuria or proteinuria) of
IgAN (P = 0.003), mild proteinuria (P = 0.025) but higher IgA level
(P = 0.047) in cases (Table 3). Causal variant(s) underlying the
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Table 3 Association between rs660895 and clinical phenotypes

rs2738048, a noncoding variant without any

indication of regulatory function (according

AA AG GG OR (95% Cl)2 P
Asymptomatic hematuria 0.27 (268) 0.31 (249) 0.34 (62)
or proteinuria
Nephritic syndrome 0.61 (592) 0.59 (467) 0.60(110) 0.88(0.76-1.02)
Nephrotic syndrome 0.12(119) 0.10 (78) 0.06 (11) 0.67 (0.52-0.86) 0.003

Mean of proteinuria
(95% CI)
Number of observations

Mean of IgA level
(95% CI)
Number of observations

1,487 1,176 276

1,546 1,201 277

1.67 (1.56-1.78) 1.56 (1.40-1.61) 1.30(1.11-1.48)

2.95 (2.88-3.02) 2.96 (2.89-3.03) 3.10 (2.95-3.24)

1 to the information at the UCSC Genome
Browser). DEFA genes encode o-defensins,
which can act as endogenous antibiotics and
are involved in the inflammation response

0.025  to infection?2. Defensins are also immune
modulators that chemoattract native T cells,
immature dendritic cells and monocytes
and induce the release of chemokines and

0.047 Cytokines, including interleukin-8 (IL-8)

3Estimated OR of nephritic or nephrotic syndrome subtype per G allele (with asymptomatic subtype as reference group).

association at rs660895 may influence development of IgAN by affect-
ing homeostasis of urine proteins and IgA. This idea is consistent
with previous findings that tubular HLA-DR expression was higher
in IgAN cases with proteinuria than without proteinuria?’, and pro-
teinuria was associated with higher percentages of HLA-DR-positive
cells in HIV-infected cases?!. In addition, we also observed associa-
tions of rs12537 with severe proteinuria (P = 0.002), rs3803800 with
higher IgA level (P = 0.014) and rs2523946 with higher incidence
of gross hematuria (P = 0.022) and lower glomerular filtration rate
(P=0.031) (Supplementary Tables 11 and 12).

We also compared the allele frequencies of the newly identified
SNPs among different ethnic populations. Whereas the protective
allele of rs2738038 at 8p23 is more common in Asian than in non-
Asian populations, the risk alleles of rs3803800 and rs4227 at 17p13
are similar between Asian and European ancestry populations but
much higher in African populations (Supplementary Table 13). The
allele frequency differences at these loci, however, cannot explain
the higher prevalence of IgAN in Asian than in non-Asian popu-
lations. We further examined the fixation index (F,), integrated
haplotype score (iHS) and cross-population extended haplotype
homozygosity (XP-EHH) score around the two newly discovered loci
using the HGDP Selection Browser (see URLs), but did not find any
evidence of natural selection (Supplementary Fig. 6).

The association at 8p23.1 is within an LD block where several mem-
bers of the DEFA family reside (Fig. 2). Imputation analysis of the
region did not identify any SNPs showing stronger association than
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and monocyte chemoattractant MCP-1
(ref. 23), whose urinary levels were shown
to be elevated in individuals with IgAN2?425,
Defensins are also involved in kidney diseases. Elevated serum
o-defensin at one to three time normal concentrations were observed
in type 1 diabetic nephropathy?® and lupus nephritis?’.

The association at 17p13 is within a 20-kb LD block containing a
number of genes, including TNFSF13, MPDU1, EIF4A1, CD68, TP53
and SOX15 (Fig. 2). Imputation identified additional SNPs show-
ing similar or slightly stronger association than did rs4227 (Fig. 2),
but none of them is a coding variant (data not shown). TNFSF13
(also called APRIL) encodes a member of the tumor necrosis factor
(TNF) ligand family, which is important for B-cell development?®.
The serum IgA level and IgA response to mucosal antigen exposure
were both reduced in Tnfsf13~/~ mice?® compared to wild-type mice,
suggesting that TNFSF13 has an important role in T cell-dependent
antibody responses. TNFSF13 also seems to be important for IgA
class switch recombination3?. Local expression of TNFSF13 was
found in glomeruli and tubulointerstitium of human proliferative
lupus nephritis, accompanied by a prominent accumulation of CD68-
positive macrophages in glomeruli3!. Interventions in the TNFSF13-
TNFSF13B system ameliorated proteinuria and renal inflammation
in a lupus mouse model2. In addition, infiltration of CD68-positive
macrophages in glomeruli has been considered a useful marker for
evaluating the activity of IgAN33.

The associations of the DQB*0302 allele and DRB*0901-DQB*0303
and DQA*0201-DQB*0201 haplotypes are consistent with the pre-
viously reported association of DQB'®!7. Furthermore, DRB*0901-
DQB*0303 has been identified as a common haplotype in the Chinese
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Figure 2 Regional plots of the association results from the discovery sample and recombination rates within the two new susceptibility loci. (a) 8p23
region. (b) 17p13 region. The —logl0 P values (y axis) of both genotyped (triangles) and imputed (circles) SNPs are presented against their chromosomal
positions (x axis). The most significant SNP within the region is indicated by a blue triangle, and its LD (r?) values with nearby SNPs are indicated by
different gradients of red. The recombination rate (cM/Mb) (estimated using the HapMap CHB+JPT samples) is shown with blue lines, and the genes

within the region are shown as green arrows.
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population, and its imputed frequency in this study (15%) is similar
to that (14%) previously determined by HLA typing>*3. Notably,
DRB*0901-DQB*0303 has been reported to be associated with type 1
diabetes*® and microscopic polyangiitis®”. These two diseases are both
associated with renal complications, and end-stage renal disease can
occur in up to 20% of individuals with Wegener’s granulomatosis
and microscopic polyangiitis*®. The association of HLA-B has been
reported, but the susceptibility allele B¥4001 identified in this study is
different from the previously reported Bw35 allele identified by HLA
serotyping>>#’. Imputation of HLA alleles in the Chinese population
remains challenging, and further study by HLA type is required to
confirm the current findings based on imputation.

We have discovered two new associations at 17p13 and 8p23 and
confirmed previously reported associations within the MHC and
22q12 regions, and we have further demonstrated that genetic poly-
morphisms involved in immunity and inflammation can influence
both susceptibility to and clinical manifestation of IgAN.

URLs. HGDP Selection Browser, http://hgdp.uchicago.edu/cgi-bin/
gbrowse/HGDP/; R statistical software, http://www.R-project.org/.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturegenetics/.

Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS

Study subjects. The genome-wide discovery analysis involved 1,523 cases
(from southern China) and 4,276 controls (972 controls from southern
China, 1,228 controls from northern China and 2,076 Chinese controls from
Singapore who share the same ancestral origin as the other Chinese controls*!).
For the validation study, two independent case-control samples were recruited
from northern (replication 1: 1,402 cases and 1,716 controls) and southern
(replication 2: 1,301 cases and 1,748 controls) China.

All cases were histopathologically diagnosed by biopsy according to the
following criteria: (i) immunofluorescence showing at least 2+ (scale 0 to 3+)
mesangial deposition of IgA, with IgA comprising the dominant immunoglob-
ulin deposited in the glomeruli*?, and (ii) excluding individuals with cirrhosis,
Henoch-Schénlein purpura nephritis, hepatitis B-associated glomerulone-
phritis, HIV infection and systemic lupus erythematosus?. Clinical informa-
tion was collected from 3,394 individuals at diagnosis, including serum IgA
level, Lee’s pathological grade, history of gross hematuria, degree of micro-
hematuria, proteinuria, eGFR (estimated glomerular filtration rate using the
MDRD formula) and chronic kidney disease (CKD) stage. On the basis of the
collected clinical information, 1,950 IgAN cases were divided into three clini-
cal subtypes: (i) asymptomatic hematuria or proteinuria: urine protein <3.5 g
in 24 h, Scr < 1.3 mg d1-! and without edema or hypertension; (ii) nephritic
syndrome: urine protein < 3.5 g in 24 h, with or without Scr > 1.3 mg dI-},
edema or hypertension; and (iii) nephrotic syndrome: urine protein > 3.5 g in
24 h. All controls were either self-reported (as free of major kidney diseases)
or clinically verified healthy controls. The 2,535 clinically verified healthy con-
trols, including 1,763 Singaporean Chinese controls and 772 Chinese controls,
had normal urinalysis (without red blood cells and protein in urine), normal
serum creatinine levels and eGFR > 60 ml per minute per 1.73 m?. Gender and
age information were collected from both cases and controls through ques-
tionnaires, and the cases and controls were matched for geographical origin
and ethnicity. The baseline characteristics of the case and control samples are
summarized in Table 1.

The study was approved by the Institutional Review Board at The First
Affiliated Hospital of Sun Yat-sen University. Informed consent was obtained
from all of the participants.

Sample preparation, genotyping and quality controls in GWAS. Genomic
DNA was isolated from whole blood using a commercial DNA extraction kit
(Qiagen) and quantified using Picogreen reagent (Invitrogen). Genotyping
analysis of the discovery samples was conducted using Human660-Quad
(1,523 cases), Human610-Quad (972 southern and 1,228 northern Chinese
controls and the 1,146 Singaporean Chinese controls) and Human1M-Duo
(930 Singaporean Chinese controls) BeadChips (Illumina).

All the SNPs on the X, Y and mitochondrial chromosomes as well as
the copy number variation-related probes were excluded from analysis. In
addition, two SNPs with bad clusters were removed, and 27,843 SNPs were
excluded because they had either a call rate <90%, a minor allele frequency
(MAF) <1% or significant deviation from the Hardy-Weinberg equilibrium
(HWE) in the controls (P < 107%). Consequently, 444,882 common autosomal
SNPs remained for association analysis. Furthermore, 44 cases with a SNP
call rate <98% were removed. We examined the genetic relatedness of all the
samples using pairwise identity by state (IBS)-based analysis in PLINK
(v1.07)%3. We identified 43 first- or second-degree relative pairs (all cases),
and for each pair, the sample with lower genotype call rate was removed. We
then used a PCA-based method** to detect population outliers and stratifica-
tion. All the SNPs within the five regions of long-range LD were excluded
from the PCA analysis as described*!, including the HLA region on chromo-
some 6, inversions on chromosomes 8 and 5, and two regions on chromo-
some 11. For the initial PCA analysis, all 5,712 samples (1,436 cases and 4,276
controls) were analyzed together with the 194 reference samples (CHB, 43; JPT,
42; CEU, 56; YRI, 53) from the HapMap Project. We identified and excluded
eight population outliers (two cases and six controls) showing more than
3 s.d. away from the means of PC1 and PC2. The remaining 5,704 samples of
Chinese origin were then used in the second PCA analysis to detect population
stratification (Supplementary Fig. 1). Finally, we retained 444,882 common
autosomal SNPs (442,238 SNPs outside the MHC region) in 1,434 cases and
4,270 controls for genome-wide association analysis.

To generate genetically homogeneous clusters, we performed K-means
clustering® to partition 5,704 samples into three clusters. On the basis of the
samples’ PC statistics (PC1-10), three initial means were randomly selected
from the data set and, subsequently, three clusters were created by associating
every observation with the nearest mean.

SNP selection for validation. The SNP selection for validation was based on
the results of the genome-wide association analysis with PCA-based (PC1-5)
correction for population stratification. The genome-wide discovery analysis
identified 557 SNPs whose P values of association were <5 x 107*. The cluster
plots of all the 557 SNPs were visually inspected to verify the quality of geno-
type calling. SNPs with ambiguous genotype scatter plots were excluded from
further analysis. The remaining SNPs were then grouped into distinct genomic
loci on the basis of their physical locations and regional patterns of LD.
A candidate locus was defined as an LD region in which at least one SNP has
P < 5 x 1074 Then, the top one or two SNPs with the lowest P value were
selected from each of the identified loci. In total, we selected 75 SNPs
(70 non-MHC SNPs and 5 MHC SNPs) for the validation analysis.

Genotyping and quality controls in the validation study. Genotyping analy-
sis of the 75 SNPs selected for validation was performed by using either the
MassArray system from Sequenom (for the non-MHC SNPs) or the TagMan
SNP genotyping assay from ABI (for the SNPs within the MHC region). Locus-
specific PCR and detection primers were designed using the MassArray Assay
Design 3.0 software (Sequenom). TagMan assays (predesigned or customized)
were obtained from Applied Biosystems. TagMan reactions were carried out
in 5-pl volumes containing 10-20 ng DNA according to the manufacturer’s
protocols. Fluorescence data were obtained in the ABI PRISM 7900HT, and SDS
2.4 software (Applied Biosystems) was used to call genotypes. The same SNP-
filtering criteria as in the genome-wide analysis was applied, and all individuals
with a SNP call rate of <90% were removed from further analysis. After quality
control, 61 (56 non-MHC and 5 MHC) SNPs were left for further analysis. For
all 61 SNPs, we examined the clustering patterns of genotypes from TagMan and
Sequenom assays and confirmed that the genotypes were of good quality.

Association analysis. Genome-wide association analysis was performed
using the trend test and two different approaches for controlling population
stratification. First, the analysis was performed in PLINK by using a logistic
regression model, where the first five principal components were included
as covariates to adjust for population stratification. Second, the analysis was
performed by including three clusters as covariates in the logistic regres-
sion model. The Manhattan plot of -log,, P was generated using Haploview
(v4.2)%. The quantile-quantile plot was generated using R* to evaluate the
overall significance of the genome-wide associations and the potential impact
of population stratification.

For the replication study, we analyzed 61 SNPs in each of the two replica-
tion samples by performing the same trend test in a logistic regression model.
In the joint analysis of the replication 1 and 2 samples, a study indicator (for
replication 1 and 2) was added into the model as a covariate. To combine the
association evidences from the GWAS and the two replication samples, we
treated the GWAS sample and the two independent validation samples as
independent studies, and used the logistic regression model, which included
the study indicator (GWAS, replication 1 and 2) and the first five principal
components (the five principal components were set to zero for the two valida-
tion samples) as covariates. For all the validated SNPs, the associations were
further analyzed with adjustment for age and gender (as covariates in logistic
regression analysis).

OR values were measured as OR per allele and presented for the minor allele
of a SNP unless otherwise stated. An independence test of association was car-
ried out in a conditional logistic regression analysis implemented in RY.

Haplotype analysis. Haplotypes of the top independent SNPs within the MHC
were constructed using Beagle?s. The most likely haplotype pair was taken
for each subject. Haplotype-based association analysis was carried out using
the trend test in the logistic regression model, which included haplotypes as
variables, and the study indicator, age, gender and PC1-5 (adjustment for
population stratification) as covariates.
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Analysis of clinical phenotypes. The seven validated susceptibility SNPs were
studied for association with clinical phenotypes by using different regression
methods. Linear regression was applied for the correlation analysis of quantita-
tive phenotypes including natural log-transformed serum IgA, proteinuria and
eGFR levels. Binary logistic regression was carried out for the correlation analysis
of the history of gross hematuria. Ordinal logistic regression was performed for
the correlation analysis of clinical subtype, degree of microhematuria, CKD stage
and Lee’s biopsy grade at the time of diagnosis by biopsy. The analyses of clini-
cal subtype and CKD stage were also performed using a y? test, and the results
remained the same (data not shown). The means and 95% confidence intervals
of serum IgA, proteinuria and eGFR level were estimated for the patient groups
carrying different genotypes of SNPs. All analysis was performed using RY.

Imputation analysis. We combined the CHB and JPT phased haplotypes and
the HLA allele data set from ref. 49 as the reference panel to impute HLA-A,
HLA-B, HLA-C, DQA, DQB and DRB alleles at four-digit resolution. We
adopted a similar approach® to directly impute the HLA allele probability and
dosage using the BEAGLE program*®. For imputation of untyped SNPs within
the MHC (Chr6: 28,000-34,000 kb), we used IMPUTE version 2 (refs. 51,52).
We imputed 5,704 samples by using 1,881 common genotyped SNPs (among all
the case and control samples of GWAS) whose genotypes all passed the quality
control thresholds (call rate >90%, MAF >1%, HWE P > 10~° in controls) in
the individual data sets of the cases and four groups controls. Imputation was
performed using the HapMap reference data (HapMap phase II + phase III,
CHB+JPT data)>? for the HLA region. Imputed genotypes with probability
<90% were excluded, and SNPs with imputation information <80%, MAF
<5% and missing rate >10% of genotypes were dropped from further analy-
sis. Finally, 5,899 imputed SNPs passed quality control and were retained for
association analysis. Imputation analysis of the two new loci 17p13 and 8p23
as well as the reported locus 1q32 was performed using the IMPUTE version 2
and the 1000 Genome®* + HapMap phase I1I reference data (CHB+JPT data).
Quality controls of imputed SNPs were carried out as described above.

Association testing was carried out using a logistic regression model, with
the first five principal components included as covariates to adjust for popu-
lation stratification. All the locus regional plots were generated in R using
the recombination rate information (Build 35) from the HapMap project
(http://hapmap.ncbi.nlm.nih.gov/downloads/recombination/).
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