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Abstract

We recently identified ten novel SLE susceptibility loci in Asians and uncovered several additional suggestive loci requiring
further validation. This study aimed to replicate five of these suggestive loci in a Han Chinese cohort from Hong Kong,
followed by meta-analysis (11,656 cases and 23,968 controls) on previously reported Asian and European populations, and to
perform bioinformatic analyses on all 82 reported SLE loci to identify shared regulatory signatures. We performed a battery of
analyses for these five loci, as well as joint analyses on all 82 SLE loci. All five loci passed genome-wide significance: MYNN
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(rs10936599, Pryeta=1.92 x 10~ 1%, OR =1.14), ATG16L2 (rs11235604, Pryeta=8.87 x 10 ~2, OR =0.78), CCL22 (rs223881,

Preta=5.87 x 1076, OR = 0.87), ANKS1A (rs2762340, Prera =4.93 x 10~ %, OR = 0.87) and RNASEH2C (rs1308020,

Prmeta=2.96 x 107 '°, OR = 0.84) and co-located with annotated gene regulatory elements. The novel loci share genetic signa-
tures with other reported SLE loci, including effects on gene expression, transcription factor binding, and epigenetic charac-
teristics. Most (56%) of the correlated (r*>0.8) SNPs from the 82 SLE loci were implicated in differential expression

(9.81 x 1078 < P < 5 x 10?) of cis-genes. Transcription factor binding sites for p53, MEF2A and E2F1 were significantly (P < 0.05)
over-represented in SLE loci, consistent with apoptosis playing a critical role in SLE. Enrichment analysis revealed common
pathways, gene ontology, protein domains, and cell type-specific expression. In summary, we provide evidence of five novel
SLE susceptibility loci. Integrated bioinformatics using all 82 loci revealed that SLE susceptibility loci share many gene regula-
tory features, suggestive of conserved mechanisms of SLE etiopathogenesis.

Introduction

Systemic Lupus Erythematosus (SLE, ‘lupus’; OMIM 152700) is a
common, complex autoimmune disease with profound health
consequences across ethnicities. Disease severity, morbidity and
mortality are highest in individuals of non-European descent (1).
To date, more than ten genome-wide association studies (GWAS)
and historical candidate gene studies have identified diverse risk
loci (2-4). However, these SLE candidate genes taken together are
insufficient to explain the entire heritability of SLE. We recently
determined that an aggregate of 47 SLE risk loci explain only
~24% of SLE heritability (2). Thus, many more SLE loci and genetic
variants are yet to be discovered.

We recently reported ten novel loci associated with SLE sus-
ceptibility in individuals of Korean, Han Chinese, Japanese and
Malaysian Chinese descent (2). Additionally, we uncovered sev-
eral novel loci that either fell just below genome-wide signifi-
cance (P <5x10 ®) or were not independently replicated. In this
follow-up study, we augmented our previous data with an addi-
tional cohort from Hong Kong and performed in silico replication
together with published cohorts of European and Chinese de-
scent (4,5). The added statistical power of the meta-analysis
with nine cohorts allowed us to independently replicate five
candidate loci above genome-wide significance.

In our earlier study, we reported several SLE associated loci,
including ATG16L2, MYNN and CCL22, which either failed to
pass our genome-wide association threshold or did not replicate
in our independent cohorts. Additionally, we reported second-
ary associations in ANKS1A, RNASEH2C and SIGLEC14 that were
statistically independent from reported genes DEF6, PCNXL3
and SIGLECS, respectively. In this study, we focused on the repli-
cation of five loci: ATG16L2 (rs11235604), MYNN (rs10936599),
CCL22 (rs223881), ANKSIA (rs2762340) and RNASEH2C
(rs1308020).

Among the candidate loci, MYNN encodes the zinc-finger
transcription factor myoneurin, which regulates neuromuscu-
lar junctions (6) and telomere length (7). ATG16L2 is an
autophagy-related gene recently proposed as an SLE risk locus
(8), and is associated with multiple sclerosis (MS) (9) and
Crohn’s disease (10). CCL22 is a pro-inflammatory chemokine
(11) secreted by macrophages and dendritic cells, and previ-
ously reported as a risk factor in ischemic heart disease (12)
and MS (13). CCL22 binds to its receptor CCR4, found on den-
dritic cells in patients with liver inflammation (14). CCL22/
CCR4 is also implicated in T-cell migration to the joints in
rheumatoid arthritis (RA), psoriatic arthritis and osteoarthritis
(15). RNASEH2C (along with SLE gene IFIH1) has been reported
as a risk factor for Aicardi-Goutiéres syndrome (16), a rare in-
flammatory disease that clinically overlaps with SLE.
RNASEH2C encodes subunit C of the human ribonuclease H2

enzyme complex that trims RNA-DNA duplexes (17). In a re-
cent study, RNASEH2C was associated with SLE (5) through
rs494003 (actually in the 3’-UTR of AP5B1, an endocytosis-
adaptor protein, instead of RNASEH2C). Our strongest signal
for this locus, rs1308020, is in the RNASEH2C 5’-UTR,
44 kb from rs494003. Our fifth candidate locus is lung cancer
risk gene (18) ANKS1A, also known as ODIN, a Src kinase that
negatively regulates growth factor signaling (19). ANKS1A in-
teracts with and is phosphorylated by Lck (lymphocyte-spe-
cific protein tyrosine kinase) (20), a critical component of
T-cell activation. rs2820223 of ANKS1A was associated
(P=3.5%x10"% OR (95% CI)=3.14 (1.68-5.87)) with anti-Ro
and anti-dsDNA autoantibodies in SLE patients (21). Due to
small sample sizes, that study was not sufficiently powered to
detect the smaller case-control odds-ratio (OR) that our study
found.

To understand how these validated candidate SLE loci fit
into the larger scope of SLE pathogenesis, we expanded our
analysis to the entire set of known SLE susceptibility genes. We
carried out integrated bioinformatic analyses of all 82 SLE loci in
the context of gene expression, and identified patterns of regu-
lation within subgroups of SLE susceptibility genes.

Results

Association analysis with five loci

Sample sizes from nine independent cohorts are shown in Table 1.
All five SNPs were in Hardy-Weinberg equilibrium. Three SNPs were
significantly associated with SLE in the Hong Kong cohort by itself
(Table 2): 1510936599 (MYNN, P =3.75x10 ), rs1308020 (RNASEH2C,
P=2.49x10"7) and rs223881 (CCL22, P=1.14x10"?. To increase sta-
tistical power, we performed meta-analysis with in silico data from
published Han Chinese and European cohorts (5). After combining
these three cohorts, all five loci became significant (rs223881,
P=5.30x10"7 1s2762340, P=4.96x10"7; rs1308020, P=1.40x10"5
1510936599, P = 4.81x 10" %, rs11235604, P = 1.01x 10’3).

Finally, we performed a meta-analysis of these SNPs by add-
ing data from our discovery cohorts (Table 1), which further in-
creased significance levels, confirming association with SLE. All
signals were replicated and passed genome-wide significance:
MYNN (510936599 Preta=1.92x107"3, I?=12.8, Pycterogeneity =0-33),
ATG16L2 (using rs77971648 (D'=1; r’=0.88) as a proxy for
1511235604, Pyeta=8.87x10" "2, I*=12.6, Pyeterogeneity =0.33), CCL22
(rs223881,  Preta=5.87x10""%, 1°=28.3, Pueterogeneity=0.19),
ANKS1A (rs2762340, Preta=4.93x10" "%, ?=429,
Phieterogeneity =0.08) and RNASEH2C (rs1308020, Ppeta=2.96x107"2,
P=64.9, Pueterogeneity=3.60x107%) (Table 2). ANKSIA and
RNASEH2C were identified by conditioning within the association
regions of the DEF6 and PCNXL3 signals (Fig. 1).
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Table 1. Samples used in this study. This study used samples from our previous analysis as the discovery set, and added a genotyped cohort as

well as two published in silico sources as the replication sets.

Data and Source populations Ethnicity Case Control Total
Discovery Korean East Asian 1,710 6,836 8,546
(Sun et al. 2016) (2) Han Chinese East Asian 490 493 983
Malaysian Chinese East Asian 285 287 572
Japanese East Asian 891 3,384 4,275
Shanghai Han Chinese East Asian 501 622 1,123
Beijing Han Chinese East Asian 601 1,034 1,635
Replication (Genotyped) Hong-Kong East Asian 1,456 955 2,411
(Morris et al. 2016) (5) Han Chinese (5) East Asian 1,659 3,398 5,057
(Bentham et al. 2015) (4) European (4,5) European 4,063 6,959 11,022
Meta-analysis Total 11,656 23,968 35,624

Bioinformatic analysis of five SLE susceptibility loci

We next conducted a series of bioinformatic analyses to assess
the functional consequences of the five SNPs individually and
in concert with previously reported SNPs. To identify possible
contributions of these SNPs to SLE pathogenesis, we assessed
co-localization of these SNPs with functional genomic elements.
Two SNPs (rs11235604 and 1s10936599) are exonic: SNP
1511235604 (ATG16L2) changes residue 114 to tryptophan
(Argl114Trp), while rs10936599 (MYNN) is synonymous (His4His).
152762340 (ANKS1A) is intronic, and the two remaining SNPs are
intergenic. Since only one SNP produced a coding mutation, we
next assessed their effect on gene regulation and expression.

To understand how these SNPs affect gene expression, we
queried them against external expression quantitative trail loci
(eQTL) databases. In whole blood data (22), SNPs in CCL22,
ANKSIA and RNASEH2C are eQTLs for multiple targeted genes,
including SLE locus DEF6 (P=1.69x10"7), the largest subunit
of RNA polymerase II (POLR2C) (P=1.08x10"'°) and SCYL1
(P=9.81x10"'®)  (Supplementary = Material, Table S1A).
Additionally, among cell-specific expression data (23),
1510936599 is an eQTL for MYNN in testis (P =1.90x10") and for
LRRC34 in transformed fibroblasts (P =6.60x10°). rs223881 is an
eQTL for cytokine-induced apoptosis inhibitor CIAPIN1 in testis
(P=1.70x10""). 1s1308020 affects expression of SIPA1 (a key
modulator of T-cell activation (24)) and MAP3K11 (part of the
NF-«B signaling pathway) in esophageal mucosa (P =1.40x10">),
arterial tissues (P=4.80x10"°) and thyroid (3.20x10 %)
(Supplementary Material, Table S1B).

To assess other effects on gene function, we first examined
ENCODE annotations of the loci. rs223881 (CCL22) is predicted
to be in a weak enhancer sequence of the GM12878 lympho-
blastoid cell line; rs11235604 (ATG16L2) is in a GM12878
ENCODE weak promoter and transcription start site. Next, we
analyzed allele-specific disruption of transcription factor bind-
ing sites (TFBSs). The lead SNPs for the five candidate loci di-
rectly and strongly disrupted 24 TFBSs. rs223881 disrupts
binding of SLE risk gene STAT5A (25,26), which contributes to
B-cell response to cytokines and glucocorticoid receptor NR3C1
(27). 151308020 (RNASEH2C) disrupts binding of NR3C1 itself.
Variants highly correlated to the five lead SNPs (LD r*>0.8 in
Asians: 75 SNPs) yielded 350 more strongly disrupted TFBSs
(Supplementary Material, Table S2). This set of correlated, dis-
rupted TFBSs includes those for known SLE risk genes such as
ETS1 (28), NF-kB (29), STAT2 and STAT3 (48). Inmune-system
TFs including NRF1, TFAP4, SMAD4, p53, pre-B-cell leukemia
transcription factor (PBX) proteins, interferon regulatory fac-
tors (IRFs), nuclear factor of activated T-cell (NFAT) proteins,

B-cell lymphoma (BCL) proteins, and T-cell-specific (TCF) pro-
teins were all highly represented in the set of strongly dis-
rupted allele-specific TFBSs (Supplementary Material, Table
S2). In summary, the five replicated loci have functional in-
volvement in transcription and gene expression, particularly
in B- and T-cells.

We also investigated whether these loci were pleiotropic, as
is the case with many other autoimmune disease (AD)-related
loci (2). MYNN, CCL22 and ATG16L2 have previous reported asso-
ciation with AD. SNP rs10936599 (MYNN) has been reportedly as-
sociated with celiac disease (30) and chronic lymphocytic
leukemia (31), while CCL22 has been related to MS (13) and RA
(15). ATG16L2 was recently linked to SLE (8) through a correlated
SNP (rs11235667) located between FCHSD2 and P2RY2, and also
associated with MS (9) and Crohn’s disease (10) (Supplementary
Material, Table S3).

Bioinformatic analysis of 82 SLE susceptibility loci

To understand how these five loci fit within the published set of
SLE loci, we continued our bioinformatic analysis on the ex-
panded set of 82 SLE loci (five novel and 77 previously known SLE
loci) (Supplementary Material, Table S4). For a comprehensive
evaluation, we used a set of all 1,825 correlated SNPs (r*>0.8)
from the 82 loci and explored their potential as functional vari-
ants. Only 28 SNPs (1.5%) are coding (missense or synonymous).
1,134 (62%) of the correlated SNPs fall within gene regions (includ-
ing untranscribed regions). Most correlated SNPs are located
within ENCODE-annotated functional elements, such as en-
hancers (1,206 SNPs; 66%) and promoters (492 SNPs; 27%)
(Supplementary Material, Table S4). Using all correlated SNPs, we
identified significant (2x10 ®<P<5x10 % enrichment of en-
hancers in T-, B- and natural killer cells, together constituting the
16 most enriched cell types (Supplementary Material, Table S5).
Given that SLE loci were enriched in epigenetic functional el-
ements, we sought to identify an enriched set of bound tran-
scription factors (TFs). Variant set enrichment (VSE) analysis
identified 7 TFs significantly enriched (P<5x10°) in the ex-
panded variant set in lymphoblastoid cells (Fig. 2). The most en-
riched TF was nuclear factor IC (Pag;=2.54x10"%), followed by
EBF1 (P=1.29x10"®). EBF1 binds to SLE locus ITGAM (32), and
contributes to B-cell development, activation and proliferation
(33). TATA-box binding protein (TBP) was also enriched, consis-
tent with reports of its association with SLE (34) (Fig. 2). Other
significantly enriched TFs were lupus-related BCL3 and RELA, as
well as immune-system genes RUNX3, MTA3, WRNIP1, POLR2A
and FOXM1 (Fig. 2). Previously reported TFs MXI1 and IKZF1,
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Table 2. Association of five novel SLE loci replicated across eight Asian cohorts and a European cohort. KR: Korean, HC: Han Chinese, MC: Malaysian Chinese; JPT: Japanese; SHC: Shanghai Han

Chinese; BHC: Beijing Han Chinese; HK: Hong Kong Chinese; European Ancestry cohort (Bentham et al. 2016); Han Chinese replication cohort (Mortis et al. 2016); Overall: Meta-analysis of all eight

1208

Asian and European cohorts; OR: odds ratio; CI: 95% confidence interval for odds. In the Han Chinese replication cohort for rs11235604, we used MAF and P-value for the proxy SNP rs77971648 which

0.88) with rs11235604. MAF: Minor allele frequency for cases/controls

1,17

isin LD (D’
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Overall P-value
OR (95% CI)

MAF/P-value for the replication cohorts

Meta P-value
OR (95% CI)

MAF/P-value for the discovery cohorts

Nearest Gene

SNP (Alleles)

Han Chinese

European

HK

HC MC JPT SHC BHC

KR

0.076/0.097 8.87E-12
1.78E-3

monomorphic

0.081/0.091
2.07E-01

1.90E-09

0.067/0.099 0.092/0.100 0.093/0.119 0.072/0.088 0.083/0.087 0.093/0.099

ATG16L2

1511235604 (T/C)

0.78(0.71-0.85)

1.92E-13

0.76 (0.69-0.84)

5.87E-01
0.435/0.389  0.492/0.460 0.456/0.484 0.394/0.363 0.489/0.455 0.482/0.455 4.93E-09

5.19E-01 1.71E-01 2.45E-02 6.98E-01

2.69E-09

0.465/0.457
3.12E-01

0.783/0.754
1.99E-05

0.483/0.452
3.75E-02

MYNN

rs10936599 (C/T)

1.14(1.10-1.18)
5.87E-16

1.16 (1.10-1.22)

1.27E-01
0.455/0.492 0.457/0.528 0.509/0.587 0.362/0.402 0.536/0.534 0.497/0.506 2.06E-08

1.15E-01 3.16E-01 1.49E-02 9.19E-02

5.39E-07

0.533/0.567
5.51E-03

0.741/0.765

6.88E-06

0.538/0.579
1.14E-02

CCL22

15223881 (C/T)

0.87(0.84-0.90)

4.93E-15

0.87 (0.82-0.91)
5.05E-07

7.23E-03 2.60E-03 9.08E-01 5.94E-01
0.341/0.381 0.278/0.339 0.235/0.279 0.348/0.391

1.29E-03

9.31E-05

0.253/0.277
1.84E-05

0.474/0.499
3.19E-04

0.234/0.235
9.81E-01

0.282/0.268  0.255/0.291

4.63E-01

ANKS1A

152762340 (G/A)

0.87(0.84-0.90)

2.96E-19

0.85 (0.81-0.90)

1.77E-09

2.50E-02

1.30E-01 6.43E-04
0.227/0.269  0.231/0.235 0.210/0.275

7.19E-03

3.15E-05

0.219/0.252
8.28E-03

0.327/0.344
2.32E-03

0.223/0.262
2.49E-03

0.229/0.258 0.187/0.262 0.217/0.291

RNASEH2C

151308020 (T/C)

0.84(0.81-0.88)

0.78 (0.73-0.83)

8.80E-01 6.45E-03 1.34E-02 3.46E-05 1.23E-05

1.17E-07

although nominally suggestive, did not pass our predefined
(P < 5x1078) significance threshold.

We next assessed how gene-level expression correlates with
SLE-associated loci through eQTLs, and identified 51 SLE loci al-
tering expression of 168 genes (103 cis, 65 trans) (Supplementary
Material, Table S1A and C). Of note, among the five novel genes,
CCL22 affected POLR2C, COQ9 and DOK4; and RNASEH2C affected
SCYL1, FIBP and other seven genes (Supplementary Material,
Table S1A).

To identify common genetic signatures among SLE loci,
we carried out gene-level enrichment analyses. The most sig-
nificantly enriched pathways (KEGG annotation) included
stimulus-related immune pathways such as the RIG-I-like re-
ceptor signaling pathway (P =6.62x10>; NFKBIA; IFIH1; IL12B;
IL12A; IKBKE). The five novel loci share membership with
other SLE susceptibility loci in the cytokine-cytokine receptor
interaction (P:1,93><10’2: IL10, CCL22, TNFSF4, IL12A/B) and
chemokine signaling (P=4.80 x1073; LYN, NFKBIA, CCL22,
PRKCB) pathways (Supplementary Material, Table S6). Our en-
richment results further cement these five novel loci within
the current understanding of SLE susceptibility and patho-
genesis, while further providing a functional context for
them.

In order to cluster the functions of our novel SLE loci with
the set of known SLE genes, we performed an enrichment
analysis of their protein domain types. Our novel loci share
protein domain types (Pfam), although not significantly en-
riched, such as the zinc finger Znf C2H2 domain (MYNN,
IKZF1, PRDM1, RNASEH2C), as well as the SH3 domain (LYN,
NCF2), suggesting common modes of action among SLE genes.
Furthermore, to test for commonalities among modes of tran-
scriptional regulation, we performed enrichment analysis of
the TFBSs. Four new loci were enriched in E2F1 (P=2.64x 10°%
which regulates p53-dependent/independent apoptosis (35))
TFBSs, as did 21 other SLE loci (Supplementary Material, Table
S7A). p53 itself is the second-most enriched TFBS. Sites for B-/
T-cell apoptotic factors RELA, MEF2A (36), PU.1/SPI-1 (37), BCL6
(38) and ETS1 (39) were similarly enriched (Supplementary
Material, Table S7B), as was glucocorticoid receptor NR3CI.
Taken together, these results highlight the importance of apo-
ptosis (particularly for B- and T-cells) and glucocorticoid sig-
naling in the pathogenesis of SLE.

In order to understand how SLE loci fit together in the con-
text of function and cell-specific expression, we performed en-
richment analysis (40). In our cell-specific enrichment analyses,
the expanded set of SLE loci was enriched in 32 ontology catego-
ries; including GO:0001817 (P =1.00x 10" >; regulation of cytokine
production) and G0:0002252 (P=2.00x10"°; immune effector
processes); CCL22 and ATG16L2 both contribute (Fig. 3A).
Additionally, SLE gene expression was enriched in dendritic
cells (P=3.0x10"°) and lymphoblasts (P=6.5x10"%), and in mi-
gratory Langerhans cells (P=1.0x10"") (Fig. 3B and C). B-cells
(P=1x10") and dendritic cells (P=1.20x10"*% were also en-
riched in SLE gene expression in a mouse model (ImmVar) (Fig.
3D). These results corroborate previously observed immune cell
expression patterns (2,41).

We did not find significant heterogeneity of odds-ratios at
most of the risk loci between Asian and European cohorts,
consistent with published results (5,42). To understand the
contribution of the loci to SLE inheritance, we estimated the
percentage of explained heritability of 78 loci (four loci were
monomorphic in Asians). The proportion of explainable heri-
tability increased from 26 to 28% (Supplementary Material,
Table S8).
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Figure 1. Meta-analysis of all studies for five novel loci. We carried out meta-analysis for our five novel loci on nine independent cohorts. P-values and odds ratios
(ORs) are presented for each cohort, as well as heterogeneity statistics for each locus. *Sun et al. 2016; **this study; **Morris et al. 2016; ***Bentham et al. 2016.

(a) ATG16L2; (b) MYNN; (c) CCL22; (d) ANKS1A; (€) RNASEH2C.

Discussion

In this study, we aimed not only to replicate five novel SLE loci,
but also to identify common regulatory modes of these associ-
ated variants together with 77 previously identified SLE GWAS
loci. We deployed a series of bioinformatic analyses to identify
transcriptional modes of regulation, and to cluster SLE loci by
function and expression profiles.

We replicated five previously identified suggestive SLE loci in
eight independent Asian cohorts and one European cohort. As a
result, we increased the total number of SLE susceptibility loci
to 82. One locus (rs11235604 in ATG16L2) alters the protein se-
quence, while all loci modulate transcription and/or gene ex-
pression. As with other reported inherited autoimmune
diseases, three of the new loci are located in intergenic regions
of the genome. The genetic function of the loci identified in this
and other studies can be partly explained by epigenetic changes
in gene activation and expression, e.g. TFBSs, enhancer activity,
and eQTL effects on other genes.

Recently, Morris et al. (5) identified rs494003 as an SLE sus-
ceptibility locus tagging RNASEH2C; we localized the strongest
signal to rs1308020, 9.1kb 5’ of RNASEH2C and 44.7kb from
15494003. The SNPs are uncorrelated (D’=0.99, r*=0.05 in East
Asians and D’=0.99, r’=0.14 in Western Europeans) and inde-
pendently associated with SLE. rs494003 actually lies in the
3’-UTR region of AP5B1 (43) and should be considered a separate
signal from RNASEH2C.

Three of the five novel loci we identified have known im-
mune functions, and have been previously associated with au-
toimmune disease. CCL22 is a cytokine associated with RA (15)
and MS (13). ATG16L2 is involved in apoptosis and physically in-
teracts with SLE locus ATG5. MYNN has been previously linked
to celiac disease susceptibility through immune cell gene ex-
pression differences (44).

There have been several genome-wide association studies to-
gether reporting 77 SLE susceptibility loci (2-4,45) (Supplementary
Material, Table S8). Few loci have identified coding variants. Most
identified loci have predicted effects on gene regulation through
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(b)

Enrichment Score

Figure 2. Variant set enrichment analysis of 76 transcription factors (TFs) in GM12878. (a) Number of SLE loci enriched in each TF (x-axis). (b) Enrichment score for each
TF, boxplots for all permutations of enrichment analysis. Dots represent enrichment score for each TF. Empty circles represent all TFs that passed 5 x 10 ® enrichment

P-value.

non-coding epigenetic effects (Supplementary Material, Table S4)
such as enhancers, promoters or eQTLs. The five loci we repli-
cated here show similar modes of gene regulation. Moreover, we
determined that 51 of the 82 loci affected gene expression of 115
non-SLE genes, which could be tested further for candidate loci
for SLE (Supplementary Material, Table S1A-C). Expression of
these 82 SLE loci is enriched in immune cell types (33 enriched
cell lines), especially in various B-cell types (e.g. CD19"), consis-
tent with our previous (2) observations (Fig. 3B).

Our novel loci also share pathway membership, gene ontol-
ogy and cell-type expression patterns with other SLE loci, such
as CCL22 mentioned above. In fact, pathways identified in this
study, which contain multiple known SLE loci, could be used as
follow-up targets for further studies. Perhaps most interesting
is apoptosis, which has been previously reported as a model for
SLE pathogenesis (46).

We determined in our enrichment analyses that the majority of
our SLE loci are enriched in enhancer and promoter marks
(H3K27Ac and H3K4me3), as well as in immune response gene
ontologies. These characteristics, shared among SLE susceptibility
loci, identify SLE regulatory signatures that will aid in understand-
ing disease pathobiology and identifying further candidate loci.
Consistent with our epigenetic mark enrichment analyses, we iden-
tified multiple TFs linked to SLE (e.g. EBF1, TBP, BCL3, MXI1, RELA
and IKZF1). The most strongly enriched TFs highlight the link of T-/
B-cell biology to SLE, consistent with our allele-specific analysis.

In our analysis, we identified multiple regulatory commonal-
ities among SLE loci. These susceptibility loci are located pri-
marily in epigenetic regulatory regions that favor enhancers.
Further studies into SLE loci would benefit greatly from investi-
gating all enhancer targets for these loci, especially if they share
membership with SLE loci in immune-related pathways.

Interestingly, in four of the five new loci (except CCL22), the
highly conserved ancestral alleles increase SLE risk. Furthermore,
in four of five loci (except ATG16L2, where the protective allele is
extremely rare), risk allele frequency in European populations is
significantly different from that in Asians. Thus, it seems that
Asian populations are experiencing different selective pressure at
these immune loci from Europeans.

It is important to experimentally validate predicted loci
and SNPs when possible. As we have done before (47), testing
of promoter/enhancer fragments (differing only at the pre-
dicted risk/protective SNP) in reporter assays can reveal pro-
found differences in activity. Such results can be explored
further with electrophoretic mobility shift assays (EMSAs) (47),
bound proteins in shifted bands can be identified by mass
spectrometry, and finally bands can be ‘super-shifted’ with
antibodies to bound proteins. Such experiments can defini-
tively identify SNPs ‘causal’ for association signals. The associ-
ated SNPs are predicted to disrupt many conserved enhancers
and TFBSs; it is likely that reporter assays could reveal func-
tion at many of these sites. It is intriguing to consider the
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Figure 3. Cell-specific enrichment was carried out in SNPsea. Enrichment P-value is presented as -log;oP, significantly enriched categories pass the multiple testing
threshold (vertical line). Correlation between categories is presented to the left of each plot. (a) Gene ontology; (b) FANTOMS; (c) Gene Atlas; (d) ImmVar.

possibility that the enriched, pro-apoptotic TFs could be com-
mon elements in the activity of the associated enhancers and
the effects of the SNPs.

In conclusion, we have added five novel loci of SLE suscepti-
bility that share common functional traits with currently estab-
lished loci, bringing the total to 82. In our analysis we were able
to identify common signatures of gene regulation through vari-
ants that directly affect expression, as well as variants that dis-
rupt the binding of key transcription factors. Among enriched
TFBSs, many have well-documented immune-related roles in
apoptosis of B- and T-cells, including p53, E2F1, MEF2A, PU.1,
BCL6, ETS1 and RELA. With this evidence, we have increased
current knowledge of the drivers of SLE susceptibility, and have
identified pathways critical to SLE pathogenesis.

Materials and Methods

Samples and available data

The data used in this study came from three sources. In the first
set, we recruited 1,456 SLE patients from five hospitals in Hong
Kong: Queen Mary Hospital, Tuen Mun Hospital, Queen
Elizabeth Hospital, Pamela Youde Nethersole Eastern Hospital,
and Princess Margaret Hospital. The 955 controls were healthy
blood donors collected from the Hong Kong Red Cross. All re-
cruited patients and controls filled an informed consent form
and the use of their data was approved by the Institutional
Review Board of the involved institutes. We genotyped five
SNPs (rs10936599, 1s11235604, 15223881, 152762340 and
rs1308020) on all 2,411 individuals (1,456 cases and 955 controls)
using the TagMan assay.

The second set of data (in silico replication) for 5,057 Han
Chinese (1,659 cases and 3,398 controls) and 11,022 Europeans
(4,063 cases and 6,959 controls) was obtained as summary sta-
tistics from Morris et al. (5). The third set of data was obtained
from our previously published study of the SLE association in
Asians (2), and included 17,140 individuals (4,478 cases and
12,656 controls) from six East Asian cohorts (Table 2).

Patients in all the cohorts used in this study fulfilled at least
four of 11 American College of Rheumatology classification cri-
teria for SLE (48). Patient, control recruitment and sample collec-
tion were done in compliance with the Institutional Review
Board of both institutions. All individuals provided informed
consent.

Meta-analysis of all nine cohorts was performed in METAL
(49), adjusting for the effects of each cohort sample size.
Confidence intervals for meta-analysis were estimated using
the standard error model.

Independent SNP analysis

In our previous study, we performed conditional analysis to
identify independent SNPs within two SLE associated regions
(PCNXL3 and DEF6). Our approach used a logistic regression
model choosing the strongest associated SNP as an iterative
process starting with the strongest SNP and adding additional
SNPs to the model until no more variants passed the P < 5x10~°
threshold of significance (2).

In order to confirm the results from conditional analysis, we
performed a stepwise model selection (implemented in GCTA
(50)) on the summary statistics of our previous study. We used
genotypes for 207 Han Chinese and Japanese from the
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1000Genomes Project v3 as the reference panel for the estima-
tion of linkage disequilibrium. Hardy-Weinberg equilibrium
(HWE) and allelic association were evaluated using PLINK (51).

Meta-analysis

We used METAL (49) to perform sample size-corrected meta-
analysis with nine cohorts (Table 2). We included a total of 7,595
cases and 17,013 controls of Asian descent, and 4,063 cases and
6,959 controls of European descent. We estimated I? and its
associated P-value as a measure of the heterogeneity among
the effect sizes.

SNP-based bioinformatics analysis

The expanded set of 82 SLE loci and their correlated SNPs
(r*>0.8) were annotated for co-location of epigenetic features
and SNP enhancer enrichment using Haploreg (52).

To assess if the candidate loci in this study alter gene ex-
pression, we queried previously published information from
BloodeQTL (22). BloodeQTL is a study of expression quantitative
loci (eQTLs) performed on non-transformed peripheral blood
from 8,086 European patients. In order to account for unob-
served variants correlated with the candidate SNP, we expanded
our search to variants with linkage disequilibrium (LD) r*>0.8
in Asian populations (HapMap CHB, Han Chinese; and JPT,
Japanese). To identify if the five novel loci were differentially ex-
pressed in a given tissue, we used the Genotype-Tissue
Expression (GTEx) database, which establishes relationships be-
tween SNPs and gene expression in 52 different tissues (53).

To identify functional or regulatory effects of our candidate
SNPs, we performed a series of bioinformatic analyses, includ-
ing annotating the candidate variants (as well as their corre-
lated SNPs r?>0.8), for transcription factor binding sites (TFBSSs).
Tested TFBSs were obtained from the Factorbook (54), Homer
(55) and Hocomoco (56) databases. Allele-specific changes in
TFBS affinity were scored with the MotifbreakR (57) library in R.
Strongly disrupted TFBSs are presented.

In order to identify cell type-specific enrichment in gene ex-
pression, we used normalized expression data obtained from
the GeneAtlas (58), ImmVar (59) and FANTOM (60) databases, as
well as the GeneOntology Atlas, as implemented in SNPSEA (40).
Altogether, we assessed enrichment of gene expression in over
500 cell lines for all 82 SLE loci.

In order to assess the regulatory features tagged by identified
susceptibility loci, we performed variant set enrichment (VSE)
(61) on the expanded set of 82 loci, together with all strongly
correlated SNPs (r?>0.8, and within +500bp) in East Asian
1000Genomes populations (CHB, CHD, JPT and KHV), as well as
in the combination of African (ACB, ASW, ESN, GWD, LWK, MSL
and YRI) and European (CEU, FIN, GBR, IBS and TSI)
1000Genomes populations. The expanded set of SNPs in LD
with our 82 loci was obtained through the rAggr database. The
East Asian LD expanded set contained 2,096 SNPs, while the
combined population LD set contained 4,992 SNPs. With these
variant sets, we expect to capture ‘true’ functional variants
tagged by SLE susceptibility loci. We tested VSE of transcription
factor binding sites (TFBSs) for both SNP sets. Since the East
Asian SNP set did not contain all SLE loci it was left out of this
analysis. TFBS data used for VSE were obtained from the
ChIP-Seq database version 3 from the ENCODE Project
(wgEncodeRegTfbsClusteredV3). We focused on cell line
GM12878 and 76 TFs. VSE was implemented in the R package
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VSE, and used 200 random SNP sets to set the expected distribu-
tion of TF sites.

To further understand regulation within SLE loci, we anno-
tated each locus (as well as all highly correlated SNPs: r*>0.8 in
CHB +JPT) for the presence of epigenetic marks (Histone marks
[H3K27Ac, H3K4me3]; DNAse [ hypersensitivity sites; and en-
hancer marks) using Enlight (62) and rSNPbase (63).

We performed an enrichment analysis on the expanded set
of SLE correlated SNPs to identify the cell lines enriched in en-
hancers as annotated by the core 15-state model from
ChromHMM, and by peaks from H3K27ac and H3K9ac (as en-
hancers and promoters), as implemented in Haploreg (52).

Proportion of heritability was estimated for the 78 non-
monomorphic (in Asians) loci using the variance in a liability
model explained in So and Sham (64).

Gene set-based bioinformatics analysis

In order to further assess changes in gene expression related to
our candidate loci, we performed a gene-based association test of
the imputed expression profiles (11,553 autosomal genes) in
whole blood. By doing this, we expected to identify expression
changes related to our candidate loci with greater precision. For
this purpose, we used MetaXcan, an extension of PrediXcan (65),
to impute the expression profile of GTEx whole-blood expression
data on the summary statistics of our Korean samples, since it
was the largest cohort. Genes within 1 Mb of each SLE locus were
included to account for neighboring gene involvement.

We carried out enrichment analysis and over-representation
analysis using the expanded set of 82 known SLE loci (as gene sets)
to identify genetic signatures of SLE loci, through shared regulation
of function, or shared functional group membership. Enrichment
analysis was implemented in the Enrichr tool (66), which includes
analysis within pathway, transcription factor binding, and gene on-
tology databases. Over-representation analysis was performed us-
ing ConsensuspathDB (67), a tool that also aggregates multiple
databases of pathways, gene ontology and protein complex data-
bases. Confirmatory enrichment analysis was performed using the
GREAT database (68), PANTHER (69) and gPROFILER (70).

URLs: ENCODE project https://genome.ucsc.edu/ENCODE/; VSE
https://cran.r-project.org/web/packages/VSE; rAggr http:/raggr.usc.
edu; BloodeQTL http://genenetwork.nl/bloodeqtlbrowser/;
gPROFILER http://biit.cs.ut.ee/gprofiler/; Enlight http:/enlight.usc.
edu/; rSNPbase http://rsnp.psych.ac.cn/; Enrichr http://amp.pharm.
mssm.edu/Enrichr/; GREAT great.stanford.edu/; PANTHER http://pan
therdb.org/; MetaXcan https:/github.com/hakyimlab/MetaXcan;
www.insidegen.com; date last accessed August 15, 2016.

All websites were last accessed on January 24, 2017.

Supplementary Material

Supplementary Material is available at HMG online.
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