
REVIEW
 CURRENT
OPINION An update on the genetics of systemic lupus

erythematosus
 Copyrigh

1040-8711 Copyright � 2019 Wolte
a b a,b
Nina Oparina , Manuel Martı́nez-Bueno , and Marta E. Alarcón-Riquelme
Purpose of review

The aim of this study is to update on the most recent findings on the genetics of systemic lupus
erythematosus.

Recent findings

Our overview focuses particularly on results from expression quantitative trait loci, exome sequencing, and
rare variants and their impact on disease.

Summary

Systemic lupus erythematosus is a systemic autoimmune disease for which a significant number of
susceptibility genes have been identified. Several genome-wide association studies were recently published
in different populations that provide a better picture of the molecular mechanisms. It is becoming clear that
the genetic architecture of lupus is quite well established but more information is required on the role of
rare variants.
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INTRODUCTION

Systemic lupus erythematosus (SLE MIM [152700])
is a systemic autoimmune disease (SAD) with a
complex multifactorial etiology and a broad spec-
trum of clinical manifestations [1,2]. The complex-
ity resides in the combination of various
environmental and genetic factors in the initiation
and progression toward disease development that
occurs with time.

In this review, we provide an update of the
genetics of SLE focusing on genetic association stud-
ies and fine mapping of known genetic variants
affecting gene expression, but also on rare and
de-novo variants and their potential role in familial
aggregation and clinical features of the disease.
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GENETIC ASSOCIATIONS AND
GENOME-WIDE ASSOCIATION STUDIES

SLE is a complex SAD that affects every organ and
system in the body and with varying clinical and
serological manifestations. Basically, the loss of tol-
erance in the immune system leads to the presence
of autoantibodies and the deposition of immune
complexes in various tissues, causing a great diver-
sity of symptoms [3]. SLE has a strong genetic
t © 2019 Wolters Kluwe
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component supported by twin and family studies
[4–6]. Multiple genome-wide and candidate-gene
association studies identified over 80 SLE suscepti-
bility loci, explaining about 30% of narrow-sense
SLE heritability [7–9]. Although the overall herita-
bility of complex diseases is difficult to estimate, a
classical study in European (EUR) population did
estimate a heritability of 66 plus-minus 11% for SLE
[10], indicating that there was still more than 50% of
heritability estimations missing for SLE from current
genome-wide association studies (GWAS). However,
the estimates of genetic influence on SLE suscepti-
bility vary between studies and populations, reach-
ing up to 44% in a Taiwanese study [11]. Even so,
r Health, Inc. All rights reserved.
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KEY POINTS

� Currently, genetic studies have allowed the
identification of more than 80 risk loci for SLE
susceptibility, more than 50 of which were
independently replicated.

� In general, there is the enrichment of loci SLE-
susceptibility lying within transcription factors.

� Majority of established SLE risk loci, identified in
independent GWAS studies correspond to adaptive
and innate immunity, but there several stable risk
associations remain unexplained.

� Many of SLE associated loci are also expression QTLs,
regulating expression of these or neighboring genes.

� Availability of large-scale population sequencing
databases allowed performing more comprehensive
studies, on the basis of the genotype imputation both
for common and rare variant SLE genetic studies.

� The most recent progress was achieved in the role of
rare and de-novo variants in SLE susceptibility, with
�100 candidate loci identified, but further research is
needed for their replication, validation, and causal
mechanisms uncovering.

Systemic lupus erythematosus and Sjögren syndrome
one-third of the heritability of SLE would still
remain to be explained.

Most of the genetic studies have identified com-
mon variants showing consistent and robust genetic
association after the strong advent of microarray
technology and despite stringent Bonferroni correc-
tion. The main genes, associated with SLE suscepti-
bility are summarized in Figure 1 and Table 1. The
first three GWAS for SLE were simultaneously pub-
lished [12–14] and addressed between 100,000 and
300,000 single nucleotide polymorphisms (SNPs).
Nowadays, following the genotyping of millions
of SNP per individual, the combined analysis of
genotyping and sequencing can be used for impu-
tation of missing SNVs onto the experimental geno-
type data to increase resolution. Both new whole-
genome and whole-exome sequencing and popula-
tion-specific databases such as the 1000 Genomes or
the EUR ancestry-centered Haplotype Reference
Consortium were shown to be useful for this pur-
pose [15–17]. In general, the majority of the genes
identified as susceptibility to SLE correspond to
innate and adaptive immune system pathways.

The various GWAS studies identified several
genes for SLE such as BLK, ITGAM-ITGAX, and
PXK [12–14] and confirmed the human leucocyte
antigens (HLA) and FCGR2A. An updated list of
all known and replicated loci for SLE is found in
Table 1. New knowledge on the function of some of
 Copyright © 2019 Wolters Kluwer H

660 www.co-rheumatology.com
the genes has been attained, for instance, the role of
BANK1 in MyD88-TRAF6 innate immune signaling
in B cells and the importance of its exon-2 TIR-
domain where the genetic association described is
located [13,18]. IRF5 remains one of the best SLE-
associated loci along with other interferon regula-
tors IRF7 and IRF8. A more recent GWAS in EURs
analyzed over 8274 cases and 23,579 controls and
identified 10 new associations [19]. These new sig-
nals increased the explained proportion of genetic
variance in SLE from 8 to 16.3%. The validity of
these SLE association signals was supported by meta-
analysis using Bayesian methods. Among SLE risk
variants from publications prior to 2017, 45 (34% of
all tested) were under applied false-positive proba-
bility estimation approaches [20]. The new analysis
approaches increased efficiency even in smaller
case-control datasets. Thus a study including 907
cases and 1524 EUR controls followed by genotype
imputation and metaanalysis using a larger sample
was able to reveal new SLE-associated loci GRB2,
SMYD3, ST8SIA4, LAT2, and ARHGAP27 and sup-
ported 51 of 52 of the previously known [21].
Machine learning was applied on a targeted Immu-
noChip genotyping study providing 15 new SLE-
associated candidate loci and increasing SLE risk
prediction accuracy, especially for lupus nephritis
(area under the curve 0.91) [22].

The HLA class II region is undoubtedly associ-
ated with SLE susceptibility in all populations, but
the tight linkage disequilibrium that characterizes
the region has made it difficult to identify indepen-
dent signals. Particularly, the DR15 haplotype con-
taining classical alleles HLA-DRB1�15:01, HLA-
DQB1�06:02, HLA-DQA1�01:02 [23], and HLA-
DRB5�01:01 [24] is consistently replicated. Various
signals within HLA class I and class III were found to
independently contribute to SLE genetic susceptibil-
ity [25]. Targeted next-generation sequencing (NGS)
of the major histocompatibility complex (MHC)
region showed a haplotype with regulatory poly-
morphisms associated with changes in the gene
expression of the HLA class II molecules [26]. Proper
analysis of the highly variable MHC locus across
populations is challenging. Interestingly, using
local ancestry analysis on an Amerindian–EUR
mixed ancestries’ sample, it was found that the
HLA risk-alleles had a EUR origin, whereas protective
alleles or haplotypes were Native American [27]. A
combined analysis of risk alleles of the HLA per-
formed in EURs and African Americans showed that
the long-range SLE associated signals in EUR corre-
sponded to narrow independent peaks in African
Americans data. Population-specific independent
associations were detected. Nevertheless the major-
ity of risk alleles, despite the great diversity of the
ealth, Inc. All rights reserved.
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FIGURE 1. Schematic representation depicting genes located within the systemic lupus erythematosus risk loci (88 in total)
according to their genomic position. The full set of variants and loci for this plot is summarized in Supplementary Table 1,
http://links.lww.com/COR/A45. The annotation of genes and cytogenetic bands correspond to the hg19 assembly. The
red block in each chromosome marks its centromere. This figure was made using R package ‘Rcircos’ [82].
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African ancestry population, demonstrated similar-
ity to EUR HLA SLE association and significant con-
cordance in the direction of the allele effects [28].
Another study characterizing SLE risk in the HLA
region across EUR, African, and Hispanic ancestries
described risk-allele heterogeneity within DQA1/
DQB1 and DRB1 [9]. HLA-DRB1�15:01 and HLA-
DQB1�06:02 were associated to SLE risk in Asian
ancestry populations [29,30]. The contribution of
HLA alleles and specific amino-acid residues to the
risk of SLE and the presence of specific autoanti-
bodies has recently been dissected in a large East
Asian sample [31].
 Copyright © 2019 Wolters Kluwe
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Many of the SLE-associated genes identified in
EURs have been replicated and confirmed in other
populations, particularly the Chinese [8,3–
38,39

&

,40–43]. Targeted loci evaluation analysis
confirmed SPRED2, IKZF2, IL12A, TCF7, PLD2,
and others [39

&

]. A study of a large cohort of East
Asian patients (11,656 cases versus 23,968 controls)
revealed five new SLE loci: MYNN, ATG16L2, CCL22,
ANKS1A, and RNASEH2C [8]. A transancestral study
of sporadic SLE in EURs and East Asian datasets of
12,280 cases and 18,828 controls further revealed
ST3AGL4, MFHAS1, and CSNK2A2. The most pro-
nounced results were obtained for CSNK2A2 kinase,
r Health, Inc. All rights reserved.
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Table 1. List of the 88 genomic regions annotated with the SLE trait which include associations with P values less than

8�10�8 according to GWAS catalog (https://www.ebi.ac.uk/gwas/)

N locus CytoBand Reported gene(s) Ancestry N studies

1 1p31.3 IL23R, IL12RB2 AFR, EUR, HIS 3

2 1p13.2 PHTF1, RSBN1, PTPN22 AFR, EAS, EUR, HIS 5

3 1q23.3 FCGR2A AFR, EAS, EUR, HIS 3

4 1q25.1 TNFSF4 AFR, EAS, EUR, HIS 10

5 1q25.3 NMNAT2, SMG7, NCF2 AFR, EAS, EUR, HIS 2

6 1q31.3 PTPRC EAS, EUR 1

7 1q32.1 SRGAP2, IKBKE, IL10, IL19 AFR, EAS, EUR, HIS 4

8 1q42.3 LYST EUR 1

9 1q44 SMYD3 EUR 1

10 2p23.1 LBH AFR, EUR, HIS 2

11 2p22.3 RASGRP3 AFR, EAS, EUR, HIS 1

12 2p16.1 PAPOLG, LINC01185 AFR, EUR, HIS 1

13 2p14 SPRED2 EAS, EUR 1

14 2p13.1 DGUOK, TET3 EAS, EUR 2

15 2q24.2 IFIH1, FAP AFR, EAS, EUR, HIS 3

16 2q32.3 STAT4 AFR, EAS, EUR, HIS 15

17 2q34 IKZF2 EAS, EUR 2

18 3p14.3 DNASE1L3, PXK, PDHB AFR, EUR, HIS 5

19 3q13.33 TMEM39A, TIMMDC1, CD80 AFR, EAS, EUR, HIS 3

20 3q25.33 IL12A-AS1, ARL14 AFR, EAS, EUR, HIS 3

21 3q28 LPP EAS, EUR 1

22 4p16.3 DGKQ, SLC26A1 AFR, EUR, HIS 2

23 4p16.1 GPR78 EAS 1

24 4q12 KIT EAS 1

25 4q21.3 AFF1 EAS 1

26 4q24 BANK1 AFR, EAS, EUR, HIS 3

27 4q27 IL2, IL21, IL21-AS1 AFR, EUR, HIS 2

28 4q35.1 TENM3, TRAPPC11 EAS 2

29 5q21.1 ST8SIA4, RN7SKP62 AFR, EUR, HIS 2

30 5q31.1 TCF7 AFR, EUR, HIS 3

31 5q33.1 TNIP1 AFR, EAS, EUR, HIS 8

32 5q33.3 PTTG1, LOC285628 AFR, EUR, HIS 5

33 6p22.3 ATXN1 AFR, EAS, EUR, HIS 1

34 6p22.2 LRRC16A, SLC17A3, SLC17A2 AFR, EUR, HIS 1

35 6p22.1 ZNF184, LINC01012 EUR 1

36 6p21.32–33 MHC region AFR, EAS, EUR, HIS 12

37 6p21.31 UHRF1BP1, ANKS1A, TCP11 EAS, EUR 4

38 6q15 BACH2 EAS, EUR 1

39 6q21 PRDM1, ATG5 AFR, EAS, EUR, HIS 7

40 6q23.3 TNFAIP3 AFR, EAS, EUR, HIS 7

41 7q15.1 JAZF1 AFR, EAS, EUR, HIS 4

42 7q11.23 LIMK1, EIF4H, GTF2IRD1 AFR, EAS, EUR, HIS 6

43 7q32.1 IRF5, TNPO3, TPI1P2 AFR, EAS, EUR, HIS 15

44 8p23.1 PRAG1, FAM86B3P AFR, EUR, HIS 1

45 8p23.1 XKR6, FAM167A, BLK AFR, EAS, EUR, HIS 15

46 8p11.21 PLAT AFR, EUR, HIS 1

47 8q12.1 RPS20 AFR, EUR, HIS 1

Systemic lupus erythematosus and Sjögren syndrome
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Table 1 (Continued )

N locus CytoBand Reported gene(s) Ancestry N studies

48 8q21.12 PKIA, ZC2HC1A AFR, EUR, HIS 1

49 9p24.1 JAK2 EAS, EUR 1

50 10q11.23 LRRC18, WDFY4 AFR, EAS, EUR, HIS 4

51 10q21.1 PRKG1 AFR, EAS, EUR, HIS 1

52 10q21.2 ARID5B, ZNF365, ADO EAS, EUR, AFR, HIS 3

53 10q24.33 RPEL1, ST13P13 EUR, HIS 1

54 11p15.5 MIR210HG, PHRF1, IRF7, CDHR5 AFR, EAS, EUR, HIS 6

55 11p13 PDHX, CD44 AFR, EAS, EUR, HIS 4

56 11q13.1 RNASEH2C, AP5B1 AFR, EAS, EUR, HIS 1

57 11q13.4 NADSYN1, FCHSD2 EUR, EAS 2

58 11q23.3 TREH, DDX6 AFR, EUR, HIS 1

59 11q24.3 ETS1, FLI1 AFR, EAS, EUR, HIS 6

60 12p13 CREBL2, GPR19, CDKN1B EAS 1

61 12q23.2 DRAM1 EAS 1

62 12q24.12 ATXN2, SH2B3 EAS, EUR 2

63 12q24.13 PTPN11 EUR 1

64 12q24.33 SLC15A4, GLT1D1 AFR, EAS, EUR, HIS 4

65 13q14.11 COG6, ELF1 EAS, EUR 2

66 14q24.1 RAD51B AFR, EUR, HIS 2

67 14q31.3 GALC AFR, EUR, HIS 1

68 15q31.3 FAM98B EUR 1

69 15q24.2 SCAMP5 EAS, EUR 2

70 16p13.13 CLEC16A AFR, EAS, EUR, HIS 2

71 16p11.2 PRR14, ITGAM, ITGAX AFR, EAS, EUR, HIS 10

72 16q13 CCL22 AFR, EUR, HIS 1

73 16q22.1 ZFP90 AFR, EAS, EUR, HIS 1

74 16q24.1 IRF8 AFR, EAS, EUR, HIS 5

75 17p13.2 PLD2 EUR 1

76 17q12–q21.1 ERBB2, MIEN1, IKZF3 EAS, EUR 2

77 17q21.31 ARHGAP27 EUR 1

78 17q25.1 GRB2, SLC25A19 AFR, EUR, HIS 2

79 19p13.2 ICAM3, TYK2 AFR, EAS, EUR, HIS 3

80 19p13.11 LRRC25, SSBP4 AFR, EUR, HIS 1

81 19q13.33 PRR12 EUR 1

82 19q13.42 TMEM86B AFR, EUR, HIS 1

83 20q13.12 CD40 AFR, EUR, HIS 1

84 20q13.13 RNF114, SNAI1 EUR 1

85 22q11.21 UBE2L3, YDJC AFR, EAS, EUR, HIS 6

86 22q13.1 GRAP2, ENTHD1 AFR, EUR, HIS 1

87 Xp21.2 CXorf21 EUR 1

88 Xq28 IRAK1, TMEM187, MECP2 EAS, EUR, HIS 2

‘N studies’ refers to the number of references compiled in GWAS-catalog describing association to SLE for each locus. These references are listed by variant in
Supplementary Table 1, http://links.lww.com/COR/A45. ‘Ancestry’ indicates the populations in which association to SLE has been described in the GWAS-
catalog reference list for each locus. AFR, African American; EAS, East Asian; EUR, European; HIS, Hispanic or Native American; MHC, major histocompatibility
complex; SLE, systemic lupus erythematosus.
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showing a B-lymphocyte-specific regulatory effect
of the associated risk variants [42]. A GWAS in
Koreans identified a new locus in chromosome
11q14 (ATG16L2, FCHSD2, SIGLEC12, and P2RY2)
and confirmed many other [44]. Interestingly,
ATG16L2 was originally described in Crohn’s dis-
ease [45], showing a tighter link across several auto-
immune diseases, where some genes are implied in
the tissue-specific regulation or in the systemic
inflammation still needs to be investigated.

Despite the prevailing immune-relevant func-
tions among the established SLE loci, for some of
them, such as JAZF1, XKR6, UHRF1BP1, or WDFY4,
there are no known studies of their role in disease
development. For some described loci despite lack of
known function the expression pattern confirms
presence of corresponding mRNAs in relevant tis-
sues such as spleen, lymph nodes or blood cells. In
general, the enrichment of susceptibility loci lying
within transcription factors was a major finding
EURs [19]. Fig. 1 and Table 1 show the 88 genomic
regions annotated with the ‘SLE’ trait which we
include associations with p value less than
8�10�8 according to the GWAS-catalog (https://
www.ebi.ac.uk/gwas/). All significant associations
are shown in Supplementary Table 1, http://link-
s.lww.com/COR/A45.
GENE EXPRESSION REGULATION

Genetic variants can affect disease susceptibility
through modifying genetic expression levels
[expression quantitative trait loci (eQTLs)]. Geno-
type and gene expression data are used combined for
this analysis. Publicly available eQTLs datasets help
evaluate whether the detected SLE-risk SNPs influ-
ence transcript levels of genes [46–50]. These
approaches initially showed that trait-associated
SNPs were more likely to be eQTLs [50]. Noteworthy,
the STAT4 locus, significantly associated with SLE in
all studied populations, remained unexplained in
the terms of expression regulation. SLE risk variants
lay in intronic areas not genetically linked to the
STAT4 promoter. A study based on fine-mapping
and eQTL analysis, supported the importance of
STAT4-located SLE risk rs11889341 variant on
expression of neighboring STAT1, but not STAT4
expression increase in B cells [51]. The SLE protec-
tive role of SIGLEC12 described in East Asians is
mediated by eQTLs enhancing the expression of
the gene [52]. Ten of the Immunochip-based iden-
tified variants in East Asians altered gene expression
[30]. Another East Asian GWAS supported regula-
tory variation in 82 genes and overrepresentation of
p53, MEF2A, and E2F1 transcription-factor-binding
sites [8]. A large-scale exome-wide study in a Han
 Copyright © 2019 Wolters Kluwer H
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Chinese sample identified an intergenic variant
with a cis-eQTL effect reducing TPCN2 expression
in immune cells from SLE patients [41]. Usually,
eQTL-mapping studies identify variants affecting
gene expression of nearby genes (cis-eQTLs). How-
ever, trans-eQTLs have also been detected. For exam-
ple, the SLE SNP rs4917014 acts in cis on IKZF1 and
in trans for C1QB and five type I interferon genes,
both hallmarks of SLE [53]. Similarly, the major SLE-
risk SNPs in BANK1 are eQTLs, and risk associated
with increased gene expression, connecting the reg-
ulatory landscape of BANK1 with cotranscriptional
splicing of exon-2 [54]. The use of RNA-seq to assess
genome-wide transcription abundance provides
information on allele-specific expression and
RNA-isoform expression, which is not available
from gene expression microarrays [55]. It has been
shown that conventional gene expression quantifi-
cation underestimated the identification of causal
cis-eQTLs [56

&&

]. Integrating eQTL data derived from
both microarray and RNA-Seq experiments with
GWAS results in SLE identified new susceptibility
genes (e.g., NADSYN1 and TCF7). In addition, this
procedure allows the identification of novel SLE
associated splicing events and noncoding RNAs con-
tributing to the better understanding of the func-
tional consequence of regulatory variants [57

&&

].
RARE AND LOW-FREQUENCY VARIANTS

Individual effects of common variation on suscepti-
bility are small, with odds ratios ranging from as
little as 1.01–2.5 at the most. Description of the
effect of rare variation on complex phenotypes is an
open field. In this regard, few examples exist of low-
frequency or rare genetic variants in SLE related to
the genes identified in GWAS studies. One example
is BLK, where a low-frequency variant (a nonsynon-
ymous change from alanine to threonine) was
identified [58]. Another example is NCF2, where a
nonsynonymous coding mutation in exon 12, a
histidine to glutamine substitution in the PB1
domain of NCF2 protein reducing its binding effi-
ciency to the guanine nucleotide exchange factor
Vav1 [59].

A recent study of Sardinia SLE and multiple
sclerosis patients revealed a new insertion–deletion
variant in the TNFSF13B gene encoding the B-cell
activating factor (BAFF). Serum levels of BAFF are
frequently elevated in SLE patients. This variant
resulted in the alternative polyadenylation of the
transcript, lacking the binding site for inhibitory
microRNAs and consequently BAFF upregulation
[60

&&

]. This mutation propagated becoming more
frequent possibly because of its protective role
against malaria.
ealth, Inc. All rights reserved.
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DNASE1-like deoxyribonucleases are well-estab-
lished loci, known for their rare loss-of-function
variants in familial SLE. DNASE1L3 located in the
close vicinity of PXK contains rare heterozygous
variants enriched in sporadic SLE [61

&

]. A later study
performed quantitative PCR analysis of copy num-
ber variations in DNASE1L3 and DNASE2 and found
that although the variants were universally rare in
most populations with no copy loss-or-gain events,
these were more frequent in EURs and Asian SLE
[62].

The abundance of articles describing rare
genetic variants, historically those on complement
deficiencies and lately on interferonopathies where
rare mutations found in monogenic diseases can be
found in some SLE patients [63–66,69

&&

] suggest
that such mutations may explain the relatively ele-
vated frequency of familial cases of SLE [5] (8–12%),
or alternatively, that SLE is a much more heteroge-
neous collection of individuals. Possibly, mutations
causing forms of monogenic diseases having ill-
described autoimmune manifestations are much
more prevalent than previously suspected, contrib-
uting to the overall SLE phenotype. It is therefore
potentially relevant to identify the possible genes
involved and perform searches for autoimmunity
among rare diseases to help further determine the
rainbow of pathways that lead to disease. However,
and relevant, whereas monogenic lupus may imply
the contribution of mutations with high pene-
trance, in complex phenotypes such as SLE, we
would expect rare variation with small effects, very
hard to identify using genetic association [66].

In the first large SLE study of its kind exome
sequencing of 30 parent-affected-offspring trios
identified using SLE-associated burden analysis
three functional de-novo loci: DNMT3A, PRKDC,
and C1QTNF4 [67

&&

]. In another study, a set of 71
SLE patients and their healthy parents was studied
using whole genome sequencing and the contribu-
tion of ultrarare missense and nonsense variants in
genes known to be causal for monogenic SLE was
estimated. Enrichment of ultrarare variants was
found for 22 genes. Interestingly, for C1S, DNA-
SE1L3, DNASE1, IFIH1, and RNASEH2A disrupting
rare variants were shown to be significantly associ-
ated with SLE mostly in the heterozygous state [68].

By performing exome sequencing on the most
distantly related affected individuals from two large
Icelandic families, multiple rare and likely patho-
genic variants in 19 genes cosegregating with disease
through multiple generations were identified [69

&&

].
The data was supplemented with information on
coexpressed and protein–protein interacting part-
ners. This unsupervised functional analysis showed
enrichment in the gene ontology categories of
 Copyright © 2019 Wolters Kluwe
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immune system development, lymphocyte activa-
tion, DNA repair, and VDJ T and B-cell receptor gene
recombination. Further support was found using
a very stringent aggregate association analysis in
sporadic cases for the FAM71E1/EMC10 locus. The
EMC10 gene (endoplasmic reticulum membrane
complex subunit 10) codes for a protein involved
in endoplasmic reticulum-associated degradation
and lipid transport. Another interesting gene was
DCLRE1C. DCLRE1C is involved in double-strand
break repair, cellular response to DNA damage stim-
uli, and chromosome organization protein Artemis.
Recessive mutations in this gene cause Omenn
syndrome, a severe combined immunodeficiency
associated with increased cellular radiosensitivity
because of a defect in V(D)J recombination leading
to early arrest of B and T-cell maturation [70]. A
recent functional study demonstrated that Artemis-
deficient cells have type I and type III interferon
signatures because of the chronic accumulation of
DNA [71].

Owing to the difficulty in defining the role of
single rare or low-frequency mutations in associa-
tion analyses, a very stringent imputation-based
approach for the whole genome rare variant enrich-
ment analysis in SLE patients of EUR ancestry [72]
was applied. This approach uncovered 98 top can-
didate loci. The loci were prioritized by two inde-
pendent approaches: highly stringent sequence
kernel association test and a case-control burden
test. Several of these loci had immune-relevant func-
tions, whereas for others their role in SLE remains
obscure. Significant overrepresentation of Online
Mendelian Inheritance in Man (OMIM) disease
genes was observed, suggesting that such variants
could be involved in the generation of combined
SLE phenotypes, which looks reasonable consider-
ing the broad spectrum of SLE clinical manifesta-
tions and the large number of anecdotal
descriptions of rare phenotypes in SLE patients
[1,2]. Proper analysis of rare variants may be over-
come with the numerous computational
approaches being published (reviewed in [73]). In
addition to the importance of avoiding sequencing
errors and analysis artifacts, there is no consensus
for the best strategy for rare variants analysis.
Sequencing of targeted genes is an optimal proce-
dure for detecting mutations. Thus, exome sequenc-
ing of SLE-risk genes in an European ancestry sample
with 69 SLE affected and 97 healthy controls showed
that rare BLK and BANK1 missense variants contrib-
uted to risk [74]. Resequencing of the SLE associated
ITGAM gene in 73 SLE cases identified two case-
specific nonsynonymous variants, F941V and
G1145S that significantly impaired phagocytosis
[75]. Similarly, targeted resequencing of coding
r Health, Inc. All rights reserved.
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and conserved regulatory regions in a set of autoim-
munity-realed loci in a Swedish SLE cohort identi-
fied a rare regulatory variant rs200395694:G>T in
intron 4 of MEF2D associated with the presence
of Raynaud’s phenomenon, anti-ribonucleoprotein
and anti-Sm antibodies [76]. In-depth whole-
genome sequencing is the most comprehensive
approach for measuring rare variation in both cod-
ing and noncoding regions. However, its applica-
tion for large-scale cohorts is still limited. A
tentative alternative would be to combine genotype
imputation with targeted sequencing in a gene-cen-
tered strategy as a first glimpse followed by directed
sequencing of the resulting best hits and a final
corroboration of the association with SLE through
an aggregated effect analysis. However, the reliabil-
ity of the imputation of rare variation is still under
discussion [72].

As in some of the first candidate gene and GWAS
studies, modern rare and de-novo variant-based
articles mostly analyze coding regions searching
for missense and nonsense variants [60

&&

,69
&&

,76].
Several articles addressed the impact of the regula-
tory role of noncoding mutations showing associa-
tion with extreme gene expression [77–80]. Overall,
it was demonstrated that rare variants contribute to
large gene expression changes across tissues provid-
ing an integrative method for interpretation of rare
variants effects [81].

The heterogeneity of SLE loci identified in rare
and de-novo variant studies could reside in the
diversity of pathways, involved in SLE pathogenesis,
without ruling out other additional explanations
such as local population differences, different exper-
imental designs and computational approaches.

In summary, rare and de-novo variant analysis
has shown its applicability for SLE genetics research
and has uncovered several candidate SLE loci for
further studies.
CONCLUSION

During the last decades of SLE susceptibility studies,
we came from preliminary candidate genes to
genome-wide scans of thousands of SLE cases and
controls from different populations. Initially, EUR
biased research was spread to Asian, Amerindian,
and African ancestry, supporting the universal role
of many SLE loci. Currently, genetic studies have
focused on the identification of causal variants,
their mechanisms of action, and the involvement
of rare variation (see Fig. 1 and Table 1). Further
progress of the field is based on multiomic studies
including data on gene expression, epigenetics,
gene-gene interaction studies, and the analysis
of rare and de-novo variants and copy number
 Copyright © 2019 Wolters Kluwer H
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variations. Rare variants are already identified as
important components of the genetic context of
SLE and future studies can clarify their functional
impact and the combined role of common and rare
variant in the individual SLE risk.
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Steri M, Orrù V, Idda ML, et al. Overexpression of the cytokine BAFF and
autoimmunity risk. N Engl J Med 2017; 376:1615–1626.

An insertion-deletion found in the gene coding for the autoreactive B-cell cytokine
BAFF.
61.
&
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