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Abstract

Systemic Lupus Erythematosus (SLE) is a typical systemic
autoimmune disease characterized by the production of auto
antibodies reactive to nuclear and cellular components such
as double-stranded DNA, RNA-proteins and phospholipids.
The deposition of immune complex to tissues results in
inflammatory reactions leading to tissue damage and organ
failures. In recent years, enormous efforts have been
undertaken to clarify the genetic susceptibility to SLE. To
date, nearly 30 SLE-susceptibility loci have been mapped
on the human chromosomes. Mouse models of SLE have
also been studied and have contributed to the understanding
of SLE pathogenesis. In this review, we summarize the
recent knowledge of the SLE susceptibility loci, and we
describe new insights into the epistatic interaction of closely
linked polymorphic genes that is likely to play a pivotal role
in the impaired homeostasis of the immune system in SLE.
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Introduction

Clinical aspects of SLE: Systemic Lupus Erythematosus (SLE)
is among the most serious immunological disorders
characterized by the production of auto antibodies reactive to
nucleic acids as well as to nuclear and cellular components.
Deposition of immune complex on varieties of tissues leads to
systemic inflammation and multiple organ failures [1]. The
prevalence of SLE is reported to be between 40 and 400 cases
per 100,000 individuals. Nearly 90% of SLE patients are

women [2].

The immune abnormalities of SLE: The accelerated
autoimmune features in SLE are represented by the class-switch
and affinity maturation of auto antibodies, the mechanism of
which is normally operative on the antibody productions against
non-self pathogens [3]. In patients with overt SLE activity,
peripheral CD4" T cells show a low capacity to produce
InterLeukin (IL)-2 on stimulation, and a high frequency of cells
positive for early activation markers such as HLA-DR, -DP and
CD69 is observed [4].

Pathogenesis of SLE: The cell surface expression of CD69 on
lymphocytes is under the control of type-I InterFeroN (IFN) [5].
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It is widely recognized that in the peripheral blood cells of SLE
patients, the transcripts of genes that are induced by type-1 IFN
are elevated [6]. This type of gene expression profile, termed
the "interferon signature,” is attributed to the function of natural
immunity-sensing nucleic acids [7]. Nevertheless, the role of
natural immunity in the cause-effect relationship of the
pathogenesis of SLE remains elusive. SLE is a multifactorial
disease in which the accumulation of the allelic effects of
multiple genes forms the basis of disease susceptibility [8].
Environmental factors such as viral infections, exposure to
chemicals, and UV irradiation are also implicated in the onset of
SLE [9].

History of SLE Genetics

Over the last few decades, there have been enormous efforts to
clarify the genetic susceptibility to SLE. The history of SLE
genetics can be classified into three generations of studies. The
distinction between generations was made based on progress in
molecular genetics methods. Before polymorphic DNA markers
were available, first-generation SLE genetics was the study of
the recurrence risks in siblings [10], concordance rates in
monozygotic twins [11], and case-control studies focusing on
potential polymorphic candidate genes involved in the immune
system. Associations of SLE with HLA class Il haplotypes
(HLA-DR3, -DR2 and -DR4) [12, 13] and polymorphisms of
the complement component genes (Clq, C2 and C4) [14-16]

and Fey receptor genes were reported in early studies [17-19].

The second-generation SLE genetics studies began in the early
1990s. The major methodological advance that enabled second-
generation SLE genetics was the new availability of
polymorphic DNA markers with short nucleotide repeats
(microsatellite DNA markers) that are scattered randomly
throughout the entire genome. Each locus of microsatellite DNA
usually has multiple alleles with different repeat numbers, and
each allelic form of microsatellite DNA has been a highly

informative tool in genetic linkage analyses.

Since the late 1990s, several groups of researchers have

reported elaborate genome-wide linkage studies in familial SLE
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from different ethnic groups. Figure 1 summarizes the results of
these studies. Among multiple regions with potential linkage to
SLE, the following seven regions met the threshold of genome-
wide linkage studies: 1922-24 [20], 1941 [20, 21], 2937 [22],
4p13-16 [22, 23], 6p21-11 [24, 25], 12924 [26] and 16913 [25].
The results of each independent linkage study differ markedly
with respect to major genomic intervals linked to SLE.
Nevertheless, the linkages with genomic intervals on
chromosome 1 attracted attention because the observations were
consistent in separate genome scans, and the region was
syntenic to the mouse chromosome region with autoimmune

susceptibility.

Third-generation SLE genetics, which use extensive Genome-
Wide Association Scans (GWASSs), began in the late 2000s.
GWAS studies are based on the achievements of the human
genome project and those of the subsequent HapMap Project,
the international collaborative effort to develop a haplotype map
of the human genome by wusing Single Nucleotide
Polymorphisms (SNPs). The rapid progress of DNA typing by

microarray technology also accelerated this research.

To date, there have been four independent GWASs. Figure 1
also summarizes the SNP loci that fulfilled the criterion of
significance levels (p<5x10°®) in these GWAS studies [27]. In
2008, the International Consortium for Systemic Lupus
Erythematosus (SLEGEN) reported GWAS studies using
approx. 320,000 SNPs in 720 European SLE patients and 2,337
controls. Significant associations were observed for the HLA
region, 7932 (IRF5), 16p11.2 (ITGAM), 11p15.5 (KIAA1542),
3p14.3 (PXK) and 1¢25.1 [28]. The consortium also confirmed
the association at FCGR2A, PIPN22 and STAT4 regions that
were previously reported to be associated with SLE. Graham et
al. [29] reported GWAS studies using 310,000 SNPs in 431
SLE patients and 2,155 controls. Aside from the HLA and IRF5
regions previously reported, they observed a significant
association for TNFAIP3 locus on chromosome 6. In 2009,
Gateva et al. [30] reported studies using 2,466 selected SNPs
that were previously suggested to have potential linkage with

SLE, in 1,963 patients and 4,329 controls. They observed new
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loci: TNIP1, PRDM1, JAZF1, UHRF1BP1 and IL10. Han et al.
(2009) [31] reported GWAS studies in a Chinese Han
population (1,047 cases and 1,205 controls). They observed new

susceptibility loci (ETS1, IKZF1, RASGRP3, SLC15A4,

Figure 1: Kodera et al
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TNIP1, 7911.23, 10g11.22, 11g23.3 and 16p11.2), and also
confirmed seven previously reported loci (BLK, IRF5, STAT4,

TNFAIP3, TNFSF4, 6921 and 22911.21).
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Figure 1: Results of genome-wide mapping of SLE-

susceptibility loci on human chromosomes. The regions
identified by genetic linkage studies (peak LOD scores larger
than 3.0) are shown with solid black lines. SNP loci identified
by GWAS studies are designated by their identification numbers

together with the names of potential candidate genes.
Polygenic Involvement in SLE Susceptibility

The results of the recent extensive GWAS studies unveiled the
extreme complexity of the genetic susceptibility to SLE. Nearly
30 SNP loci have been demonstrated to show an association
with SLE with nominal p-values <5x 10 However, the
relative risks observed for all of these susceptibility SNP loci
were only low or moderate (odds ratio 1.2-2.4). It is evident

that multiple allelic effects of susceptibility genes (of which

polymorphisms are commonly observed in human populations)
are responsible for the basis of the genetic susceptibility to SLE.
It is likely that there are subsets of SLE with respect to the
combination of susceptibility genes involved, and that ethnic
groups differ in the compositions of these SLE subsets.
Therefore, studies using mouse SLE models should provide

advantages for elucidating the critical path of SLE pathogenesis.

Studies Using SLE Model Mice

Studies using mouse SLE models have the following advantages
over human research. First, SLE in each model strain of mice
may represent a single SLE subset with respect to the
combination of susceptibility genes. Secondly, component
phenotypes (endophenotypes) underlying the loss of self-
tolerance can be studied by the method of quantitative genetics
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in mouse models. Thirdly, advanced methods of reverse
genetics, i.e., gene-targeting technology can be applied to test
the involvement of candidate genes. Several SLE models have
provided insights into the cellular and molecular bases of the

susceptibility to autoimmunity.

The New Zealand Black (NZB) strain of mice has been
studied as an autoimmune strain that shows the spontaneous
production of an anti-erythrocyte autoantibody and hemolytic
anemia [32]. The F1 hybrid of this strain and the phenotypically
normal New Zealand White (NZW) strain show very
accelerated autoimmune phenotypes, such as the production of
anti-double-stranded DNA autoantibody and immune-complex
mediated glomerulonephritis. The SLE phenotypes of
(NZBxNZW) F1 mice are strictly dependent on the
heterozygosity of H-29/H-27[33].

Mixed haplotype MHC-class Il molecule, the expression
of which is ectopic on the activated antigen-presenting cells, has
been implicated in the development of accelerated autoimmune
phenotypes of (NZBxNZW) F1 mice. Recombinant inbred
strains derived from (NZB x NZW) F1 mice, NZM/Aeg lines
were also studied [34]. The MRL-Fas™ strain is a naturally
occurring Fas-deficient strain [35]. Defective Fas gene plays a
pivotal role in the spontaneous development of SLE-related
phenotypes. Nevertheless, the autoimmune features of this strain

are under the control of polygenes [36].

The BXSB strain is a recombinant inbred strain derived
from a cross between the C57BL/6 and SB/Le strains. Male
BXSB mice spontaneously develop the SLE phenotype, and the
accelerated autoimmune phenotype of these mice is linked to
Yaa (Y-linked autoimmune acceleration) locus on the Y
chromosome [37]. The Yaa mutation was identified as a
translocation from the telomeric end of the X chromosome
containing the gene encoding for TLR7 gene [38]. Yaa mutation
on the normal C57BL/6 genetic background is useful to
accelerate the expression of other SLE susceptibility genes that

are introduced by the advanced method of reverse genetics.
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Candidate Genes ldentified

Recent GWAS studies in human populations were proven to be
powerful in narrowing the region of SLE-susceptibility loci.
However, the involvement of the polymorphism of each
candidate gene needs to be demonstrated by the reverse genetic
approach using mice. The following genes are the candidate
susceptibility genes; their possible involvement in SLE

pathogenesis is also summarized.
FCGR2B gene

FCGR2B gene codes for an inhibitory Fc receptor,
FcyRIIB, which is expressed on myeloid cells and B cells. The
FcyRIIB molecule has an ITIM motif in the cytoplasmic region
of the molecule, and is thought to be responsible for the
regulation of the terminal differentiation of B-lineage cells [39].
The potential involvement of FcyRIIB in SLE susceptibility was
first suggested by the observation of SLE-related phenotypes in
FcyRIIB-deficient mice [40]. Subsequently, based on the
genetic linkage studies of autoantibody production in NZB
mice, fcgr2b gene from NZB mice with deletion polymorphism
in the promoter region was identified to be responsible for the

autoantibody production in NZB mice [41, 42].

NZB mice are known to be defective in susceptibility to
the Bovine y Globulin (BGG)-specific high-dose tolerance
induced by high doses of Deaggregate BGG (DBGG) [43]. This
type of tolerance induction has long been studied as a model of
peripheral immune tolerance. Defective high-dose tolerance in
NZB mice was also shown to be linked to the fcgr2b locus of
NZB mice. Moreover, the epistatic interaction of defective
fcgr2b gene and the autoimmune-susceptible haplotype of
SLAM family genes were found to be responsible for the
defective immune tolerance and the SLE-related autoimmune

phenotypes in these mice [44].

In humans, homozygosity of the 1232T missense
mutation on the coding sequence of FCGR2B gene was reported
to be in significant linkage to SLE [45]. It was concluded that
the human FcyRIIB molecule with 232T is unable to inhibit the
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activation signals from B-cell antigen receptors because it is
excluded from sphingolipid rafts on the cell surface of B cells
[46]. Polymorphism in the promoter region of human FCGR2B
gene was also suggested to bear SLE susceptibility [47]. The
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involvement of SLAM family gene polymorphism was also
suggested in humans [48]. Figure 2 shows the structures of
SLE-susceptibility regions on human chromosome 1 as well as

on syntenic mouse chromosome 1.
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Figure 2: Structures of the SLE-susceptibility region on human
telomeric chromosome 1, and that on syntenic mouse
chromosome 1. Reported susceptibility SNP loci are shown by

their identification numbers.
MHC Region

Early studies demonstrated that the risk of the development of
SLE is associated with HLA class Il alleles HLA-DR3 and -
DR2 in European populations [12, 13]. The structure and
polymorphism of the MHC haplotype differ among ethnic
groups, and non-European populations have shown associations
with other alleles such as HLA-DR4 [13]. In an early genetic
linkage analysis of familial SLE, the lack of consistency in the
linkage to HLA loci was a puzzling problem [25]. The
involvement of MHC-class 1l alleles was consistently observed
in recent GWAS studies. Associations with HLA-DRBL alleles

were replicated in GWAS studies in different ethnic groups.
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Because of the strong linkage disequilibrium in HLA-class Il
regions, the involvement of HLA-DQA1l and HLA-DQB1
alleles as well as the class | and class Il regions has not yet
been excluded [49].

TNFIP3

TNFIP3 (Tumor Necrosis Factor alpha Inducible Protein 3
gene) codes for an ubiquitin-modifying enzyme, A20, which
plays a pivotal role in the regulation of NF-kB activity [50].
Based on the findings of GWASs and the subsequent fine
mapping and resequencing, Adrianto et al. (2011) [51]
identified a risk haplotype with a deletion polymorphism in the
intronic region of TNFIP3 gene in SLE patients of European
and Korean ancestry, and because of its location in the region of
possible involvement in the regulatory element, this deletion
polymorphism was implicated in the defective regulation of
TNFIP3 gene. Compared with the normal gene, TNFIP3 gene
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with this deletion polymorphism showed reduced transcription
and A20 protein expression in cell lines obtained from SLE
patients. A20-deficient mice were reported to develop systemic

organ inflammation and SLE-related phenotypes [52, 53].
Conclusion

The emerging new trend in SLE genetics is comprised of the
identification of susceptibility genes, the characterization of
their risk polymorphisms, and the demonstration of the
involvement of each susceptibility allele by reverse genetics
methods using mice. Next-generation sequencing technology
has already been applied to the studies of risk haplotypes of
genomic regions. Advanced technology for gene targeting in
mice — especially the availability of tissue-specific gene
knock-out or knock-down methods using the Cre/loxp
system — has already proven to be useful to eclucidate the
molecular mechanisms underlying the involvement of
susceptibility genes [54]. The recent rapid development of
RNA-guided genome-editing technology will accelerate the

reverse genetics [55].

SLE has been one of the most problematic and
devastating systemic autoimmune diseases. The genetic
susceptibility to SLE was once thought to be too complex to be
studied, but international collaborative efforts are now revealing
multiple clues for understanding the genetic susceptibility to
SLE. The ultimate goal is the complete elucidation of the
critical pathway of the abnormal autoimmune reaction, and the

continuing progress toward this goal allows for optimism.
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