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Abstract
Wang, C. 2012. DNA Sequence Variants in Human Autoimmune Diseases. Acta Universitatis
Upsaliensis.  Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 808. 61 pp. Uppsala. ISBN 978-91-554-8459-0.

Human autoimmune diseases are hallmarked by inappropriate loss-of-tolerance and self-
attacking response of the immune system. Studies included in this thesis are focusing on the
implication and functional impact of genetic factors in three autoimmune diseases rheumatoid
arthritis (RA), asthma, and systemic lupus erythematosus (SLE).

Using genetic association studies, we found in study I and II that sequence variants of
the interferon regulatory factor 5 (IRF5) gene were associated with RA and asthma, and the
associations were more pronounced in certain disease subtypes. Distinct association patterns or
risk alleles of the IRF5 gene variants were revealed in different diseases, indicating that IRF5
contributes to disease manifestations in a dose-dependent manner. In study III, we found that
seven out of eight genetic risk loci for SLE, which were originally identified in East Asian
populations, also conferred disease risk with the same risk alleles and comparable magnitudes of
effect sizes in Caucasians. Remarkable differences in risk allele frequencies were observed for
all associated loci across ethnicities, which seems to be the major source of genetic heterogeneity
for SLE. In study IV we explored an exhaustive spectrum of sequence variants in the genes
inhibitor of kappa light polypeptide gene enhancer in B-cells kinase epsilon (IKBKE) and
interferon induced with helicase C domain 1 (IFIH1) by gene resequencing, and identified
nine variants in IKBKE and three variants in IFIH1 as genetic risk factors for SLE. One of
the associated variants may influence splicing of IKBKE mRNA. In study V we provided
genome-wide transcriptional regulatory profiles for IRF5 and signal transducer and activator
of transcription 4 (STAT4) using chromatin immunoprecipitation-sequencing (ChIP-seq). The
target genes of IRF5 and STAT4 were found to play active roles in pathways related with
inflammatory response, and their expression patterns were characteristic for SLE patients. We
also identified potential cooperative transcription factors for IRF5 and STAT4, and disease-
associated sequence variants which may affect the regulatory function of IRF5 and STAT4.

In conclusion, this thesis illuminates the contribution of several genetic risk factors to
susceptibility of human autoimmune diseases, which facilitates our understanding of the genetic
basis of their pathogenesis.
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Introduction 

Diseases have been concomitant with each moment in our civilization. Gen-
eration after generation, our ancestors struggled to look into the nature of 
diseases not only for a better quality of life, but also for a better understand-
ing about ourselves and the outside world. Thanks to the rapid renovation of 
theories and technologies, the last few decades have witnessed great progress 
in the field of human molecular genetics, without which we could never have 
explored and understood the essence of diseases to such an extent. This the-
sis focuses on the molecular genetics of human autoimmune diseases. 
 
Despite of the 99.9% identical content of the DNA sequences shared by any 
two individual human beings, it is the remaining 0.1% differences that con-
tribute to the distinct appearances, personalities, and susceptibilities to dis-
eases. The efforts which have been made to clarify these differences can be 
described as a trilogy, corresponding to the three major leaps in technology.  
 
The first work was represented by the Human Genome Project, which was 
mainly conducted using Sanger sequencing technology 1. Completed in 2005, 
this project succeeded in determining the human genome sequence, which 
consists of ~3 billion base pairs and contains 20,000~25,000 protein-coding 
genes 2. At the same time, over 10 million single nucleotide polymorphisms 
(SNPs) were detected in the human genome 3. Based on the framework con-
structed by the Human Genome Project, in the second work, the Internation-
al HapMap Project explored the common SNPs with minor allele frequen-
cies (MAFs) > 5% in a population by high-throughput SNP genotyping 
mainly using microarray technology. After the phase I and II of the HapMap 
Project, ~3.5 million SNPs had been genotyped in 269 individuals of differ-
ent descent. The major knowledge provided by the HapMap Project was the 
identification of “tag” SNPs which represent other SNPs in their respective 
regions in high linkage disequilibrium (LD) 4-5. The third work includes part 
of the International HapMap Project phase III and the 1,000 Genomes 
Project. Using next-generation sequencing technologies, more than 2,000 
human genomes are being sequenced to develop an extensive and accurate 
source of human genetic variations, including SNPs, copy number variations 
(CNVs), as well as large structural variants 6-7. Another notable breakthrough 
in the third work is the opportunity of accessing low-frequency (MAF 1% ~ 
5%) and rare (MAF < 1%) variants. 
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In contrast to the few rare diseases with Mendelian inheritance patterns, 
most of the common diseases are determined by a combination of multiple 
genetic and environmental factors. According to the “common disease, 
common variant” theory, a number of common genetic factors with interme-
diate or small effect contribute to the disease risk cooperatively (Figure 1) 8. 
One piece of evidence that supports this theory is that the majority of the 
discovered genetic risk variants for diseases are located outside protein-
coding regions. They may play roles in transcriptional and post-
transcriptional regulation of gene expression, or confer the risk of diseases 
through some other yet unknown mechanisms. Indeed, due to selection pres-
sure, common variants usually have nearly neutral effects. Delicate genetic 
approaches are required to identify the genuine disease-causal variants 9. 
 
 

 
Figure 1. Strategies for identifying risk alleles of different frequencies and ge-
netic effects. Appropriate approaches for identifying disease-associated genetic 
factors depend on the frequencies and the magnitudes of genetic effect of the factors. 
For Mendelian diseases, risk variants were originally identified by genetic linkage 
studies in affected families, and today can be identified by direct sequence analysis 
of the genomes of affected individuals. For the variants with low frequencies and 
intermediate risk effect, analyses in affected families are feasible to refine the loca-
tions of the risk variants in the genome. For common variants with small effect, as 
the case of most complex diseases, association studies are usually conducted by 
studying a large number of patients and matched controls from the population. 
(Adapted from McCarthy et al. 10 with copyright permission from Nature Publishing 
Group) 
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Human autoimmune diseases 
Autoimmune diseases are caused by loss-of-tolerance of the immune system 
against substances or tissues which are normally present in the body. Cur-
rently over 80 autoimmune diseases with systemic or organ-specific disease 
manifestations have been described 11. 
 
Both the innate and the adaptive immune systems are involved in the devel-
opment of autoimmune diseases. As the first line of defense, the innate im-
mune system reacts upon extracellular or intracellular pathogens via liga-
tions on pattern recognition receptors (PRRs), such as the Toll-like receptors 
(TLRs) and retinoic acid inducible gene (RIG)-I-like receptors (RLRs). The 
signaling cascades activate innate leukocytes, including dendritic cells, ma-
crophages, natural killer cells, eosinophils and neutrophils, which secrete 
effector molecules to kill the pathogens and clear the debris through phago-
cytosis 12. The adaptive immune system is mainly composed of T and B 
lymphocytes. Once triggered by the innate immune system, the adaptive 
immune system produces a variety of cytotoxins facilitated by the regulation 
of T helper (TH) cells. More importantly, antibodies which are specific to the 
invading pathogens will be produced, which establishes a long-term immu-
nological memory 13. With similar mechanisms, the adaptive immune system 
may response to intrinsic proteins, nucleic acids or complexes (autoantigens) 
and produce autoantibodies 14. 
 
Under normal circumstances, the innate and the adaptive immune systems 
are kept under active control within a normal range of potency. However, 
certain types of pathogens and environmental factors may result in excessive 
or long-term activation of the immune system, which in turn breaks the ho-
meostasis by inducing an excessive amount of pro-inflammatory cytotoxins 
and autoantibodies 11, 15. In addition, genetic or epigenetic diversities may 
contribute to the dysregulation of the immune system and lead to loss of self-
tolerance.  
 
Indeed, multiple autoimmune diseases coexist within family members, and 
the disease concordance rates are consistently higher in monozygotic com-
pared to dizygotic twins. Moreover, the prevalence rates of autoimmune 
diseases show different patterns based on different geo-ethnic backgrounds 
16. All evidence above underscores the important roles of genetic factors for 
autoimmune diseases. At present, more than 200 genetic loci have been iden-
tified to be associated with one or more autoimmune diseases, and these loci 
point to common functional pathways of pathogenesis, such as the prolifera-
tion and differentiation of lymphocytes; the processing, presentation, and 
recognition of antigens; the production of immunoglobulin (Ig); and the effi-
ciency of immune destruction 15. In particular, genes within the major histo-
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compatibility complex (MHC) region, or known as the human leukocyte 
antigen (HLA) region, have been found to be associated with almost all au-
toimmune diseases 17. On the other hand, partial pleiotrophy among autoim-
mune diseases has been observed 18-19, which emphasizes the concomitant 
presence of specific mechanisms for different autoimmune diseases 17. 

Rheumatoid arthritis (RA) 
RA affects up to 1% of the population in the world 20. This disease is charac-
terized by progressive and irreversible damage of the joints. Systematic 
symptoms of the pulmonary, cardiovascular, nervous, and reticuloendotheli-
al systems may also emerge 21. 
 
Autoantibodies are present in about two-thirds of RA patients. Currently two 
autoantibody families―rheumatoid factor (RF) and anti-citrullinated peptide 
antibody (ACPA) are considered as the two major serological markers for 
RA 22. RF is an autoantibody family of different isotypes, including IgM, 
IgA and IgG, which direct against the Fc portion of IgG 23. ACPA recogniz-
es and reacts with peptides which have been post-translationally modified by 
citrullination 24. Increasing evidence supports the hypothesis that seroposi-
tive and seronegative RA are two independent disease subgroups, which 
have pronounced differences in erosive progression, disease severity, treat-
ment response, and perhaps most importantly, their distinct spectra in mole-
cular pathophysiology 24. 
 
The involvement of genetic factors in RA is evidenced for by a strong fa-
milial aggregation. Twin studies have showed an RA concordance percen-
tage of 12-15% in monozygotic twins compared to 2-4% in dizygotic twins 
25-26. The increased disease risk in siblings of RA probands in the general 
population (λS) is estimated to 2-17 27. 
 
As other typical autoimmune diseases, the genetic factors located within the 
MHC region confer the strongest risk for RA 28. Genetic factors located in 
the MHC region explain ~12% of disease variance in RA, which is almost 
three times higher compared to non-MHC factors 29. With high-density ge-
notyping, the association signals for RA in the MHC regions have been re-
fined to three HLA genes, which affect amino acid residues at five positions 
including the well-known shared epitope (SE) 30. Since 2007, more than 30 
non-MHC RA genes have also been identified 31. Interestingly, the associa-
tion signals of most of the genetic factors are usually nonequivalent in both 
serological RA subgroups. For instance, the effect size of SE alleles in sero-
positive RA is almost three times of its counterpart in seronegative RA, and 
the HLA-DRB1*03 allele is reported to predispose only to seronegative RA 
24, 32-34. The contribution of genetic factors accounts for ~60% of the risk to 
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seropositive RA 35-36; whereas seronegative RA appears to be more compli-
cated and has less genetic components involved. 

Systemic lupus erythematosus (SLE) 
Systemic lupus erythematosus (SLE) is a complex disease with clinical ma-
nifestations affecting multiple organ systems. A definite diagnosis of SLE is 
based on at least four of the criteria defined by the American College of 
Rheumatology (ACR): 1) malar rash; 2) discoid rash; 3) photosensitivity; 4) 
oral ulcers; 5) arthritis; 6) serositis; 7) renal disorder; 8) neurologic disorder; 
9) hematologic disorder; 10) immunologic disorder; 11) antinuclear antibody 
37. 
 
Depending on geographic origin or ethnic group, the overall prevalence of 
SLE varies between 5 and 200 per 100,000 individuals, and the overall inci-
dence rates range from 1.0 to 30 per 100,000 individuals per year 38-40. In 
Caucasians 80-90% of SLE patients are female, and the mean age for disease 
onset is 38-52 years. Generally individuals of non-Caucasian origin have a 
higher prevalence and incidence of SLE, and their mean age for disease on-
set is lower (20-32 years) 39-40. In addition, differences in clinical manifesta-
tions have been reported in different ethnic populations. For instance, a 
higher rate of renal involvement, poorer prognosis and lower survival rate 
are generally observed for SLE patients of Asian origin 40. Multiple factors 
may contribute to the above mentioned differences in the epidemiology and 
manifestation of SLE, such as heterogeneity in environment and genetics. 
 
The substantial genetic component in SLE susceptibility is supported by a 
higher disease concordance rate in monozygotic twins (24-56%) compared 
to dizygotic twins (2-5%) 41, as well as a strong familial aggregation (λS = 8-
29) 42. Around 40 potential risk loci for SLE have been identified and con-
firmed by independent linkage studies and genetic association studies (Table 
1) 43. The risk alleles at these loci account for about 8-15% of the total genet-
ic susceptibility to the disease.44-45 Putative risk genes which are annotated to 
these SLE-associated loci underline the important roles of apoptosis, lym-
phocytic response, and interferon (IFN) signaling in the pathogenesis of 
SLE. For genetically susceptible individuals, triggering factors such as vi-
ruses or UV exposure may initiate a defective apoptotic or necrotic process 
in which excess amount of cellular debris is produced, but fails to be elimi-
nated efficiently. The autoantigens stimulate lymphocytes to produce autoan-
tibodies and form immune complexes with them. Subsequently, immune 
complexes turn on a signaling cascade that activates immune cells, induces 
the production of IFNs and other cytokines, and finally arouses loss-of-
tolerance, inflammation and other autoimmune responses 46-47. 
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Accumulating evidence has pointed to the contribution of epigenetic changes 
in SLE in addition to genetic factors 48. Epigenetics describes the stable and 
heritable (or potentially heritable) changes in gene expression which are 
independent of the genomic DNA sequence. DNA methylation is one of the 
key epigenetic factors. The DNA methylation patterns are characteristic in T 
lymphocytes from SLE patients 49-50, and can partly account for discordant 
SLE status between monozygotic twins 51. It has been reported that demethy-
lating drugs as well as impaired DNA methyltransferase activity can cause 
SLE-like symptoms 52. Interestingly, micro-RNAs may act as epigenetic 
regulators in SLE by inactivating DNA methylating enzymes 53-54. Further-
more, histone modifications, such as acetylation on multiple lysine positions 
in the histone H4 have been found to affect the expression of autoimmune 
response genes on the level of transactivation and transcription 55-56. Indeed, 
DNA methylation and histone modifications can influence the architecture of 
chromatin and the organization of the gene regulatory machinery, resulting 
in distinct gene expression profiles.  
 

Table 1. Confirmed genetic susceptibility loci for SLE. 

Locusa 
Gene annotation in 
association study 

Populationb Function References 

1p13.2 PTPN22 C T-cell signaling 44, 57-58 
1p31.3 IL12RB2 C TLR/IFN signaling 44, 59 
1q25.1 TNFSF4 As, C T-cell signaling 44, 58, 60-62 
1q25.3 LAMC2, NCF2, NMNAT2 C B-cell signaling 44, 58-59, 63 
1q32.2 IL10 C Cytokine regulation 44, 59 
1q43 LYST C ? 44, 59 
2q24.2 IFIH1 C TLR/IFN signaling 44, 59 
2q32.3 STAT4 As, C TLR/IFN signaling 44, 58, 61-66 
3q13.33 CASR, CD86 C T-cell signaling 44, 59 
4q24 BANK1 C B-cell signaling 59, 67 
4q25 COL25A1, LEF1 As, C T-cell signaling 62-63 

5p13.1 DAB2, C9, GHR C 
Cytokine/complement 
regulation 

44, 64 

5p15.31 PAPD7, SRD5A1 C ? 44, 59 
5q33.1 TNIP1 As, C TLR/IFN signaling 44, 59, 61 
5q33.3 IL12B, PTTG1 C Cytokine regulation 44, 58-59, 63 
6p21.31 UHRF1BP1 As, C DNA damage response 44, 63, 68 
6p21.32-33 HLA Af, As, C B/T-cell signaling 44, 58-59, 61-64, 66, 69-72 

6q21 ATG5, PRDM1 As, C 
TLR/IFN and B-cell 
signaling 

44, 58, 61-62 

6q23.3 TNFAIP3 As, C TLR/IFN signaling 44, 61-62, 65-66, 71, 73 
7p12.2 IKZF1 As, C TLR/IFN signaling 44, 59, 61 
7p15.1 JAZF1 C ? 44, 59 
7p15.2 CYCS C Apoptosis 44, 59 
7p21.3 ICA1 C Autoantigen 58-59 
7q11.23 HIP1 As Apoptosis 61-62 
7q32.1 IRF5, TNPO3 As, C TLR/IFN signaling 44, 58, 61-64, 71, 74-76 
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8p23.1 BLK, FAM167A, XKR6 Af, As, C B-cell signaling 44, 58, 61-66, 72 
10q11.22 WDFY4 As, C ? 65-66 

11p13 APIP, CD44 C 
Anti-apoptosis; B/T-
cell signaling 

44, 71 

11p15.5 PHRF1 C TLR/IFN signaling 44, 58, 63 
11q23.3 Multiple genes As, C ? 44, 61 

11q24.3 ETS1 As 
TLR/IFN and B/T-cell 
signaling 

61-62, 66, 77 

12q24.23 TAOK3 C DNA damage response 44, 59 
12q24.31 SRRM4, SPPL3 C ? 44, 59 
12q24.33 SLC15A4 As, C ? 44, 61 
13q14.11 ELF1 As B/T-cell signaling 62, 78 
16p11.2 ITGAM, ITGAX Af, As, C TLR/IFN signaling 44, 58, 61, 63-65, 71-72, 79 
16q24.2 IRF8 C TLR/IFN signaling 44, 59 
19p13.2 TYK2 C TLR/IFN signaling 59, 74 
22q11.23 HIC2, UBE2L3 As, C TLR/IFN signaling 44, 58, 61, 63 
Xq28 IRAK1, MECP2 As, C TLR/IFN signaling 44, 80-81 
a Locus tagged by SNPs with association p-value <10-5 in at least two independent studies. 
b Abbreviations for population: Af, African; As, Asian; C, Caucasian. 

Asthma 
The hallmarks of asthma include reversible airway inflammation, air-flow 
obstruction and bronchial hyper-responsiveness 82. As one of the most com-
mon chronic diseases, asthma affects about 300 million people worldwide 83. 
In westernized countries the prevalence of asthma is higher than 5% or even 
10% 84. 
 
The pathogenesis of asthma is complicated, and involves both genetic and 
environmental factors, such as viruses and allergens 85. Classically asthma 
has been regarded as an atopic disease. For the individuals with genetic vul-
nerability, airway exposure to allergens recruits TH2 cells, which trigger the 
response of effector cells such as B-cells and eosinophils, resulting in cyto-
kine and IgE productions. However, the nonatopic subtype of asthma shows 
properties of autoimmune diseases. Nonatopic asthma is characterized by 
lack of the atopic fingerprint of elevated circulating IgE level. Compared to 
atopic asthma, nonatopic asthma shows a later onset, a higher prevalence in 
female and more severe and persistent symptoms 85-88. More importantly, 
nonatopic asthma is dominated by neutrophils instead of eosinophils, and is 
tightly associated with viral infections 89, TH1 and TH17 cell activity and the 
production of autoantibodies 86, 90. 
 
Genetic association studies have been conducted in both atopic and nonatop-
ic asthma. The genes which may confer risk mainly belong to the categories 
of: TH2 cell differentiation and effector function; epithelial biology and mu-
cosal immunity; as well as lung function, airway remodeling and disease 
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severity 91. However, only a small proportion of these genes have been une-
quivocally validated in multiple populations. In addition, different gene sets 
are found to be associated with different asthma subtypes. For instance, in-
terleukin 4 (IL4) and IL13 function as determinants of atopic asthma, whe-
reas IL8 seems to be more relevant for the nonatopic subtype 92. Currently it 
is believed that the balance between TH1 and TH2 cells is the determinant of 
atopic and nonatopic asthma. The preference for either a TH1- or TH2-
mediated pathway can be controlled by the time, dose and type of pathogen 
exposure, and potential genetic susceptibility factors 85, 93-94. 

Type I IFN system 
The type I IFN family is composed of 13 IFN-α isoforms, as well as IFN-β, 
IFN-ε, IFN-κ, and IFN-ω 95. In response to stimuli of invading pathogens or 
endogenous particles via TLRs or RLRs, immune cells such as dendritic 
cells, natural killer cells, T-cells and B-cells are recruited and activated, pro-
ducing specific type I IFNs and other IFN-stimulated molecules (IFN signa-
ture). These molecules play important roles in the immediate defense re-
sponse and further activate effector cells through cellular signaling cascades, 
such as the nuclear factor of kappa light polypeptide gene enhancer in B-
cells (NF-κB), the IFN regulatory factor (IRF) and the signal transducer and 
activator of transcription (STAT) pathways 46. However, excessive stimula-
tion of the type I IFN system due to over-production or inefficient elimina-
tion of effect molecules can result in loss-of-tolerance of the immune sys-
tem, causing serious autoimmune symptoms in individuals with genetic or 
epigenetic susceptibilities 95-96. 

IFN regulatory factor 5 (IRF5) 
IRF5 is primarily expressed in lymphoid tissues and peripheral blood leuko-
cytes 97. It contains conserved winged-helix DNA binding domains that rec-
ognize the consensus DNA sequence, known as the IFN stimulated response 
element (ISRE), as well as several other domains including a virus respon-
sive region 98. IRF5 participates in the type I IFN signal transduction down-
stream of the TLR-myeloid differentiation factor 88 (MyD88)-tumor necro-
sis factor receptor-associated factor 6 (TRAF6) signaling pathway and the 
DEAD box polypeptide 58 (DDX58)-mitochondrial antiviral signaling pro-
tein (MAVS) signaling pathway 12, 99. Phosphorylated IRF5 is transported 
into the nucleus and binds to the ISRE of its target genes in forms of homo-
dimer or heterodimer together with IRF3 or IRF7 100-102 in cooperation with 
other protein factors 56, 100, 103. Previous studies have demonstrated the impor-
tant functions of IRF5 in the regulation of type I IFN cytokines 97, 101, diffe-
rentiation of dendritic cells, effective activation of T-cells 103, polarization of 
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inflammatory macrophages 104, and autoantibody production of B-cells 105-

106. In addition, IRF5 is reported to be involved in cell cycle arrest and apop-
tosis 107-109. 
 
Dozens of IRF5 gene variants have been identified (Figure 2), and they have 
been reported to be associated with the risk of autoimmune diseases, includ-
ing SLE 74, 110, RA 111, primary Sjögren's syndrome (pSS) 112-113, Crohn’s 
disease (CD) 114, ulcerative colitis (UC) 114, multiple sclerosis (MS) 115 and 
systemic sclerosis (SSc) 116-117. The most promising functional polymor-
phism of IRF5 may be the 5-bp insertion-deletion polymorphism (CGGGG 
indel). With either 3 or 4 copies of its repeat unit, the CGGGG indel is lo-
cated 64-bp upstream of the first untranslated exon of the IRF5 gene. Its 4× 
allele carries one additional CGGGG repeat unit compared to the non-risk 
allele, which allows more binding of the transcription factor specificity pro-
tein 1 (SP1) and causes an elevated IRF5 expression 110, 115. Another variant 
with functional potential in the same LD block is the SNP rs10954213. It's A 
allele creates a functional polyadenylation site, which is correlated with the 
enhanced expression of a shorter IRF5 transcript variant 118. In addition, the 
T alleles of both rs2004640 and rs2280714 have been reported to associate 
with increased IRF5 mRNA level 75, although their effects may be due to the 
correlation between the CGGGG indel or between the SNP rs10954213. The 
second independent region which confers disease risk is tagged by the SNP 
rs10488631, which is located in the 3’- region of the IRF5 gene and the up-
stream region of the transportin 3 (TNPO3) gene. Its C allele has been re-
ported to associate with enhanced IRF5 expression independently of the 
CGGGG indel 119 Nevertheless, the IRF5 gene variants with disease risk to 
autoimmune diseases are predominately correlated with an elevated expres-
sion level of IRF5, type I IFNs, as well as autoantibodies 110, 120-121. 
 

 
 
Figure 2. IRF5 gene structure and the variants analyzed in this thesis. The exons 
are represented by boxes labeled with numbers 1-9, of which the conventional exons 
are solid while the 5’- alternative exons are open and labeled as 1a, 1b, 1c and 1d. 
The 3’- untranslated region (UTR) is represented by a lined box. The translation 
initiation site is indicated by an arrow above the gene. All variants are indicated by 
lines with numbers in below. (Adapted from Kristjansdottir et al. 115) 
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Interestingly, the IRF5 gene manifests two distinct association patterns in 
different autoimmune diseases, with respect to the independent effects of the 
variants in the 5’- and 3’- region. For SLE and pSS, the 5’- and 3’- variants 
show comparable association signals 110, 113; whereas for CD, UC and MS the 
5’- variants dominate the disease risk 114-115. 

Signal transducer and activator of transcription 4 (STAT4) 
The expression of STAT4 is restricted to peripheral blood leukocytes and 
organs such as spleen, heart, brain, thymus, and testis 122-123. Similarly to 
other STAT family members, STAT4 contains a C-terminal transcriptional 
activation domain, a conserved SH2 domain, a DNA binding domain, and an 
N-terminal domain which facilitates protein-protein interactions 124. As a 
latent cytoplasmic transcription factor, STAT4 mediates the expression of 
IRF1, IFN-γ, IL2RA, IL12RB2, etc. upon specific ligations to cytokine re-
ceptors 125. The phosphorylation and nuclear translocation of STAT4 require 
Janus kinases (JAKs), which allow STAT4 to convert to its active form 126-

127. During transcriptional regulation, STAT4 acts by binding to the IFN-γ 
activated site (GAS)-like elements of the target genes as homodimers or 
heterodimers with STAT1 and STAT3 128. Loss-of-function studies have 
revealed the involvement of STAT4 in natural killer cell and TH1 cell diffe-
rentiation 125. Recently, over 4,000 genes were identified as targets of 
STAT4 in murine T-cells, which greatly extends our understanding about the 
function of STAT4 129. Functional variants of STAT4 were found to be asso-
ciated with the over-expression of STAT4 and autoantibodies 130, which may 
contribute to elevated sensitivity to type I IFN and enhanced expression of 
the genes induced by type I IFN 131. Genetic association studies have re-
ported the sequence variants in STAT4 as risk factors for SLE 58, pSS 132, RA 
29, SSc 117, celiac disease 133 and primary biliary cirrhosis 134.  

Inhibitor of kappa light polypeptide gene enhancer in B-cells 
kinase epsilon (IKBKE) 
IKBKE encodes IKK-ε, which belongs to the IκB kinase family. IKK-ε con-
tains an N-terminal kinase domain, a ubiquitin-like domain, a C-terminal 
leucine zipper structure and a helix-loop-helix motif 135. Its expression is 
restricted to lymphoid tissues and peripheral blood leukocytes 136-137. Liga-
tions at TLRs 138-141 or cytosolic RNA/DNA sensors 142-145 activate IKK-ε, 
which mediates phosphorylation and activation of the transcription factors 
IRF3 and IRF7, or activation of the NF-κB transcription factor system 146-147. 
Both signalling cascades can trigger the expression of type I IFNs and IFN-
stimulated pro-inflammatory factors. In addition, IKK-ε suppresses the IFN-
γ signalling pathways via STAT1 and regulates the balance between the type 
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I IFNs and IFN-γ response 148-149. IKBKE was initially identified as an onco-
gene for breast cancer 150, ovarian cancer 151, endometrial cancer 152 and 
glioma 153. Recently, IKBKE was implicated as risk factor for RA, SLE and 
pSS 154-157. 

IFN induced with helicase C domain 1 (IFIH1) 
IFIH1, also known as melanoma differentiation-associated protein 5 
(MDA5), is a cytosolic RNA sensor belonging to the RLR family. The con-
served structure of IFIH1 includes two N-terminal caspase activation and 
recruitment domains (CARDs), a central DExD/H box RNA helicase do-
main, and a C-terminal recognition domain 158. IFIH1 is expressed in most 
cell types at low levels, and is highly inducible by IFN exposure and viral 
infection 143, 159-160. In response to nucleic acids from specific viruses 158, the 
IFIH1 interacts with MAVS to initiate the activity of IRF3, IRF7, and NF-
κB, which lead to antiviral and pro-apoptotic responses 161. The important 
role of IFIH1 in the type I IFN system is evidenced for by the results of a 
number of association studies in autoimmune diseases, including type I dia-
betes 162, RA 163, MS 164, Graves' disease 165, psoriasis 166, generalized vitiligo 
167, and SLE 44, 59. So far the most plausible functional variant in IFIH1 
seems to be the common non-synonymous SNP rs1990760. Nevertheless, a 
study which resequenced the exon and splice site regions of IFIH1 identified 
four potentially functional rare variants, all with independent association 
signals with type I diabetes. These findings imply that additional unknown 
sequence variants that confer disease risk may have remained uncovered in 
the gene by association studies with common SNPs, especially outside of the 
protein-coding regions. 
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Methodology 

Genetic association study 
If one genetic variant harbors a direct or indirect effect on a trait, the occur-
rence of this variant between individuals with and without this trait, or 
among individuals with different latitudes of this trait will be non-randomly 
different. The goal of a genetic association study is to detect the non-random 
difference with a sufficient number of samples.  
 
For binary traits, e.g. carrying a disease or not, the most common design is to 
compare the allele counts of a genetic variant between affected (case) and 
matched unaffected (control) individuals in a 2×2 stringency table using a 
Fisher’s exact test or a χ2 test. Therefore, this approach is usually called 
case-control study 168. For a case-control study, samples are based on general 
population and are relatively easy to collect, which largely increases the 
possibility of capturing variants with small effects. All cases and controls 
must be well-matched with respect to age, gender, ethnicity and geographic 
origin. Any unknown population structure or bias may result in spurious 
association signals 169. An alternative study design takes advantage of tradi-
tional linkage analysis, which focuses on families with affected members. 
For example, case-parent family trios can be used to examine whether one 
allele is preferentially transmitted from parents to the affected offspring, 
using the transmission disequilibrium test (TDT) 170. Family-based associa-
tion studies are robust to the presence of population stratification, as family 
members share a common genetic and environmental background. Similarly 
with linkage analysis, family-based association studies are effective in de-
tecting rare variants with relatively large effects 171. However, a large num-
ber of families with affected individuals can be intractable to recruit. 
 
The traits of interest can also be quantitative, such as gene expression levels 
which are continuous, or quality scores which are discrete. For quantitative 
traits, likelihood-based tests such as the likelihood-ratio test and the Wald 
test, or regression methods are usually applied. Associated variants which 
underlie a quantitative trait are denoted quantitative trait loci (QTL) 172. 
 
In a classic genetic association study, one or a group of genes are selected as 
candidates according to their functional relevance or suspected roles in a 
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trait. The innate limitation of this design is that novel or unsuspected genes 
and pathways, which confer risk to the disease, cannot be discovered. One 
solution to this limitation is linkage analysis, in which a panel of adjacent 
markers is investigated in families or large pedigrees with affected individu-
als, to refine the regions containing shared risk variants 173. Recent advances 
in SNP genotyping technologies have enabled genome-wide association 
studies (GWASs) as a preferred approach for genetic association studies. 
GWASs survey up to five million SNP markers simultaneously in hundreds 
or thousands of individuals. As the entire genome is covered with SNP 
markers at a high density, GWASs provide a powerful approach to investi-
gate variants with variable effect sizes in a non-hypothesis-driven manner 10, 

174. By the end of August 2012, over 1,300 GWASs on more than 200 com-
plex diseases and traits have been conducted, and around 4,000 SNPs are 
associated with diseases or traits on a genome-wide significant level (p-value 
≤ 5×10-7).  
 
GWASs also provide an unbiased platform to inspect the genetic background 
of diseases across different ethnic groups. Ethnic variations are important 
issues to consider in genetic association studies. A genetic variant that con-
fers risk for or protection against a disease may have occurred after the di-
vergence of populations, or could have been fixed at distinct frequencies in 
different populations due to genetic drift. As a consequence, such a genetic 
variant will be over-represented in certain ethnic groups and its disease asso-
ciation will most probably be population-specific 175. Different LD patterns 
among populations may make one tag-SNP variant a good proxy for an un-
derlying causal variant in one population, but not in another 5. In addition, 
differences in epigenetic modifications, environment, culture, socioeconomic 
status and other factors related to ethnicity may contribute individually or 
cooperatively to the heterogeneity of the effect size of a genetic variant. 
Therefore, genetic association studies conducted in multiple ethnic groups 
are advantageous with respect to neutralizing the influence of potential non-
genetic factors and dissecting both population-specific and shared genetic 
components of diseases 176. 
 
Despite the great success of GWASs, findings from GWASs only explain 
part of the heritable components of complex diseases or traits. Most of the 
sequence variants identified by GWASs confer a relatively small contribu-
tion to the liability of diseases or traits, and their functional implications are 
difficult to elucidate 177. The “missing heritability” in complex diseases or 
traits which is beyond the scope of GWASs has underlined the importance of 
investigating rare sequence variants, structural variations of the genome, 
gene-gene and gene-environment interactions as well as epigenetic factors 
178.  
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Genotyping 
A genetically variable locus contains multiple forms (alleles). Technologies 
for determining the composition of alleles (genotype) at a variable locus are 
referred to as genotyping. Numerous genotyping technologies have been 
developed for the requirements at different scales. 
 
Fluorescence polarization detection (FP-TDI) is based on single-base primer 
extension (minisequencing), in which a DNA polymerase incorporates only 
one fluorescently labeled dideoxy nucleoside triphosphate (ddNTP) to a 
genotyping primer according to the complementary base at the SNP locus 
179. When excited by plane polarized light, the FP degree of fluorescent 
group will be determined by molecular weight―for larger molecules FP will 
be retained, whereas for free fluorescently labeled ddNTPs the emitted light 
will lose its FP property 180. FP-TDI assays are designed for convenient de-
tection of single SNPs. 
 
The TaqMan SNP genotyping assay (Applied Biosystems) utilizes the 5’- 
nuclease activity of DNA polymerase. Allele discrimination is achieved us-
ing allele-specific hybridization probes, of which the 5’- and 3’- ends are 
labeled with a fluorescent reporter and a quencher, respectively. An intact 
probe will give no fluorescent signal. Once a probe is hybridized specifically 
to the region with the complementary SNP allele, DNA polymerase will 
facilitate the release of the fluorescent reporter, which indicates the allele to 
be detected 181. Similarly to FP-TDI assays, TaqMan SNP genotyping assays 
are best suitable for single SNPs. 
 
The GenomeLab SNPstream genotyping system (Beckman Coulter) com-
bines minisequencing and tag array technologies. The fluorescent signals of 
different minisequencing products are detected by means of hybridizing the 
products to probes on a glass surface, instead of within a homogenous solu-
tion as in FP-TDI or TaqMan SNP genotyping assays 182. SNPstream can 
genotype 12-48 SNPs per experiment. 

 
Unlike the three genotyping methods mentioned above, the GoldenGate ge-
notyping assay (Illumina) is performed without any regional amplification 
step by the polymerase chain reactions (PCRs). The design which is free 
from a specific PCR step opens up the possibility of highly multiplexed ge-
notyping of SNPs. Allele-specific primers are hybridized directly to genomic 
DNA, followed by primer extension and ligation steps to generate allele-
specific templates, which are further amplified with fluorescently labeled 
universal PCR primers. The final signal detection step is similar to the 
SNPstream genotyping system, except that the detection probes are immobi-
lized on the surface of microbeads, which allows a genotyping panel with 
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much more variable loci 183. The unit capacity of GoldenGate genotyping 
assay is 96-1,536 SNPs. 

 
GWASs have been facilitated by development of novel ultra high-throughput 
genotyping technologies, such as the Infinium HD assay and the Affymetrix 
SNP microarrays. The Infinium HD technology has increased the multiplex-
ing capacity of genotyping assays up to millions of SNPs per individual. 
Low-frequency SNPs discovered in the 1,000 Genomes Project are conti-
nuously integrated into the genotyping panels, and provide a high-resolution 
mapping of human genetic variations. Owing to this progress, the role of rare 
sequence variants can be investigated, structural variations of the genome 
such as CNVs can also be explored 184. 

Electrophoretic mobility shift assay (EMSA) 
EMSA is an in vitro approach which is commonly used for studying protein-
nucleic acid interactions. Protein and nucleic acid are first allowed to interact 
in solution and subsequently the reaction mixture is applied to native polya-
crylamide or agarose gel electrophoresis. The mobility of the nucleic acid is 
retarded when it is bound with protein components, which makes the pro-
tein-nucleic acid complexes migrate more slowly than the free unbound 
nucleic acid. For the purpose of visualization, the tested nucleic acid is 
usually labeled with biotin or radioactive material. By introducing mutations 
in the sequence of nucleic acid, those loci which are crucial for their binding 
affinity with proteins can be identified 185. In this thesis, pairs of DNA 
probes which bear different alleles of known genomic sequence variants are 
compared by EMSA to detect potential allele-specific binding events. 
 
In EMSA, proteins from crude nuclear or whole cell extract may be used to 
capture interactions with the tested nucleic acid probes without prior know-
ledge. The identities of the binding proteins can be further assessed with a 
supershift assay using antibodies, or with mass spectrometry (MS) 186. On 
the other hand, it should be recognized that the interactions between protein 
and nucleic acid may be different between the real cellular environment and 
the in vitro reaction conditions, in which the complexities of interaction-
affecting factors have been largely reduced. 
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Chromatin immunoprecipitation (ChIP) 
ChIP has been widely used for investigating epigenetic modifications, as 
well as in vivo protein-DNA and protein-protein interactions during tran-
scription and other regulatory events 187. In addition, ChIP signals for RNA 
polymerase II are able to serve as a proxy for active gene expression, espe-
cially for predicting differential allelic expression of genes 188-189. 
 
In a ChIP reaction, protein-DNA or protein-protein interactions are first 
fixed by chemical or physical crosslinking in living cells. After cell lysis 
chromatin is sheared into fragments of 200~1,000 bp in length. Specific 
selection is achieved via immunoprecipitation with an antibody against the 
features of interest. Complexes can be enriched based on the affinity be-
tween antibody and protein-A or G. After enrichment the cross-links are 
reversed, and the DNA fragments are purified and recovered for downstream 
analysis (Figure 3) 190. To correct for local bias in chromatin and other noise, 
DNA from sheared chromatin prior to immunoprecipitation or DNA cap-
tured by non-specific antibody usually serve as controls. 
 
ChIP is more versatile than traditional footprinting or gel shift assays for 
detecting protein-DNA interactions. It can be easily adapted to cells in dif-
ferent temporal and spatial situations. Indirect interactions within a protein-
DNA complex can also be detected. By examining the DNA sequence va-
riants within a region captured by ChIP, allele-specific DNA-protein interac-
tions at heterozygous loci can be detected and potential cis-regulatory poly-
morphisms which may influence protein binding and gene expression can be 
identified 191. Since ChIP data are independent of local LD, they can be used 
for functional annotation as well as for refinement of signals from genetic 
association studies. 
 
The practicability of ChIP has been promoted by modern technologies for 
genetic analysis. ChIP coupled with next-generation sequencing (ChIP-seq) 
can be regarded as an upgraded version of the original ChIP assays based on 
read-out by quantitative real-time PCR (ChIP-qPCR) or genomic tiling mi-
croarray hybridization (ChIP-chip). The principle of ChIP-seq is to sequence 
all the immunoprecipitated DNA fragments and align them to a reference 
genome. Since the specifically immunoprecipitated fragments are present at 
increased frequencies in the total population of fragments, the corresponding 
reads will pile up as peaks near (or precisely at) the regions of interest. De-
spite dozens of bioinformatics tools have been developed for identifying 
ChIP-seq peaks, most of them are based on two major algorithms. The first 
algorithm searches for peaks with the aid of a sliding window across the 
genome. Read counts in each window are either compared to theoretical 
values according to a background model, or compared to the read counts in 
the same windows obtained from control reactions. The second algorithm, 
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which is referred as the “directional scoring method”, takes advantage of the 
strand-specific bimodal pattern of the density distribution of ChIP-seq reads. 
Because the regions bound by proteins are protected from fragmentation, 
only the stretch at the 5’- end of immunoprecipitated DNA can be se-
quenced. Consequently, ChIP-seq reads aligned to the forward DNA strand 
are shifted upstream of a protein binding region, and vice versa for the re-
verse strand192-193. 

 
Figure 3. Schematic procedure of ChIP. Crosslinked protein-chromatin complexes 
are released from the nucleus and fractionated into small fragments. Target proteins 
(circles with dots) together with their specific binding DNA (darker) are enriched 
using antibodies, whereas other protein factors (circles with other patterns) are elim-
inated. Afterwards DNA molecules are purified from the complexes and ready for 
downstream analysis. 

Since 2007, a number of breakthroughs have been made by ChIP-seq 194-197. 
It has provided an opportunity of elucidating epigenetic modifications and 
transcriptional regulatory mechanisms in a de novo and unbiased manner 198-

199. In addition, ChIP-seq has been developed with respect to low numbers of 
input cells, higher throughput and lower cost, better signal-to-noise ratio, and 
better resolution in the prediction for the positions of molecular interactions 
200-201. 

Next-generation sequencing 
Next-generation sequencing or so-called massively parallel sequencing tech-
nologies are one of the major breakthroughs in biosciences during the last 
decade. Unlike the traditional Sanger sequencing method, novel sequencing 
platforms are capable of inspecting tens of millions of sequences simulta-
neously at the expense of read length, which has dramatically increased the 
sequencing efficiency and reduced the unit cost 202. The three major plat-
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forms in market include the HiSeq, Genome Analyzer IIx and MiSeq sys-
tems from Illumina, the 454 Sequencing Systems from Roche Applied 
Science, and the SOLiD system from Applied Biosystems. In this thesis the 
Illumina sequencing platforms were employed. Illumina utilizes bridge PCR 
to amplify DNA fragments into clusters on a glass surface of a flow-cell, and 
then series of sequencing-by-synthesis cycles are carried out. The latest Hi-
Seq 2500 system is able to generate 3 billion single-end or 6 billion paired-
end sequencing reads per run, which is equal to an output of 600 Gb of data 
in about 10 days, and the maximum read length has been increased to 150 
bp. 
 
Owing to the great advantages in next-generation sequencing technologies, 
our knowledge about the human genome has extended largely even to per-
sonal genomes. Rare sequence variants and large structural variations are 
accumulating. In addition, opportunities have emerged for rapid and un-
biased profiling of mRNA, small RNAs, transcription factor target gene, 
chromatin structure, histone modification, DNA methylation and other epi-
genetic features 203. Indeed, next-generation sequencing technologies have 
provided powerful tools for studying multiple aspects of human complex 
diseases or traits, which compensates for the limitations of genetic associa-
tion studies. 
 
One additional challenge is exhaustive analysis of rare DNA sequence va-
riants, which may account for some of the “missing heritability” of complex 
diseases and are beyond the scope of genetic association studies 178. Facili-
tated by next-generation sequencing technologies, the sequences of a number 
of disease-risk genes have been re-inspected using targeted sequencing 204. 
This strategy targets genetic regions enriched by PCR, hybrid capture array 
or other specific capturing methods 205. Thanks to the lower genomic com-
plexity and the greater amount of starting material, the interesting regions 
can be sequenced at high coverage for de novo identification of rare se-
quence variants, which may help to pinpoint disease-causal variants. How-
ever, to sequence a sufficient number of individuals is a prerequisite for dis-
covering rare variants and remains a bottleneck due to the cost. A feasible 
solution is to pool the DNA from different individuals prior to sequencing 
206-207. Multiplexed sequencing by indexing individuals can further increase 
the sequencing throughput and the resolution for calling variants in each 
individual. This approach is cost-efficient and the allele frequency of a va-
riant may be estimated based on the sequence counts for each allele. Howev-
er, potential biases that may be introduced by several factors should also be 
considered. These are: 1) the effective number and divergence of individuals 
in a sample pool; 2) pooling an equal quantity of DNA from each individual; 
3) technical biases during the targeted enrichment and sequencing procedure 
208. 
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Aims of this thesis 

The overall aim of this thesis is to refine genetic association signals with 
human autoimmune diseases, and to elucidate the functional roles of the 
disease-associated genetic variants. 
 
The specific aims of the studies included in this thesis are: 
1) to determine the association of sequence variants in the IRF5 gene with 

sub-phenotypes of RA and asthma;  
2) to investigate the overlap between genetic risk loci for SLE in Asian and 

Caucasian populations; 
3) to dissect the complete spectrum of genetic variants in the IKBKE and 

IFIH1 genes and to determine their contributions to risk of SLE; 
4) to identify the target genes, regulatory functional pathways and disease-

associated sequence variants in the target regions of IRF5 and STAT4. 
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Results and discussion 

Paper I: Association analysis of IRF5 in RA 
Association studies were performed on two strong risk variants of the IRF5 
gene, the CGGGG indel and the SNP rs10488631, which tag 5’- and 3’- 
variants in the IRF5 gene, respectively. In total 2,300 RA cases and 1,836 
controls were involved from the Epidemiological Investigation of Rheuma-
toid Arthritis (EIRA) study and the Northern Sweden Rheumatoid Arthritis 
(NSRA) study. These individuals are representative of the residents in the 
southern and central part, or the four northern-most counties of Sweden. 
Stratified association analysis was conducted based on the presence or ab-
sence of two serological markers RF and ACPA. To address the indepen-
dence of association signals from the CGGGG indel and the SNP 
rs10488631, we performed single-marker conditional logistic regression 
analyses in the combined collections of all RA cases as well as ACPA-
negative RA cases from the EIRA and NSRA studies. 
 
We found that both the CGGGG indel and the SNP rs10488631 were asso-
ciated with RA in the combined analysis of cases and controls from the EI-
RA and NSRA study (Figure 4). There is a trend that the 4× allele of the 
CGGGG indel was preferentially associated with the RF-negative and AC-
PA-negative RA subgroups (odds ratio (OR) 1.27-1.29), compared with the 
seropositive counterparts (OR 1.13). Similarly, the association of the C allele 
of the SNP rs10488631 seemed to be more pronounced in the seronegative 
RA subgroups (OR 1.24-1.27 compared to 1.14-1.17). In both the EIRA and 
NSRA studies, the CGGGG indel showed a relatively weak LD with the 
SNP rs10488631 (pairwise r2 < 0.2). In single-marker conditional logistic 
regression analyses, the association signal from the CGGGG indel was re-
tained when the SNP rs10488631 was conditioned on (p-value = 0.025 and 
6.3×10-3 in all RA cases and ACPA-negative RA cases, respectively). Con-
versely, a trend of independent association was observed for the SNP 
rs10488631 (p-value = 0.12 and 0.11 in all RA cases and ACPA-negative 
RA cases, respectively) conditioning on the CGGGG indel. 
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Figure 4. Association analysis of the CGGGG indel (A) and the SNP rs10488631 
(B) in the IRF5 gene in two RA case-control studies. The median of OR values 
for the individual or combined study are plotted with histograms, and the 95% con-
fidence intervals (CIs) are represented by grey error bars. Levels of significance are 
marked by colored circles above each histogram. 

Based on the results above, we conclude that the association pattern of the 
IRF5 gene variants with RA, and more notably with seronegative RA, re-
sembles the patterns observed for SLE and pSS. In these diseases both the 
5’- and 3’- variants are associated with and confer comparable risk to the 
disease 110, 113. The associations of the 5’- and 3’- variants appear to be inde-
pendent of each other. On the other hand, in CD, UC and MS it is the 5’- 
variants that dominate the disease risk 114-115. 
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Seropositive RA patients suffer from more severe symptoms, and most of 
the discovered RA risk genetic variants have been identified in this sub-
group. In contrast, few genetic factors have been validated to associate with 
the seronegative RA subgroup except for IRF5 and the HLA-DRB1*03 allele 
209-210. Large-scale genetic studies also emphasized the distinct etiologies of 
the seropositive and seronegative RA subgroups 211. Interestingly, a recent 
study gave evidence of a stronger association between seronegative RA and 
variants in STAT4, which is tightly related with IRF5 in the type I IFN sys-
tem 212. On the other hand, none of the recently identified RA-related autoan-
tibodies was identified exclusively in one RA subgroup 213. In our study, we 
also detected a trend for association between the IRF5 gene variants and 
seropositive RA, though the signals were not as strong as in the seronegative 
RA subgroup. These findings indicate a different, but related, pathogenic 
mechanisms underlying seropositive and seronegative RA. In seronegative 
RA, the innate immune system appears to play a more important role with 
the involvement of the synovial cells and the type I IFN system; whereas in 
seropositive RA, the effect of the innate immune system is superimposed 
with the activation of the adaptive immune response, which specifically tar-
gets the citrullinated peptides and leads to the formation of ACPA 214. 

Paper II: Association analysis of IRF5 in asthma 
Ten polymorphisms in the IRF5 gene were examined for association indivi-
dually or jointly with the predisposition of asthma and related clinical cha-
racteristics in two family-based asthmatic cohorts (UK and Dutch cohort), 
which included a total of 2,665 individuals from 535 families. In addition, 
we performed stratified association analysis on atopic and nonatopic asthma 
families based on results from skin prick tests and specific IgE levels in the 
UK cohort. 
 
In the UK cohort, we observed association signals from eight out of the ten 
IRF5 polymorphisms with asthma. The two most common haplotypes, which 
carried either all the under-transmitted or most of the over-transmitted alleles 
of the IRF5 polymorphisms, rendered a protective or risk effect on asthma, 
respectively (Table 2). The protective haplotype was also associated with the 
severity of asthmatic symptoms. Stratified association analysis revealed that 
the association of IRF5 gene variants was more pronounced in nonatopic 
asthmatic individuals. Although no significant association signal was de-
tected for these ten IRF5 polymorphisms or common haplotypes in the 
Dutch cohort, most of the risk alleles of IRF5 polymorphisms for asthma and 
the two most common haplotypes were transmitted in the same direction as 
in the UK cohort (Table 2). 
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Table 2. Association analysis of common IRF5 haplotypes in asthma. 
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H1 A A G 4× T T A A T C 
H2 C G T 3× G G G G G C 

H3 A G T 3× G G G G G C 

H4 C G G 3× G G A A T C 
H5 A A G 4× T T A G T T 

H6 A G G 3× T G G G T C 

 

   H1 H2 H3 H4 H5 H6 

         
Combined Asthma Na 221 160 152 109 96 71 

  freq. 0.30 0.17 0.17 0.11 0.09 0.06 
  z-valueb -2.83 1.35 0.64 0.76 0.09 -0.51 
  p-valuec 0.0046 0.18 0.52 0.45 0.93 0.61 
         

UK Asthma Na 106 80 77 47 41 29 
  freq. 0.31 0.18 0.18 0.09 0.08 0.05 
  z-valueb -3.82 2.87 0.61 0.47 1.02 -1.48 
  p-valuec 0.00013 0.0041 0.54 0.64 0.31 0.14 
         
 Atopic Na 77 57 55 38 29 26 
 Asthma freq. 0.30 0.18 0.17 0.10 0.09 0.06 
  z-valueb -1.95 1.51 0.89 0.51 -0.29 -1.52 
  p-valuec 0.052 0.13 0.37 0.61 0.77 0.13 
         
 Nonatopic Na 29 23 22 - 12 - 
 Asthma freq. 0.34 0.19 0.20 - 0.07 - 
  z-valueb -3.63 2.57 -0.07 - 2.15 - 
  p-valuec 0.00029 0.010 0.94 - 0.031 - 
         

Dutch Asthma Na 115 80 75 62 55 42 
  freq. 0.29 0.16 0.17 0.12 0.10 0.07 
  z-valueb -1.11 -0.38 0.22 0.28 0.30 0.59 
  p-valuec 0.27 0.70 0.83 0.78 0.76 0.56 

a Number of informative families. 
b A positive (negative) z value indicates that the tested haplotype is over-transmitted (under-

transmitted) to affected offspring. 
c p-value ≤ 0.05 is highlighted in bold. 

 
Intriguingly, almost all the risk alleles of IRF5 polymorphisms for asthma 
identified in this study rendered a protective effect against autoimmune dis-
eases (Table 3). The functional potential of the risk alleles in the IRF5 gene 
for autoimmune disorders seem to be related with the over-expression of 
IRF5 75, 110, 115, 118. In contrast, IL10 and IL12, which are directly regulated by 
IRF5, have a diminished expression level in asthma patients 215-216. In Irf5-
deficient mice, TH2 cytokines show an elevated expression level 217. Taken 
together, we postulate that the risk alleles of the IRF5 gene polymorphisms 
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for asthma are related to a lower IRF5 expression, a weaker activation of the 
type I IFN pathways, a weaker TH1 but stronger TH2 cytokine response, and 
a suppressed M1 macrophage activity 218; whereas risk alleles for autoim-
mune disorders that are linked to a greater IRF5 expression level appear 
protective against asthma. 

Table 3. Risk alleles of IRF5 gene polymorphisms in asthma and autoimmune 
diseases. 
 

 

rs
72

93
02

 

rs
47

28
14

2 

rs
37

57
38

5 

C
G

G
G

G
 in

de
l 

rs
20

04
64

0 

rs
38

07
30

6 

rs
10

95
42

13
 

rs
11

77
05

89
 

rs
22

80
71

4 

rs
12

53
97

41
 

References 

Asthma C G T 3× G G G G G T This study 
SLE A A Ga,b 4× T T A  T Ta 75, 110, 118 
CD  A  4×       114 
UC A A  4× T T     114 
RA A A G 4× T T A  T Ta 111, 219 
MS Ab A G 4× T T A  T  115 
pSS    4× T    Tb Ta 112-113 
SSc  A G  T  A  T Ta 116-117, 220-221 

 
a The risk allele of rs3757385 for SLE, and the risk allele of rs12539741 for SLE, RA, pSS 
and SSc, are deduced from the data of rs3757386, rs10488631, respectively (pairwise r2-
based LD ≥ 0.9 according to the data from the CEU panel in HapMap 3 (release 2) and the 
1000 Genomes Pilot 1). 
b Trend for association, p-value between 0.05 and 0.1. 

 
The implication of the type I IFN system in asthma has been indicated by 
clinical reports and genetic association studies 222-227. Asthma, and especially 
the nonatopic subtype of asthma seems to be tightly related with autoim-
mune diseases. These diseases may be two opposite outcomes of a common 
pathway, in which the type I IFN system plays important roles. IRF5 may 
orchestrate this pathway in a dose-dependent manner to determine whether 
the outcome is in favor of an asthmatic or autoimmune direction. 
 

Paper III: Investigation of Asian SLE risk genes in 
Caucasians 
In this study, we focused on eight SLE risk loci, including v-ets erythroblas-
tosis virus E26 oncogene homolog 1 (ETS1), IKAROS family zinc finger 1 
(IKZF1), leucine rich repeat containing 18 (LRRC18)-WDFY family mem-
ber 4 (WDFY4), RAS guanyl releasing protein 3 (RASGRP3), solute carrier 
family 15 member 4 (SLC15A4), TNFAIP3 interacting protein 1 (TNIP1), 
7q11.23 and 16p11.2, which were originally identified by GWASs in Asian 
populations. Ten SNPs located at these loci were investigated in 2,709 Cau-
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casian SLE patients and 10,262 healthy controls from Sweden, Finland and 
the USA. We performed a comprehensive evaluation of the differences in 
disease association for these SLE risk loci between Caucasian and Asian 
populations, by comparing the MAFs, the effect sizes in term of OR values 
and the population attributable risk percentage (PAR%) values calculated 
based on the data from this study and data retrieved from published studies 
based on either Caucasian or Asian population 59, 61-62, 66, 77, 228. 
 
Except for one locus on chromosome 7q11.23, all loci under study were 
associated with SLE with significant p-values in a meta-analysis of the three 
Caucasian case-control cohorts (Figure 5). The effects of all the associated 
alleles, either conferring risk for SLE or being protective against SLE, were 
generally consistent in each individual Caucasian cohort, and in the same 
direction as reported in the Asian cohort. In addition, we found that the 
TNIP1 gene was associated with two ACR criteria for SLE―renal and im-
munologic disorder, which was consistent with previous findings in Asian 
populations 77, 228. These observations underscore the genetic homogeneity of 
SLE. 
 

 

Figure 5. OR values and allele frequencies. The median of OR values for individ-
ual cohorts are plotted with open symbols in grey, and the counterparts estimated 
from meta-analysis in Caucasian and Asian populations are plotted with solid sym-
bols in black. OR values are calculated based on the minor alleles of SNPs in Cauca-
sians. Error bars represent 95% CI. The pie charts at the bottom panel illustrate the 
allele frequencies of SNPs in patients and controls. Charts for the combined datasets 
of Caucasians and Asians are in a darker color. 
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Despite the similar disease association patterns, the MAFs of all ten SNPs 
were significantly different between Caucasians and Asians when comparing 
the control individuals in combined datasets (Table 4). Especially for the 
TNIP1 SNPs rs10036748 and rs7708392, and rs1913517 in LRRC18-
WDFY4, the minor alleles in Caucasians were the major alleles in Asians 
(Figure 5). These differences are most probably due to genetic drift, although 
the potential roles of selections by environmental factors cannot be excluded. 
In contrast, the effect sizes of risk alleles, which were estimated by OR val-
ues, were not as distinct across ethnic groups as the allele frequencies (Table 
4). When comparing the genetic contributions of the studied loci to the risk 
of SLE in different populations using PAR%, which considers both the fre-
quency and effect size of a risk allele, we found that most of the loci showed 
a higher PAR% value in Asian populations. For instance, the genetic contri-
bution of the TNIP1 gene to SLE association was more than two times high-
er in Asians, which may be a risk factor for the higher rates of renal in-
volvement in SLE patients of Asian origin. In conclusion, genetic hetero-
geneity across ethnicities remains an important issue in genetic studies for 
SLE. 

Table 4. Comparisons of MAFs, effect sizes and PAR% between Caucasians 
and Asians. 

 
 

MAF in 
controls 

 
Effect  

heterogeneity 
 PAR%d 

SNP Gene Pdiff
a  Qhet P

b Isquare
c  Caucasian Asian 

rs13385731 RASGRP3 <10-10  0.15 0.52  17.8% 24.7% 

rs7708392 TNIP1 <10-10  0.69 0  7.7% 19.9% 

rs10036748 TNIP1 <10-10  0.16 0.49  6.8% 14.3% 

rs4917014 IKZF1 <10-10  0.15 0.51  10.6% 16.9% 

rs1167796 Multiple genes <10-10  0.11 0.61  5.1% 14.0% 

rs1913517 LRRC18-WDFY4 <10-10  0.12 0.59  7.6% 6.2% 

rs6590330 ETS1 <10-10  0.012 0.84  2.2% 12.3% 

rs10847697 SLC15A4 <10-10  0.67 0  3.4% 5.3% 

rs1385374 SLC15A4 <10-10  0.63 0  3.4% 4.9% 

rs7197475 Multiple genes <10-10  0.0013 0.90  2.6% 2.3% 

a Two-tailed p-value calculated by comparing the counts of SNP alleles in the combined Caucasian and 

Asian datasets with Fisher’s exact test. 
b p-value calculated with Cochran's Q-test by comparing the allelic effects based on OR values estimated 

in meta-analysis. 
c The heterogeneity index I2 quantifies the proportion of variation in allelic effects based on OR values 

estimated in meta-analysis.  
d PAR% calculated using the formula RAF(ORrisk-1)/(RAF(ORrisk-1)+1), in which RAF represents risk 

allele frequency and ORrisk represents the OR value of risk allele 229. 
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Paper IV: Resequencing and association analysis of 
IKBKE and IFIH1 
Using the next-generation sequencing technology, we resequenced the entire 
gene regions of IKBKE and IFIH1 in pools of 100 SLE patients and pools of 
100 healthy control individuals to identify single nucleotide variants (SNVs). 
Based on functional potential or differences in allele frequencies between the 
sequence reads from SLE patients and controls, we selected a panel of SNVs 
for further analysis in an expanded SLE case-control cohort, which included 
1,140 SLE patients and 2,060 healthy control individuals from Sweden. 
Functional potential of sequence variants were predicted with both bioinfor-
matic and in vitro experimental approaches. 
 
In total 91 high-quality SNVs for IKBKE and 138 high-quality SNVs for 
IFIH1 were identified, of which 70 SNVs have not been archived in databas-
es. Of the 86 SNVs subjected to further investigation in the expanded SLE 
case-control cohort, 9 SNVs in IKBKE and 3 SNVs in IFIH1 showed signifi-
cant association signals with SLE (Figure 6). The minor alleles of most of 
the associated SNVs in IKBKE rendered moderate disease risk for SLE (OR 
1.12-1.33). For IFIH1, the minor alleles of the associated SNVs showed a 
protective effect against SLE. 
 

 
Figure 6. Association signals and pairwise LD patterns of SNVs in (A) IKBKE 
and (B) IFIH1. In the upper panel, negative log-transformed p-values for associa-
tion are illustrated in a Manhattan plot. The relative positions of SNVs are indicated 
by thin lines in the middle panel. The pairwise LD patterns based on r2 values are 
represented in the lower panel. 
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Considering the LD between the SLE-associated SNVs in both genes, we 
performed pairwise conditional logistic regression analysis. Two indepen-
dent association signals for the IKBKE SNVs were observed, of which one 
originated from the 5’- region of the gene and was tagged by the SNV 
rs1539241, and the other from the remaining gene regions, which could most 
likely be explained by the strongest associated SNV rs12142086. The haplo-
type composed of the risk alleles of rs1539241 and rs12142086 conferred a 
disease risk as high as 1.68 (p-value = 1.0×10-5), indicating a potential syn-
ergistic effect between these two SNVs. Similarly, two independent associa-
tion signals were detected for IFIH1. The first one was from the rare SNV 
rs78456138, and the second one could be tagged by the common SNV 
rs3747517. Association analysis of the minor allele haplotype of these two 
SNVs revealed a comparable effect size with the SNV rs78456138 alone 
(OR 0.56), indicating that the A allele of the rare SNV rs78456138 dominat-
ed the protective effect. 

 

 
 

Figure 7. Functional prediction of the IKBKE SNV rs12142086. (A) Introns are 
represented by grey horizontal lines and exons by vertical bars with numbers. The 
position of rs12142086 is highlighted with a star at the logo of the canonical binding 
motifs for SF1. (B) EMSA results for the SNV rs12142086 which showed allelic 
difference in binding with proteins in nuclear extract. The following four reactions 
(lane 1-4, from left to right) were performed for both alleles: (1) biotinylated probes 
only; (2) biotinylated probes and nuclear extract; (3) biotinylated probes, nuclear 
extract and the unlabelled probes as competitor in 500-fold excess: (4) biotinylated 
probes, nuclear extract and the unlabelled probes for the other allele of the polymor-
phism as cross-competitor in 500-fold excess. 

The major allele (A) of the SNV rs12142086 in IKBKE was predicted to be 
located at a highly stringent position in the binding motif of splicing factor 1 
(SF1; Figure 7A). Compared with the minor allele, the major allele of 
rs12142086 showed a stronger binding potential with certain protein factors 
in a nuclear extract (Figure 7B), although the identities of interacting protein 
factors need further clarification. SF1 facilitates the recognition of splice 
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sites and the assembly of the early spliceosomal complex 230. The minor 
allele of rs12142086 might hamper the normal binding of SF1 and cause the 
production of IKBKE mRNA isoforms via alternative splicing. For IFIH1, 
the minor alleles of the SNVs rs3747517 and rs1990760 are both predicted 
to have benign effects on the protein product of IFIH1. However, no clear 
functional hypothesis could be proposed for 5’- SNVs of IKBKE or the rare 
SNV (rs78456138) in IFIH1, which tag independent association signals for 
their respective genes in this study. 

Paper V: Identification of target genes of IRF5 and 
STAT4 
We performed ChIP-seq with antibodies against IRF5 and STAT4 in human 
peripheral blood mononuclear cells (PBMCs). The identified genes targeted 
by IRF5 and STAT4 were examined for enrichment in functional categories 
and pathways. The expression of the target genes were investigated in a pub-
licly available dataset generated from PBMCs from SLE patients and healthy 
controls. In addition, we dissected the genomic regions bound by the tran-
scription complexes mediated by IRF5 and STAT4 for transcription factor 
binding motifs and SLE-associated sequence variants. 

 
Compared with the peaks of ChIP-seq reads identified in non-stimulated 
PBMCs, a much larger proportion of the ChIP-seq peaks from stimulated 
cells annotated to the regions flanking the transcription start site (TSS) and 
the transcription termination site (TTS) of a gene (Figure 8A). After filter-
ing, 8,347 and 9,360 ChIP-seq peaks were retained as high-stringency target 
regions, which were annotated to 7,180 and 7,993 genes for IRF5 and 
STAT4, respectively. In contrast, we detected few high-stringency target 
genes for IRF5 and STAT4 in non-stimulated PBMCs. These observations 
are in accordance with the knowledge that the transcriptional regulatory ac-
tivities of IRF5 and STAT4 are highly specific to stimulated cells. Interes-
tingly, 3,190 of the target genes were shared by IRF5 and STAT4 (Figure 
8B). For most of the shared target genes, the ChIP-seq peaks for IRF5 and 
STAT4 were located within 1 kb from each other (Figure 8C), suggesting a 
potential cooperation of IRF5 and STAT4 in the same transcription complex. 
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Figure 8. Locations and annotations of ChIP-seq peaks for IRF5 and STAT4. 
(A) ChIP-seq peaks for IRF5 (orange) and STAT4 (blue) identified in the stimulated 
PBMCs are illustrated with solid lines, and the peaks from the non-stimulated 
PBMCs are illustrated with dashed lines. The grey area indicates background from 
control IgG. The sizes of all genes have been normalized to 5 kb length between the 
TSS and TTS as shown by the dark grey horizontal bar. (B) Venn diagram showing 
the number of annotated genes for the ChIP-seq peaks for IRF5 and STAT4. (C) The 
green filled curve illustrates the distance between the nearest ChIP-seq peaks anno-
tated to the shared target genes of IRF5 and STAT4. The curve with a black line 
illustrates the distance between two peaks that are randomly annotated to the shared 
target genes based on 1000 simulations.  

Although our results implied that IRF5 or STAT4 did not directly interact 
with type I IFN genes, functional annotations revealed that the target genes 
of IRF5 and STAT4 were enriched to the SLE IFN-signature genes and to 
the type I IFN signaling pathways. Indeed, the target genes of IRF5 and 
STAT4 may function as connectors that activate the type I IFN pathways via 
multiple signaling cascades. Active roles of IRF5 and STAT4 were revealed 
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in the regulation of cellular proliferation and apoptosis, which are crucial in 
the inflammatory response and oncogenesis. Using the expression patterns of 
the target genes of IRF5 and STAT4, we were able to distinguish most of the 
SLE patients from control individuals based on a publicly available dataset. 
 
By intersecting the target regions of IRF5 and STAT4, we provide bioinfor-
matic evidence for the participation of high-mobility group protein (HMG)-
I(Y), SP1 and paired box 4 (PAX4) in a large proportion of the transcription 
complexes containing IRF5 and STAT4, either individually or jointly. By 
overlapping the target regions for IRF5 and STAT4 identified in our study 
with the genomic regions that harbor disease-associated SNPs for SLE as 
well as other autoimmune diseases, we identified several disease-associated 
SNPs in the target regions for both IRF5 and STAT4 (Table 5). These SNPs 
may play functional roles by affecting the regulatory function of transcrip-
tion complexes containing IRF5 and STAT4. Moreover, annotation of target 
genes by ChIP-seq could be used for refinement of the association signals, 
and could provide alternative functional hypotheses for the association sig-
nals in putative risk loci, in addition to plausible candidate genes located in 
vicinity. 
 

Table 5. SLE-associated SNPs in the target regions for IRF5 and STAT4. 

 
IRF5 

Region 
SLE tag 
SNPsa 

SNPs in  
ChIP-seq 
peaksb 

Gene annotation 
in our study 

Gene annotation in 
association study 

Reference 

6p21.31 rs13205210 rs1051115 TAF11 UHRF1BP1 68 

6p21.32-33 

rs433061, 
rs1270942, 
rs3131296, 
rs3135394, 
rs7775397 

rs2071278 GPSM3 HLA 44, 58, 69 

6q23.3 rs3757173 
rs3757173, 
rs5029928, 
rs7750604 

RP11-356I2.4.1 TNFAIP3 71 

22q11.23 
rs2298428, 
rs4821112, 
rs5754217 

rs3747093 YDJC UBE2L3 44, 63, 120 
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STAT4 

Region 
SLE tag 
SNPsa 

SNPs in  
ChIP-seq 
peaksb 

Gene annotation 
in our study 

Gene annotation in 
association study 

Reference 

1q32.2 rs3024505 rs3024505 IL10 IL10 44, 59 

6p21.31 rs11755393 
rs7752060, 
rs7769820, 
rs7769961 

UHRF1BP1 UHRF1BP1 44 

6p21.32-33 

rs433061, 
rs1270942, 
rs3131296, 
rs3131379 

rs558702, 
rs3117582 

APOM, BAG6, 
ZBTB12 

HLA 69, 120 

11q23.3 rs4639966 rs4639966 U6 Multiple genes 61 

16p11.2 

rs1143678, 
rs7193268, 
rs9888739, 
rs11860650, 
rs11574637 

rs1143678, 
rs9933520 

AL162389.1, 
ITGAM 

ITGAM, ITGAX 44, 63-64, 120 

22q11.23 
rs2298428, 
rs4821112, 
rs5754217 

rs3747093 YDJC UBE2L3 44, 63, 120 

a SNPs with association p-value < 10-5 in confirmed genetic susceptibility loci for SLE. 
b SLE tag SNPs and the highly correlated SNPs (r2 ≥ 0.8) in ChIP-seq peaks. 

 

The IRF5 gene variants which confer SLE risk are predominately correlated 
with elevated IRF5 and type I IFN expression 110, 120, whereas the functional 
variant of STAT4 which causes the over-expression of STAT4 and autoanti-
bodies 130 seems to be associated with increased sensitivity to type I IFNs 
and enhanced expression levels of the genes induced by type I IFNs 131. Ac-
cordingly, we hypothesize that functional variants in IRF5 and STAT4, in 
combination with the functional variants in the regulatory regions of their 
large number of target genes, may lead to a multiplicative effect that contri-
butes to the development of SLE and other autoimmune diseases. 
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Concluding remarks and perspectives  

With the development of modern technologies for genotyping and sequenc-
ing, a large number of genetic risk factors for complex diseases have been 
discovered. These findings have largely changed our understanding regard-
ing the diseases, meanwhile raised the questions whether we are closer or 
further apart from the diagnosis and treatment of diseases, and how large the 
gap is between this ultimate goal and genetic studies. Indeed, a new era has 
begun―in this era, we should be more focused on the functional implica-
tions of genetic factors instead of being satisfied with their increasing num-
bers. 
 
In this thesis, we demonstrated association of the IRF5 gene with RA and 
asthma. Interestingly, the disease association showed differences between 
disease subtypes in both cases. In addition, different patterns of association 
were observed between autoimmune diseases based on multiple sequence 
variants of IRF5, which possibly reveals a dose-effect relationship between 
the expression level of IRF5 and disease manifestations. We validated the 
associations of seven Asian SLE genes in Caucasians. At the same time, 
differences in genetic contribution to SLE were unveiled across ethnicities, 
which may be linked with ethnicity-specific differences in the presence of 
SLE. We explored the complete spectrum of genetic variants in the IKBKE 
and IFIH1 genes, and suggested novel functional candidates that may confer 
risk to SLE. Finally, using ChIP-seq, we provided genome-wide regulatory 
gene profiles for IRF5 and STAT4. These data contribute to the knowledge 
about the functional roles of IRF5 and STAT4 in the pathogenesis of au-
toimmune diseases, and can be used for functional annotation and refinement 
of disease-associated sequence variants. 
 
As a follow-up of the ChIP-seq study on IRF5 and STAT4, we plan to inves-
tigate the heterozygous polymorphic loci located in target regions of IRF5 
and STAT4 for potential allele-specific occupancies. By comparing the pat-
terns of allele-specific occupancies between patients and controls, we may 
capture the sequence variants which confer risk to SLE by directly influen-
cing the regulatory functions of IRF5 and STAT4. In addition, several other 
genes associated with SLE encode transcription factors. ChIP-seq analysis of 
these transcription factors will be performed in cell types that are critical for 
autoimmunity. Moreover, we plan to assess epigenetic markers such as DNA 
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and histone methylation. By integrating data of disease phenotypes, genetic 
variations, gene expression, transcriptional regulation and epigenetic mark-
ers, we hope to obtain a three-dimensional molecular view of the process 
that leads to autoimmunity. Hopefully such experiments will shed light on 
the comprehensive network of transcriptional and epigenetic regulations 
underlying the pathogenesis of autoimmune diseases. 
 
In conclusion, our studies on genetic variants and transcriptional regulations 
related to autoimmunity provide a valuable source for subsequent genetic 
and epigenetic studies, and lead towards a better understanding of human 
autoimmune diseases. Facing both opportunities and challenges brought 
about by the new era of large-scale and functional genomics, we should re-
mind ourselves about the ultimate goal of our research―to combat diseases 
for a better future for human beings. 
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Summary in Chinese (中文概要) 

免疫系统作为机体的防御系统，担负着识别、消灭和清除病原体的重要

使命。然而在遗传、表观遗传、环境等诸多因素的综合作用下，免疫系统功能

亢进，或免疫系统对自身组织耐受性的缺失，可能导致其错误攻击机体自身组

织，从而引发以器官特异性或系统性炎症反应与组织损伤为主要表征的自体免

疫疾病。本论文集旨在探究基因序列多态性与自体免疫病患病风险之间的联系，

并试图揭示其可能的作用机制。 
论文一中我们发现两个彼此不连锁、并可能导致基因自身表达量变化的

干扰素调控因子 5（IRF5）基因序列多态性与类风湿性关节炎，尤其是与血清

阴性类风湿性关节炎的患病风险相关联。这种两个基因序列多态性同时增加患

病风险的关联形式类似于系统性红斑狼疮与干燥综合征；反之，在炎症性肠病

或多发性硬化症中只有位于基因上游端的序列多态性与患病风险相关联。论文

二的结果进一步表明，一种常见的 IRF5 基因序列多态性单体型关联于哮喘的

患病风险与严重程度；而且这种关联更突出地表现于非过敏性哮喘中。此外，

我们发现该单体型的基因序列多态性等位基因构成与已报导的可导致典型自体

免疫病患病风险的基因序列多态性等位基因构成几乎完全相反。以上现象暗示

了 IRF5 基因表达量与不同疾病表征之间可能存在量效关系。论文三中数据证

实，7 个可提高东亚人群罹患系统性红斑狼疮风险的基因在高加索人群中同样

表现出疾病关联性，并且致病基因多态性的等位基因构成也基本相同。与此同

时，这些致病基因多态性的等位基因频率在东亚与高加索人群中存在显著差异；

正是这种差异可能导致致病基因在不同种群中对系统性红斑狼疮患病风险的贡

献不同。在论文四中我们重测了 B 细胞编码 κ 轻链多肽基因抑制激酶 E
（IKBKE）与干扰素诱导解螺旋酶 C 功能域 1（IFIH1）基因的全序列，并且

通过关联性研究发现 9 个 IKBKE 与 3 个 IFIH1 基因序列多态性可能造成系统

性红斑狼疮的患病风险。这 9 个 IKBKE 基因序列多态性的疾病关联性可被两

个彼此不连锁的基因序列多态性所代表；而其中之一的单核苷酸多态性位点可

能影响 IKBKE 基因信使 RNA 的正常拼接过程。论文五利用染色质免疫沉淀测

序技术，发现与自体免疫疾病广泛关联的 IRF5 与信号传导及转录活化因子 4
（STAT4）在人外周血单个核细胞中分别标靶超过 7000 个基因；这些基因在

导致炎症反应的信号通路中发挥重要作用，并且其表达量明显区别于健康个体

与系统性红斑狼疮病人。通过分析标靶基因序列，我们发现了可能与 IRF5、
STAT4 协同调控基因表达的其它转录因子，以及可能干扰 IRF5 与 STAT4 正

常调控功能的与自体免疫疾病关联的基因序列多态性。 
综上所述，本论文集阐述了若干基因序列多态性对于不同自体免疫病、

不同疾病亚型、以及在不同种群中对患病风险的作用与影响，并且针对一些与

疾病相关联的基因序列多态性提出了功能性假说，为后续更深入系统地研究自

体免疫病的遗传学机理提供了实验与理论依据。  
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