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Abstract

The pathogenesis of Sjogren’s syndrome (SS) likely involves complex interactions between genes
and the environment. While the candidate gene approach has been previously used to identify
several genes associated with SS, two recent large-scale genome-wide association studies
(GWAS) have implicated many more loci as genetic risk factors. Of particular relevance, was the
significant association of SS with additional immune-related genes including IL12A, BLK, and
CXCR5. GWAS has also uncovered other loci and suggestive gene associations in SS, but none
are related to genes encoding salivary or lacrimal components, secretion machinery and neuronal
proteins involved in innervations of the glands, respectively. In this review, we discuss these
genetic findings with particular attention paid to the genes identified, the strength of associations,
and how the SS-associated genes compare to what has been discovered previously in systemic
lupus erythematosus (SLE). We also summarize the potential impact of these associated gene
products on NFxB and immune pathways and describe how this new information might be
integrated further for identifying clinical subsets and understanding the pathogenesis of SS.
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1. Introduction

Sjogren’s syndrome (SS) is characterized by an autoimmune attack on the salivary and
lacrimal glands leading to decreased saliva and tear production, respectively [1]. A key
feature of this syndrome is focal lymphocytic infiltrate in the salivary and lacrimal glands
resulting in oral and ocular dryness. The American European Consensus Group criteria is
the most commonly used criteria for SS diagnosis [2], but new proposed criteria are
simplified and based on two of three objective tests: a focus score (=1) in the salivary
biopsy, evidence of ocular keratoconjunctivitis, and the presence of autoantibodies against
SSA and SSB [3]. While the exact cause of SS is not known, women are nearly nine times
more likely than men to be affected with SS, suggesting gender-based differences such as
the female-associated microbiome, hormones, and other factors may be responsible.

In many SS patients, interferon activation plays an important part of the immune attack and
destruction of salivary and lacrimal glands at some stage in the course of the disease. Gene
expression studies in SS patients have demonstrated altered gene expression patterns
consistent with interferon activation in the salivary gland [4, 5] and plasmacytoid dendritic
cells [6] Enriched levels of interferon-a-producing cells in the salivary gland have also been
detected in vitro [7]. The exact mechanism causing the interferon activation signature seen
in SS remains unknown.

The genetic factors contributing to the pathogenesis of SS are still unclear and are an active
area of research. While epidemiologic studies have shown moderate concordance (25-40%)
between monozygotic twins with SLE and other autoimmune diseases [8], the rate of
concordance among monozygotic twins with SS has not been systematically studied.
Instead, the focus in SS has been to explore the role of specific genes as risk factors. The
goal of this review is to summarize these genetic findings and describe the disease relevance
of many newly identified genes and their corresponding pathways. In particular, we discuss
how new information obtained from genome-wide association studies (GWAS) might be
used as a framework for identifying clinical subsets of SS patients and understanding the
pathogenesis of SS.

2. Candidate gene studies in SS

In the first genetic studies in SS, the roles of candidate genes previously known to be
important in immune function or other autoimmune conditions were explored by linkage
disequilibrium and RFLP analysis. In a seminal study in 1977, HLA genes were identified as
risk factors for SS [9]. Since then, there has been much in-depth analysis of HLA class 1l
associations in SS, however, this area will not be covered in detail here since this topic has
been covered in-depth in a recent review [10]. In this section, we describe gene
polymorphisms identified by the candidate gene approach in SS. Generally, the gene
polymorphisms chosen for candidate gene studies are immune-related based on previous
associations with other autoimmune conditions including SLE and rheumatoid arthritis. In
these genetic studies, the allele frequency for the SNP-disease association is calculated in
the controls and SS cases and compared using a variety of statistical tools. For interpreting
the relevance of these genetic findings, there are the two important values: the statistical
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significance of the findings, expressed as a P value, and the pertinent association expressed
as an odds ratio (OR), which should be distinguished from relative risk [11]. From these
case control studies, an OR between 1.2-1.5 is generally considered a weak association and
an OR greater than 1.5 is generally considered a moderate association.

In 2008, a known STAT4 polymorphism, rs7574865, associated with SLE and RA was
examined in a Caucasian cohort of 124 SS cases and 1143 healthy controls [12]. From the
analysis, 29.6% of the SS cases vs. 22.3% of controls showed the presence of the STAT4
polymorphism with a weak statistical association (P=0.01) and an OR of 1.47 was detected.
Another study confirmed the association of the rs7574865 STAT4 polymorphism in both a
Columbian and German cohort of SS patients [13]. However, a third study identified a
different STAT4 polymorphism, rs7582694, as a risk factor in SS [14]. This alternative
polymorphism demonstrated an OR of 1.57 and the presence of this polymorphism
correlated weakly with the mMRNA levels of several interferon-induced genes in peripheral
blood mononuclear cells from the SS patients.

Another known autoimmune risk gene, IRF5, has also been examined in SS [15, 16]. One
polymorphism, a CGGGG insertion/deletion within the IRF5 promoter, was moderately
associated with SS (OR of 2.0) [15]. SS patients harboring this promoter polymorphism
showed higher levels of IRF5 mRNA in their PBMCs. Additional studies exploring the
impact of epigenetic DNA modifications in SS examined the DNA methylation profile of
the IRF5 promoter in T cells, B cells, and other immune cells, however, no difference in the
methylation pattern of the IRF5 promoter was detected between controls and SS patients
[17].

NCR3/NKp30 is an important receptor found on natural killer cells regulating the cross-talk
between NK and dendritic cells [18]. Recently, a minor allele SNP (rs11575837) within the
promoter of NCR3 was identified as protective from SS with an OR of 2.2, and this
polymorphism was found to reduce gene transcription of NCR3 [19]. Compared to controls,
SS patients who lacked this polymorphism demonstrated higher circulating levels of the
NCR3 ligand, which also weakly correlated with a higher focus score.

Polymorphisms within four signaling proteins from the NFxB pathway, TNFAIP3, TNIP1,
NF«xB, and IKBKE, were evaluated for their association with SS [20]. Part of the rationale
for testing these genes was because TNFAIP3 and TNIP1 were previously known to be
associated with other autoimmune conditions. In total, 12 SNPs within these four genes were
analyzed in a large cohort of Scandinavian and UK controls and SS cases. Interestingly, a
polymorphism within TNIP1, but not the other three genes, was found to be moderately
associated (OR of 2.1) with SSA/SSB antibodies in seropositive SS patients.

It is important to point out that none of the identified polymorphisms from the published
candidate gene studies alter the coding sequences of these genes. Most of these candidate
studies have only analyzed single SNPs, but individuals harboring multiple risk alleles may
be at greater risk. Along these lines, polymorphisms within both IRF5 and STAT4 showed
an additive effect for their association with SS [14, 21].
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3. Genome-wide association studies (GWAS) in SS

There is marked genomic variation in individual human genomes including differences in
gene copy number, insertions, deletions, and SNPs. Genome-wide association studies
(GWAS) is a powerful molecular method offering the ability to screen thousands of regions
of DNA simultaneously to determine if any loci are associated with a certain disease
phenotype. GWAS employs arrays of SNPs corresponding to different polymorphic alleles
spanning the entire genome. The key to a successful GWAS experiment is the analysis of
large numbers of patients and controls well matched for race to ensure the observed
association is not a polymorphism linked to this factor. Additionally, since SS clinically
encompasses a spectrum of conditions, a better selection of participants for the studies,
based on clinical characteristics is required.

Unlike the extensive GWAS experiments in SLE and other autoimmune conditions, there
have only been two studies in SS. One of the studies by Lessard et al analyzed over 10,000
subjects of European descent containing controls and SS cases [22]. All of the SS patients
fulfilled the European-American consensus criteria for the diagnosis of SS [2]. The study
utilized multiple sets of subject samples for discovery and validation, in which over a
million polymorphic regions were screened initially by lllumina® SNP arrays. Seven
genetic loci were identified surpassing the statistical threshold of P < 5x1078 and included
MHC-II loci, IRF5, STAT4, IL12A, BLK, CXCRS5, and TNIP1 (Table 1). The strongest
association was with the HLA-II locus, which was followed by STAT4 and IRF5. Of note,
the HLA-II locus, STAT4, and IRF5 have all been previously identified by the candidate
gene approach, but this study demonstrated more robust statistical significance due to the
larger sample size and non-biased technique. Excitingly, IL12A, BLK, and CXCRS, three
new genes that play important roles in immune signaling were recognized as being
associated with SS (Table 1). Another gene newly identified as being associated with SS,
TNIP1, plays a role in NFxB signaling. While all seven identified gene loci showed high
statistical association (P < 1078), the actual impact as assessed by the OR score were weak
to moderate and ranged from 1.7 to 2.5 (Table 1). In addition, six other SS-associated genes
including TNFAIP3, DGKQ, and FCGRN2, were identified, but these genes only bordered
on statistical significance with P values greater than 107> [22]. It is important to point out
that in contrast to many of the candidate gene studies examining single SNPs for each gene,
multiple, different SNPs for many of the genes were identified via GWAS to be associated
with SS. For example, 67 and 12 different SNPs were identified for IRF5 and STAT4 genes,
respectively, that exceeded the threshold of P < 5x108 [22]. Taken together, this study
suggests that there are at least eight different loci/genes associated with SS, many of which
play important roles in immune function.

The other large scale GWAS of SS examined a cohort of SS patients from Han, China [23].
In this study, 1090 healthy controls and 597 SS cases were analyzed using Affymetrix®
genome wide arrays containing a total of 642,832 SNPs. In addition to MHC class Il genes,
three other genes were identified. The most strongly associated gene in the Chinese cohort
was GTF2I, located at 7g21, which acts as a general transcription factor (Table 1). The
association of the Chinese SS patients with GTF2I was moderate (OR = 2.2), and had higher
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OR scores than other SS-associated identified genes including MHC-I1 genes, STAT4, and
TNFAIP3 [23].

Comparison of the published GWAS for the Chinese [23] and European descent cohorts
[22], revealed some notable differences (Table 1). First, GTF2I was only a risk factor in the
Chinese cohort and was not found to be associated with SS in the European descent study.
Second, IRF5 polymorphisms and several of the other immune genes were not detected in
the Chinese study. Lastly, two NFxB-related genes showed different associations between
the two cohorts. TNFAIP3 was found as a statistically significant association in the Chinese
cohort, but was only weakly associated in the European descent cohort, while TNIP1 was
only found to be associated in the European descent cohort. Although additional
confirmatory studies are needed, these results suggest the possibility that the Chinese and
European descent SS patients may have different risk associated genes.

One of the important findings from GWAS of the European descent and Chinese cohorts
was that none of the identified genes encode salivary or lacrimal components, secretion
machinery, or neuronal proteins involved in innervation of the glands. There were also no
associated genes found on the X chromosome potentially linking SS to the female gender.
Rather, most of the SS-associated genes play important roles in immune function (Table 1).
These results highlight the likelihood that altered immune activity is the major driving factor
in SS pathogenesis. A potential framework for understanding the role of these SS-associated
immune genes is that the gene polymorphisms enhance the likelihood of autoimmunity, but
none by itself is sufficient to cause disease. The exact causative agents that trigger the
abnormal immune activity remain to be defined.

4. Functional Studies on the Gene Polymorphisms Associated with SS

Since all of the gene polymorphisms associated with SS discovered to date are located in
non-coding sequences, there is great interest in understanding their potential functional
significance. In addition to testing the regulatory regions containing different nucleotide
polymorphisms by in vitro transcription assays, expression quantitative trait loci (eQTL)
experiments represent a relatively new approach to directly study the effect of identified
SNPs on transcriptional activity in the study group [24]. In eQTL experiments, peripheral
blood lymphocytes from the subjects participating in the GWAS study are used to measure
the MRNA expression for the different genes. The expression of a particular gene is then
analyzed in stratified samples from those with and without the polymorphisms in the sample
population. In subjects with SS, higher levels of expression of IRF5 and HLA class Il genes
were observed when there were polymorphisms in potential transcriptional regulatory
regions of these genes [22]. Interestingly, some of the polymorphisms within the HLA gene
promoters appeared to be binding sites for the known transcription factor RFX5, which
plays a known role in MHC class Il gene expression [25]. Despite these efforts using eQTL,
many of the associated polymorphisms had no detectable effect on gene regulation including
GTF2I [23] and other SS-associated genes [22].
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5. Comparison of the Gene Associations of SS with SLE

SS shows many clinical similarities with SLE including the presence of SSA and SSB
autoantibodies, a similar interferon-a gene signature, and other aspects of immune
activation [26]. Based on the substantial published gene association data in SLE identifying
over 40 susceptibility loci [27, 28], comparison with SS reveals some interesting similarities
and differences. First, there are a number of SS-associated gene polymorphisms including
the MHC-I11, STAT4, IRF5, BLK, and TNIP1 genes that are shared with SLE and other
autoimmune conditions. However, there are some genes such as CXCR5 and GTF2I, which
have only been detected in SS and have not been found in SLE. Finally, there are many
genes associated with risk of SLE that are not found in SS. Of these SLE-associated genes,
many are also involved in immune function and signaling including additional transcription
factors (IRF7, IRF8), B-cell signaling proteins (LYN and BANKZ1), and other cytokines and
receptors (IL-10, CD44, TNFSF4) [27, 28]. While future studies in SS may uncover
additional genetic associations with some of these genes, it is also possible that SS and SLE
represent a spectrum of autoimmune diseases with both shared and exclusive risk factors.

6. Potential pathways identified through GWAS for understanding SS
pathogenesis

Although studies using the candidate gene approach and GWAS have identified novel gene
associations with SS, none of the genes are strongly associated with disease (OR>2.5) and
none alter the coding sequence of the corresponding protein. An alternative strategy for
gaining insight into pathogenesis is to harness the genetic information for understanding
altered pathways in the disease [29]. Using this approach, analysis of the SS-associated
genes suggests that dysregulation might alter at least three mechanistic pathways
contributing to pathogenesis (Figure 1). The most common pathway, belonging to the three
genes IRF5, STAT4, and IL12A, involve increased interferon signaling and cytokine
production and is consistent with the observed interferon gene signature seen in SS. It is
known that the interferon regulatory transcription factors including IRF5 are important for
expression of a number of cytokines. Similarly, STAT4 belongs to a family of transcription
factors well established to play a role in IL12 signaling, as well as in regulation of the NFxB
pathway. The other target gene, IL12A is an important cytokine and acts with the 1L12B
subunit to signal as a dimer through STAT4 to induce the differentiation of naive CD4+ T
cells into T-helper cells, thereby causing these cells to produce interferon-y [30]. Curiously
one of the major autoantigens in SS, Ro52/TRIM-21 is known to bind and ubiquinate
another IRF member, IRF8, and has been proposed along with the STATS to
transcriptionally up-regulate IL12 and other interferons [31, 32].

The second pathway appears to involve genes important for B-cell function, antibody
production, and antibody clearance (Figure 1). One gene belonging to this pathway is the
BLK tyrosine kinase, which is involved in B cell signaling and differentiation. BLK is
known to be associated with SLE[28], which like SS also demonstrates high levels of
autoantibodies against SSA and SSB and shows abnormal B-cell activity. CXCRS5 also
shows association with SS and functions as a circulating CXC chemokine receptor, which is
known to promote antibody responses upon antigen re-exposure [33]. The identification of

Autoimmun Rev. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Burbelo et al.

Page 7

the CXCRS5 polymorphism as a newly identified risk factor may be in part responsible for
altered B cell activity in SS [34]. One of the other genes, FCGR2, which shows suggestive
association in SS, functions as a receptor for clearance of immune complexes and could be
responsible for elevation of immune complexes in SS.

The third pathway derived from two SS-associated genes, TNIP1 and TFFAIP3, involves
signaling to NFxB (Figure 1). TNFAIP-1 is known to dampen NFxB and is in a complex
with TNIP1 [35]. Interestingly, a recent study discovered a polymorphism within
TNFAIP-1, which is enriched in SS patients who develop lymphoma [36]. Analysis of this
allele, RS22310926G, showed that it was significantly associated with lymphoma when
compared to SS patients without lymphoma (OR 3.36) or healthy controls (OR 3.26). This
polymorphism within TNFAIP-1 increased expression of the NFxB pathway as determined
by luciferase reporter transcriptional activity. Moreover as previously discussed, a
contemporaneous candidate gene study found TNIP1 polymorphisms that were associated
with SSA/SSB autoantibody seropositive SS [20]. These two findings highlight how
polymorphisms may be useful in identifying important clinical subsets of SS patients. It is
possible that further study of the NFxB pathway may lead to more clues about SS
pathogenesis and/or become potential drug targets for therapy.

Although we have separated the SS-associated genes into three distinct pathways, there is
likely overlap between them. For example, TNIP1 appears to play a role in cell growth and
apoptosis, as well as antibody production. It is important to point out that the functional
impact of several associated genes are not currently known, including the role GITI2C
polymorphisms might play in promoting SS in Chinese patients.

7. Conclusion

More than 15 robust susceptibility loci have now been associated with SS reflecting the
potential heterogeneous nature of the disease. At present, it is not clear how many of these
genes with low risk could be used for genetic screening or diagnosis. The one exception is
the finding of a polymorphism in TBNP1, which is associated with lymphoma in SS. It is
possible that this information, along with newer imaging technologies [37], might be
exploited for better monitoring of patients at risk of lymphoma. The associated NFxB
pathway might also be useful for potentially developing new drug targets for SS-associated
lymphoma.

Since studies performed thus far using GWAS have only focused on the presence or absence
of SS as made by clinical diagnosis, it is possible that additional insights might be gleaned if
the data was analyzed in respect to objective clinical testing including the focus score, ocular
score, and/or autoantibody seropositive status. In the light of the importance of SSA
autoantibodies as important diagnostic tests for SS and their association with complications
of pregnancy outcome in woman with SS [38], analysis of the GWAS data with these
autoantibodies might also yield new clinical correlates. Since most but not all SS patients
show an interferon signature [5], it might also be interesting to determine if some of the
polymorphisms identified in immune genes correlate better with patients who show the gene
signature. Lastly, future studies using whole genome sequencing are likely to identify
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additional risk genes, but will require more carefully chosen cohorts and further data
analysis.

To date, there have been many mouse models of SS targeting candidate cytokines, signaling
molecules, and transcription factors [39, 40]. Despite the large number of mouse models, it
is unclear if any are truly representative of the human condition given its heterogeneity and
uncertain pathogenesis. Based on these genetic studies in SS, it is possible that mouse
models of SS more closely approximating human disease might be constructed. Along these
lines, an IL-12 transgenic mouse model expressing both subunits of IL12 was previously
shown to have many of the same features as SS in humans including decreased salivary
flow, lymphocytic infiltrate in the gland, and increased SSB autoantibody production [41].
Since 1L12 was one of the genes associated with SS in GWAS [22], it would be of interest to
see if mouse models derived from other SS-risk genes such as IRF-5, STAT4, and CXCR5,
also demonstrated features of human SS.

In light of the limited information that has been obtained from these large-scale genetic
studies in SS, additional complementing research studies are needed to systematically
explore the possible role of other factors such as epigenetics, microRNASs [42], and
infectious agents in SS pathogenesis. The finding of autoantibodies years before the onset of
SS [43] provides a new framework for designing studies exploring the role of environmental
factors. In particular, based on the known role of many of the SS-associated genes, including
HLA class Il molecules, IRF5, and STAT4 in immune responses against infectious agents,
studies examining viruses and bacteria that potentially trigger SS in susceptible subjects’
years before the clinical onset of disease are needed.
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Figure 1. Functional pathways potentially altered in SS identified by GWAS
The eight genes associated with SS that were identified by GWAS (labeled in blue) play a

role in immune function and NFkB signaling. Alterations of the eight genes likely impact at
least three key cellular activities: antibody production/clearance, cytokine production and
proliferation of immune cells. In this model, subjects harboring these polymorphisms are
more likely to develop an exaggerated inflammatory response following infection and other
environmental triggers. Consequently, the activation of plasmacytoid dendritic cells, T-cells,
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B—cells and other immune cells cause the destruction of the salivary gland and its normal
function.
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Sjogren’s syndrome-associated non-HLA genes discovered by GWAS

Table 1

Gene Function Top Alleles | Average | Reference
Identified OR

Two 1.38 [22]
STAT4 Transcription Factor One 1.44 [23]
IRF5 Transcription Factor Five 1.36 [22]
IL12A Cytokine Two 1.29 [22]
BLK B cell kinase Three 1.29 [22]
CXCR5 Chemokine Two 0.75 [22]
TNIP NFxB signaling Two 1.39 [22]
GTF2l Transcription Factor One 2.20 [23]
TNFAIP3 | NFxB signaling One 1.67 [23]
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