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Abstract

Recent advances in our understanding of genetic-epigenetic interactions have unraveled new
mechanisms underlying the etiology of complex diseases such as autoimmune diseases. Among
autoimmune diseases autoimmune thyroid diseases are highly prevalent affecting 1-5% of the
population. The term autoimmune thyroid diseases (AITD) refers to the whole spectrum of thyroid
autoimmunity ranging from subclinical disease manifesting by the presence of autoantibodies
targeting thyroid antigens to clinical disease. The major AITD include Graves’ disease (GD) and
Hashimoto’s thyroiditis (HT). While clinically these are contrasting diseases, GD manifesting by
thyrotoxicosis and HT manifesting by hypothyroidism, their pathogenesis involves shared
immunegenetic mechanisms. Genetic data point to the involvement of shared genes as well as
unique genes for GD and HT. Among the shared susceptibility genes HLA-DR containing
arginine at position 374 gives the strongest risk. Other shared immune regulatory genes
predisposing to AITD include CTLA-4, PTPN22, and CD25. CD40, in contrast, is specific for
GD. Two thyroid specific genes also confer susceptibility to AITD - Tg is associated with both
GD and HT while the TSH receptor is associated only with GD. It is clear that other genes are
involved and several additional putative genes identified by genome wide analyses have been
recently reported. Epigenetic modulation is emerging as a major mechanism by which
environmental factors interact with AITD susceptibility genes. Indeed, we have recently shown an
epigenetic interaction between interferon alpha, a key cytokine secreted during viral infections,
and a Tg promoter variant. Dissecting the genetic-epigenetic interactions underlying the
pathogenesis of AITD is essential to uncover new therapeutic targets.
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2. INTRODUCTION

Autoimmune responses target the thyroid more frequently than any other organ. The
prevalence of the autoimmune thyroid diseases (AITD) Graves’ disease (GD) and
Hashimoto’s thyroiditis (HT) is estimated to be 5% (1-4). The prevalence of subclinical
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disease manifesting by the production of anti-thyroid antibodies without clinical disease
(considered a biomarker of genetic susceptibility) is even higher (5;6). Intriguingly, these
two clinically distinct syndromes share common immunopathogenic mechanisms. While the
hallmark of GD is thyrotoxicosis and of HT hypothyroidism, both are characterized by
lymphocytic infiltration of the thyroid and the production of thyroid autoantibodies (7;8).
The AITD are prototypical organ specific autoimmune diseases, but the mechanisms
triggering the autoimmune response to the thyroid are still unclear. Epidemiological data
point to an interaction between genetic susceptibility and environmental triggers as the key
factors leading to the breakdown of tolerance and the development of the disease (9). Of the
environmental factors infection, diet, iodine, and smoking probably are the most important
ones (for a review see (10)). Considerable progress has been made in the past 2 decades in
unraveling the genetic risk factors for AITD (reviewed in (9)). While originally only MHC
class Il genes have been shown to predispose to AITD, several non-MHC genes have been
confirmed as susceptibility genes contributing to the etiology of AITD. It has become clear
that some genes are unique for GD or HT and some are common to both diseases (Figure
1). Moreover, certain genes are common to AITD and other autoimmune diseases (11).

Current unprecedented advances in genomics including the identification of more than a
million common single nucleotide polymorphisms (SNPs) and the creation of accurate
linkage disequilibrium maps of these SNPS, as well as the identification numerous rare
variants of the human genome and the completion of the 1000 genome project will enable us
to pinpoint the genetic variants predisposing to AITD. In this review we focus on some of
the susceptibility genes for AITD which our group has been studying. As more genes are
being discovered our focus is shifting to the mechanisms by which they predispose to
disease and how they interact epigenetically with environmental factors.

3. GENETIC SUSCEPTIBILITY PLAYS A MAJOR ROLE IN THE ETIOLOGY

OF AITD

Epidemiological investigations can give clues to the relative contributions of genetic and
non-genetic factors to the etiology of disease. Both family studies showing high sibling risk
ratio and twin studies showing high concordance rate among monozygotic (MZ) twins
supported a strong genetic influence on AITD etiology (reviewed in (9)). Our group have
reported a high sibling risk ratio for both GD and HT suggesting a strong genetic
susceptibility (12). Moreover, twin studies have shown a significantly higher concordance
rate among MZ twins compared to dizygotic (DZ) twins for both GD (13) and HT (14).
Based on twin studies it has been proposed that approximately 80% of the risk for GD is
hereditary (15). Indeed, linkage and association studies in AITD have identified several
major genes for AITD. These include both thyroid specific genes (thyroglobulin and TSHR)
and immune regulatory genes. Not unexpectedly, the immune regulatory genes predisposing
to AITD are shared with other autoimmune disease.
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4. THYROID ANTIGENS AS AITD SUSCEPTIBILITY GENES

TSH (Thyrotropin) Receptor (TSHR) gene

GD is caused by the production of TSHR stimulating antibodies which stimulate the TSHR
activating unregulated thyroid hormone synthesis and secretion that leads to clinical
thyrotoxicosis. TSHR antibodies have been shown to fulfill Koch’s postulates for proof of
causing disease including the presence of TSHR antibodies in nearly all cases of GD, direct
correlation between disease severity and TSHR antibody levels, as well as transfer of
disease by injection of animals with TSHR stimulating antibodies, and transfer of the
disease to newborns of mothers with GD (16). In view of the fact that TSHR is the direct
target of the autoimmune response in GD it was an obvious candidate gene that was tested
for association with GD as soon as polymorphisms were discovered in the TSHR gene (17).
These early polymorphisms were mostly missense mutations and studies did not show
conclusive evidence for association with disease. With the completion of the human genome
project and discovery of dense maps of SNPs it was realized that the TSHR gene is strongly
associated with GD, but that the causative variant is located within intron 1 of the gene
(18;19).

While the identification of intron 1 SNPs in the TSHR gene that predispose to GD has now
been substantiated by many groups the question remains as to the mechanisms by which
intronic SNIPs can confer risk for disease. One might speculate that these SNPs may affect
splicing and/or expression of the TSHR gene, possibly in the thymus (20). If indeed TSHR
expression in the thymus was reduced by the intron 1 variants that would enable
autoreactive T-cells targeting the TSHR to escape deletion in the thymus and to trigger
disease later in life.

Thyroglobulin (Tg) gene

Thyroglobulin (Tg) is another obvious candidate gene for AITD since it accounts for about
80% of the total thyroid protein content. Moreover, Tg, which is stored in the colloid,
normally leaks into the circulation and is exposed to the immune system. In mice, the best
model of human autoimmune thyroiditis is induced by immunizing mice with Tg, either as
protein (21) or using cDNA immunization (22).

Even though Tg antibodies are not the most sensitive or specific for diagnosing autoimmune
thyroiditis, Tg has been recently recognized as the potential earliest trigger of autoimmune
thyroiditis (23). Supporting a key role for Tg in triggering AITD are data showing that Tg is
a major AITD susceptibility gene. The earliest indication that Tg may be an AITD
susceptibility gene came from linkage studies demonstrating a significant linkage peak on
chromosome 8q at the Tg gene region (24). Further sequencing of the Tg gene identified
amino acid variants that were significantly associated with AITD (25). Moreover, one of the
variant, a SNP in exon 33, showed significant statistical interaction with an HLA-DR variant
containing arginine at position beta 74 (HLA-DRb1-Arg74)conferring together a high risk
for AITD (26).

In view of the statistical interaction between the HLA-DRb1-Arg74 and the Tg SNP we
hypothesized that this reflects a biological interaction between these two genes. One
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potential interaction is by augmenting presentation of pathogenic Tg peptides. Indeed,
further studies have identified 4 Tg peptides that bind specifically to the HLA-DRb1-Arg74
pocket and not to the GIn-74 pocket which is protective (27). However, a direct link between
the Tg SNPs and the pathogenic Tg peptides was not yet established.

Further analysis of the non-coding regions of the Tg gene yielded interesting and unexpected
results. Sequencing of the Tg promoter up to 2.5 Kb upstream from the transcription start
site identified a SNP at position -1623 (rs180195) that showed strong association with AITD
both in case-control studies and in family based association studies (28). This SNP was not
in linkage disequilibrium (LD) with the missense Tg SNPs found to be associated with
AITD. These data demonstrated that several SNPs within the same genes can independently
influence risk for disease. Moreover, rs180195 was found to interact epigenetically with
IRF-1 to trigger AITD (see below).

5. IMMUNE-RESPONSE GENES AS AITD SUSCEPTIBILITY GENES
The HLA-DR class Il gene complex

The HLA locus was the first locus to show association with GD and HT (reviewed in (29).
HLA-DR3 has been conclusively shown to be a major GD gene conferring the strongest risk
of all GD susceptibility genes identified so far. The data for HT was less conclusive but
more recent data strongly suggest that HLA-DR3 is the primary HLA allele predisposing for
HT (29). However, HLA-DR3 has over 30 alleles and therefore, we sequenced the HLA-
DR3 in order to identify the unique sequence signature that predisposes to AITD. Our
findings revealed that the presence of arginine at position 74 of the HLA-DRp chain is
critical for the development of AITD while glutamine at this position is protective (30).
Moreover, HLA-DRp-Arg74 was part of a pocket amino acid signature that was associated
with the development of type 1 diabetes and autoimmune thyroiditis in the same individual
(31). Thus, HLA-DRp-Arg74 must play a key mechanistic role in the development of AITD
(32;33). Since the key role of HLA class Il molecules is to present peptide antigens to the T-
cell receptor we hypothesized that HLA-DRB-Arg74 may induce a pocket conformation that
will enable the presentation of thyroid peptides that can trigger autoimmune thyroiditis.
Indeed, computer modeling studies have shown that the presence of arginine at position 74
of the DR chain created a narrower more positively charged pocket P4 when compared to
the pocket containing glutamine at position 74 (protective from disease) (30). Furthermore,
the presence of arginine at position 74 enabled the binding and presentation of pathogenic
thyroglobulin peptides (27;34) or TSHR peptides (35) that may trigger AITD. A similar
mechanism has been shown to underlie the HLA class 11 associations with other
autoimmune diseases such as type 1 diabetes, suggesting that this is a generalized
mechanism in autoimmunity (36). To further explore the role of MHC Il in the etiology of
autoimmune thyroiditis we sequenced the murine MHC class Il region, I-E (DR homolog) in
12 mouse strains that are susceptible to experimental autoimmune thyroiditis (EAT) and 10
mouse strains that are resistant. As in humans we identified a pocket amino acid signature in
the I-E gene locus that was associated with autoimmune thyroiditis in mice (30). However,
the murine pocket structure was found to be different than the human pocket structure that is
associated with autoimmune thyroiditis. Thus, it is likely that the Tg epitopes that are
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associated with EAT are distinct from those associated with human AITD. One way to
overcome this issue is to use humanized DR3 mice when studying human Tg epitopes that
trigger AITD (34).

CDA40 plays a key role in the cross-talk between antigen presenting cells and T-cells.
Expressed constitutively on antigen presenting cells, CD40 is key to their normal function.
On B-cells CD40 provides crucial signal for their proliferation, differentiation, and
switching to production of IgG (37). Therefore, when we first identified CD40 as a unique
GD susceptibility gene (38), it came as no surprise; especially given the fact that GD is a B-
cell mediated autoimmune disease. These data have now been replicated in Caucasians as
well as other ethnic groups (reviewed in (37)). We have explored the mechanisms by which
CDA40 variants can trigger GD and found that the causative variant (the C-allele of the CD40
SNP) upregulated CD40 expression on B-cells and on thyroid cells (38). Upregulation of
CDA40 expression on B-cells, driven by the C-allele, could lower the threshold for their
activation, thereby contributing to the onset of autoimmune disease. Another possibility is
that upregulation of CD40 in thyrocytes can contribute to disease. According to this model
activation of CD40 in thyrocytes will trigger cytokine secretion and activation of resident T-
cells, leading to local inflammatory response and autoimmunity through bystander
mechanisms. These two mechanisms are not mutually exclusive and likely are both
contributing to the association of CD40 with GD. Recently, we have shown that
upregulation of CD40 accelerated disease in a mouse model of GD through activation of
IL-6 REF (39). Moreover, blocking IL-6 completely suppressed experimental autoimmune
GD in mice (39). This may suggest that IL-6 blockade could be a potential therapeutic
strategy in human GD. The analysis of CD40 in GD demonstrates how genetic studies can
unravel new mechanisms leading to potential new therapeutic targets. This demonstrates the
power of genetic studies when coupled with mechanistic analyses.

Interestingly, more recent data have implicated CD40 in several additional autoimmune
diseases including high IgE asthma, rheumatoid arthritis, and multiple sclerosis (40-42).
Since, unlike GD, these are not primarily B-cell mediated diseases it suggests that additional
mechanisms may be responsible for the involvement of CD40 in autoimmunity.

6. AITD SUSCEPTIBILITY GENES INVOLVED IN T-CELL REGULATION

In addition to HLA-DR and CDA40, 3 other genes involved in T-cell activation and regulation
are associated with AITD: CTLA-4, PTPN22, and CD25. CTLA-4 is a co-stimulatory
molecule expressed on T-cells that functions to downregulate T-cells activation through
binding to B7 molecules on antigen presenting cells (APC’s) (reviewed in (43)). CTLA-4 is
also constitutively expressed on Treg cells and plays an important role in their suppressive
function. Moreover, recent data suggest that CTLA-4 can limit the contact between APC’s
and T-cells, thereby reducing T-cell activation (reviewed in (44)). Therefore,
polymorphisms that may cause decreased CTLA-4 function may confer risk for
autoimmunity by reducing the suppression of T-cell activation. Several polymorphisms in
the CTLA-4 gene have been reported to be associated with AITD and some of them have
been shown to be associated with reduced CTLA-4 function (45-48) (reviewed in (37)). A
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detailed analysis of the CTLA-4 gene-locus showed that the causative variant is located in
the 3’UTR region of CTLA-4 (48). However, the exact causative polymorphism at the
3’UTR of CTLA-4 is not known. One group suggested that an A/G SNP designated CT60 is
the causative SNP (48) but other groups could not confirm CT60 as causative (49). Thus, the
causative variant and the mechanisms by which it reduced CTLA-4 expression and/or
function are yet to be determined. Interestingly, the role of reduced CTLA-4 function as a
trigger of autoimmunity was recently underscored by the unusual autoimmune phenomena
associated CTLA-4 inhibition by monoclonal antibodies used as a therapy for melanoma
(50).

The protein tyrosine phosphatase-22 (PTPN22) gene encodes the lymphoid tyrosine
phosphatase (LYP) protein. LYP is a powerful negative regulator of T-cell receptor
signaling through interaction with the Csk protein and dephosphorylation of Lck and Fyn
kinases which are involved in T-cell receptor signaling (51). A SNP at position 1858
resulting in a change of amino acid 620 in LYP from arginine to tryptophan (R620W) is
associated with AITD (52), as well as with other autoimmune diseases (53;54). Interestingly,
the disease associated allele is a gain of function variant that would result in suppression of
T-cell receptor signaling. It is unclear how suppression of T-cell receptor signaling could
predispose to autoimmunity but some have suggested that it may allow escape from central
tolerance in the thymus (55).

The CD25 gene [interleukin-2 receptor alpha chain (IL2RA)] has been shown to be
associated with GD (56). CD25 is constitutively expressed on Treg cells and is critical to
their function (57;58). Therefore, it is plausible that polymorphisms in CD25 reduce Treg
function thereby promoting autoimmunity (59). Interestingly, CTLA-4, another AITD gene
is also expressed on Treg’s. These data suggest that inherited defects in Treg function may
be a major mechanism predisposing to AITD. Indeed, we have previously shown association
between FOXP3 variants and AITD (60).

7. NEW GENOME-WIDE STUDIES IN AITD

Recently, the first genome wide association study (GWAS) was reported in GD. In this large
study from China 1,536 GD patients and 1,516 controls were genotyped for approximately
660,000 SNPs (61). In addition, to confirming previously identified GD loci the
investigators mapped two new GD loci, on chromosomes 6q27 and 4p14. Both of these loci
contain several genes and it is currently unclear which genes in these loci are associated with
GD (61). Another recent study used a different genome-wide approach. In this study the
immunochip was utilized to genotype a large cohort of 2,374 GD patients, 474 HT patients,
and 6,894 controls (62). The immunochip contains approximately 200,000 SNPs and is
enriched for SNPs within genes-loci previously shown to be associated with immune-
mediated diseases. This study successfully genotyped 103,875 SNPS of the immunochip and
identified 7 new loci that were associated with both GD and HT (62). These new exciting
data shed new light on the pathogenesis of AITD; however, these genome-wide data await
replication.
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8. EPIGENETIC INFLUENCES ON THE ETIOLOGY OF AITD

One of the intriguing surprises of GWAS studies in complex diseases, such as AITD, was
the very low odds ratios obtained for most loci that were identified and replicated. Indeed,
with the exception of the HLA-DRB1-Arg74 variant most loci that are associated with AITD
give low odds ratios. These low odds ratios do not indicate that genetic susceptibility is not
an important risk factor for AITD. As indicated by twin studies (15) genetic factors confer a
significant risk for AITD. Thus, the low odds ratios most likely indicate that genetic risk
factors alone cannot trigger disease without other non-genetic modifiers (Figure 2). One
major modifier that has emerged in recent years is epigenetics. While the definition of
epigenetic effects is somewhat controversial it generally indicates non-coding effects on
gene expression and function that are mitotically stable. Thus, epigenetic effects are long
lasting. Epigenetic effects include DNA methylation, histone modifications, and RNA
interference by microRNA (miR) (63). Epigenetic modifications can amplify a risk
conferred by an inherited polymorphism resulting in a combined high risk for disease
(Figure 2). This is exemplified by our recent findings of an epigenetic modulation of histone
methylation patterns in the Tg promoter containing a variant that is associated with AITD
(28). We found that the transcription factor IRF-1 binds to the Tg promoter only in the
presence of the disease-associated variant and that this binding is modulated by changes in
histone methylation patterns. IRF-1 is a transcription factor triggered by interferon alpha, a
cytokine that is secreted locally during viral infections. Therefore, this could be a plausible
mechanism for an interaction between an environmental factor, namely viral infection, and
susceptibility variant in the Tg gene. The susceptibility allele in the Tg promoter is
permissive for the binding of IRF-1 during viral infections of the thyroid, when interferon
alpha levels increase, triggering an increase in IRF-1 (28). We believe that similar genetic-
epigenetic interactions operate in the case of most susceptibility variants that are associated
with AITD.

9. CONCLUSIONS

The etiology of AITD is multifactorial involving genetic and environmental factors. In
recent years the pieces of the puzzle are slowly fitting together to reveal a picture of
interacting risk factors. Genetic variants provide the primary risk for AITD. The AITD
susceptibility genes include both immune-regulatory genes and target tissue genes. When
this primary genetic risk interacts with an environmental factor (e.g. infection, diet, iodine
exposure) there is a synergistic effect that can trigger disease. The key to genetic-
environmental interactions is epigenetic modulation. Identifying the genetic-epigenetic
interactions leading to AITD and other autoimmune diseases will lead to new promising
therapeutic targets.
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Figure 1.
A Venn diagram showing susceptibility genes for AITD. Most genes are common to both

GD and HT while several are unique to GD and HT. Additional genes are likely associated
with AITD as demonstrated by recent GWAS and immunochip studies (see text).
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Figure 2.

Genetic risk alone can confer a moderate risk, but this risk is amplified when combined with
synergistic epigenetic modifications of regulatory regions controlling gene expression.
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