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Abstract
Objective—The objective of this study is to comprehensively define the genetic basis of Early
Onset Myasthenia Gravis.

Methods—We have carried out a two-stage genome-wide association study on a total of 649
North European EOMG patients. Cases were matched 1:4 with controls of European ancestry. We
performed imputation and conditional analyses across the major histocompatibility complex, as
well as in the top regions of association outside the HLA region.

Results—We observed the strongest association in the HLA class I region at rs7750641 (p = 1.2
× 10−92, OR = 6.25). By imputation and conditional analyses, HLA-B*08 proves to be the major
associated allele (p = 2.87 × 10−113, OR = 6.41). In addition to the expected association with
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PTPN22 (rs2476601, OR =1.71, p = 8.2 ×10−10), an imputed coding variant (rs2233290) at
position 151 (Pro→Ala) in the TNFAIP3-interacting protein 1, TNIP1, confers even stronger risk
than PTPN22 (OR = 1.91, p = 3.2 × 10−10).

Interpretation—The association at TNIP1 in EOMG implies disease mechanisms involving
ubiquitin-dependent dysregulation of NF-κB signaling. The localization of the major HLA signal
to the HLA-B*08 allele suggests that CD8+ T-cells may play a key role in disease initiation or
pathogenesis.

Introduction
Myasthenia gravis (MG) is a prototypic humoral autoimmune disorder1, 2. It is uncommon,
with a prevalence of 1–2 cases per 10,000 overall 1. In ~20% of patients, it affects only the
eye movements – ‘ocular MG’. In most patients with generalized weakness, it is clearly
mediated by autoantibodies against the acetylcholine receptor (AChR) that lead to loss of
functional receptors at the motor endplate1, 2. These antibodies can transfer the disease to
neonates or experimental animals, and their depletion is an effective therapy3. These patients
are grouped into the ~25% with early- and the ~40% with late-onset MG (before or after age
45; EOMG or LOMG) and the ~10% with thymomas1, 2. Although the incidence of LOMG
appears to be increasing 4, few clear HLA or other genetic associations have yet emerged,
partly because of further patient heterogeneity5. There are been even fewer such clues in
patients with thymomas1, 2, possibly because predisposition by these tumors themselves
overrides other factors6

In sharp contrast, EOMG in Caucasians is a particularly well defined subgroup, with a 4:1
female bias and characteristic lymph node-like infiltrates in the thymic medulla – i.e. thymic
hyperplasia without thymoma1, 2 – which are strongly implicated in pathogenesis7. Outside
of the HLA region, EOMG has been most prominently associated with the R620W PTPN22
risk allele8, as is the case for many other humoral autoimmune disorders9. In addition,
polymorphisms at CHRNA1, which encodes the α-subunit of the AChR are quite strongly
but rather specifically associated in EOMG patients with the youngest age of onset. One of
these CHRNA1 SNPs interacts with the autoimmune regulator, AIRE, and so might affect
thymic tolerance induction10. However, partly because of its rarity, genome-wide
association studies (GWAS) of EOMG have been challenging to organize.

Finally, associations with the common extended HLA “8.1” haplotype (which carries the
HLA-A1, -B8 and -DR3 alleles) have long been known in EOMG 11–13, as in several other
highly specific autoimmune disorders and immunodeficiency states14. However, the very
strong linkage disequilibrium extending over 2 million base pairs across this haplotype has
made it difficult to pinpoint causative alleles for most of the associated immunological
phenotypes15, including MG12, 13, 16. The application of recently developed intensive
imputation and conditioning approaches to the analysis of MHC diversity17 has made this
problem more tractable, and now enables us to examine the MHC associations in a large
population of patients with EOMG in detail.

Materials and Methods
Study subjects

All EOMG cases included in these studies were North European and met the following
criteria: 1) clinical diagnostic criteria for MG; 2) anti-AChR antibody positive; 3) no
evidence of thymoma; 4) onset-age >10 years and either <40 years or <45 years with
hyperplastic thymic histology. European EOMG cases were collected from multiple centers
including: Stockholm, Sweden; Oslo, Norway; Manchester; England, Oxford, England;
Paris, France; Leiden, Netherlands, and Tübingen, Germany and Marburg, Germany. Of a
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combined total of 740 cases collected, 649 cases (400 in discovery and 249 in replication
sets) were included in the association testing after exclusions for quality control (<95%
complete genotyping data), cryptic relationship analyses (PI^ > 0.15), ancestry analysis and
a matching procedure. For several of the collaborating groups the recruitment was only for
discovery (e.g. French) or replication (German). For other collaborating groups the initial
selection was used for the discovery cohort and a second recruitment was used for the
replication cohort. The EOMG cases were 82.9 % female (84.3%, discovery; 80.7%,
replication), mean onset-age 25.0 (24.8 discovery; 25.4 replication). These cases were
matched 4:1 with controls available from these same populations plus others from
European-American populations as described below and as shown in (Supplementary Table
1).

Quality Control
We used stringent quality control criteria to ensure that high-quality data were included in
the final analysis. Specifically, we excluded samples with >5% missing data, evidence of
cryptic relatedness, or duplicate samples based on identity-by-descent status (PI^ > 0.15)
using PLINK18. The SNP data were carefully reviewed and exclusion criteria applied to
minimize potential batch effects as described below. The application of these criteria was
particularly important given the derivation of genotypes from multiple platforms typed in
different laboratories. We included only SNPs with <5% missing data, Hardy-Weinberg (H-
W) equilibrium p values > 1 × 10−4 in controls and >1 × 10−5 in combined cases and
controls, minor allele frequency > 0.05%. These procedures were applied in a stepwise
approach separately for each dataset. Thus, for each of the separately derived control
genotyping sets (Table S1), SNPs were excluded if they failed the above criteria within the
individual control set (platform and laboratory) or in combination with any of the other
control groups, or in the complete data set. The H-W criteria were applied after exclusion of
non-European individuals (see Ancestry). Finally, after selection of the control data set (see
Matching), SNPs were excluded if allele frequency differed by >10% between different
control groups. For the discovery and replication study sets, 281,042 and 527,337 SNPs,
respectively, passed these data filters. A total of 274,256 SNPs were common to these two
sets and used in the combined analyses.

Ancestry and Case-Control Matching
European ancestry was determined using a panel of 187 ancestry-informative markers and
analyzed using the STRUCTURE v2.119, 20 program and subjects of known European,
Amerindian, East Asian and West African origin as previously described21. We used
STRUCTURE to exclude non-European and admixed study participants, since the
application of this Bayesian clustering method allows exclusion/inclusion criteria to be set
using reference populations. Unlike principal components analysis (PCA), the clustering
algorithm can be run under conditions that are not affected by the inclusion of the unknown
samples. Briefly, analyses were performed using >100,000 re-samplings and >50,000 burn-
in cycles under the admixture model. Runs were performed under the λ = 1 option where λ
estimates the prior probability of the allele frequency and is based on the Dirichlet
distribution of allele frequencies. Subjects with >15% non-European ancestry were excluded
from further analysis. Details of the approach to case-control matching can be found in the
Supplementary Materials. PCA analyses after matching show λgc values of 1.023 and 1.044
for the discovery and replication case/control sets, respectively.

Analytic Strategy and Association Testing Statistics
We first analyzed the discovery and replication population datasets separately (Table S2),
and then by combining in two ways: i) results from either cases or controls in a meta-
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analysis applying Cochran–Mantel–Haenszel (CMH) adjustments using PLINK18, 22, which
allows allele and disease frequencies to vary among study populations (treating the
discovery and replication phases of the study as separate strata); and ii) the genotype data
and correction for population substructure. The results of these two methods were so similar
(Table 1) that we chose (ii) for the main analysis, since there was no strong rationale (e.g.
population origin) for treating the two sets as separate strata. Further details on the analytic
strategy can be found in the Supplementary Materials.

Attributable Risk Calculations
The percent population attributable risk (PAR) was estimated for each individual locus:
PAR = Σpi × (ORi − 1)/(Σpi × (ORi − 1) + 1), in which pi is the prevalence of risk allele at
ith locus among control subjects, and ORi is OR of risk allele at ith locus. The joint PAR was
calculated using the individual PAR for each of the associated SNPs: 1 − Π (1 − PARi) in
which PARi is the individual PAR for each associated SNP.

Imputation of HLA determinants and Conditional Association Tests in the MHC
To impute HLA determinants, we utilized a separate reference dataset collected by the Type
1 Diabetes Genetics Consortium (T1DGC). The Beagle software package23 was used for
imputation in our dataset and only SNPs with posterior probabilities of >0.90 were included
in our final analyses. SNPTEST V2.024 (see web resources) was used for the primary
association analyses for the imputed genotypes, as well as for conditional analyses across
the MHC, as described in the Supplementary Materials.

Results
Figure 1 shows a Manhattan plot of the GWAS results for the combined analysis using 649
EOMG cases matched with 2596 controls (λgc = 1.046). As expected, the strongest
association was within the MHC – at rs7750641 (p = 1.2 × 10−92, OR = 6.25 (95% CI 4.89 –
6.85). The full results for the MHC region are given in Supplementary Table 2. Two
additional loci outside the MHC achieved genome-wide levels of significance for
association (Fig. 1 and Table 1): PTPN22 (rs2476601, OR = 1.71, p = 8.2 × 10−10), and an
equally strong association with TNFAIP3-interacting protein 1 (TNIP1; rs4958881 OR =
1.73, p = 3.2 × 10−10). We also examined selected validated SNPs showing associations in
other major PTPN22-associated autoimmune diseases25–27; seven candidate gene regions
achieved p<5 ×10−4 in the combined analysis (Table 1), consistent with the increased
frequencies of other autoimmune disorders in EOMG patients and blood relatives28.
Notably, TNFAIP3, a binding partner of TNIP1, did not show significant evidence of
association or interaction with TNIP1 (data not shown).

Imputation and conditional analysis in the region around TNIP1 using ImputeV2.0 and
SNPTEST v2 24 revealed an association with rs2233290, a variant encoding a non-
conservative 151Pro→Ala in TNIP1 (Fig. 2, and Supplementary Table 3). The minor allele
of rs223290, imputed based on 1,000 Genomes Project data (posterior probability = 0.96),
also showed a strong association with EOMG (OR = 1.92, 95%CI: 1.54 – 2.38, p = 3.4
×10−9). Controlling for rs2233290 showed only modest evidence (p>1 × 10−4) for residual
signals at this locus (Fig. 2b).

We next used a comprehensive imputation approach17 to enable association testing of HLA
alleles across the MHC region. For this association testing, we used the probabilities for
each genotype (including only variants with an average posterior probability >0.9), together
with covariates for sex and the top five principal components, to correct for population
substructure. Using this dataset, the most significant association was for HLA-B*08 (p =
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2.87 × 10−113, see Fig. 3a), with OR = 6.41 (95%CI 5.46 – 7.53). After conditioning on
HLA-B*08, the other signals dropped over 10-fold in significance, leaving some modest
residual associations around HLA-B as well as in the class II region (Fig. 3b).

Notably, the signal at HLA-DRB1*0301, prior to conditioning on HLA-B*08, was
substantially weaker (DRB1*0301, p = 9.7 × 10−74 vs. HLA-B*08, 2.87 × 10−113). In
addition, conditioning on this association only reduced the HLA-B*08 signal to p = 4.7 ×
10−45 (Fig. 3c) whereas conditioning on B*08 completely eliminated the DRB1*0301
signal. Similarly for the HLA class III region (between HLA-B and HLA-DR), the signal
was substantially lower than that of HLA-B*08 (Fig. 3a); it also lost all significance after
conditioning on HLA-B*08 (Fig. 3b).

Further conditioning on all HLA-B alleles that showed associations in the unconditioned
analysis (P<0.01) substantially eliminated residual evidence of other associations in the
MHC class I region (p> 1 ×10−6), but left a significant residual signal (p<5 × 10−8) in the
class II region (Fig. 3d). Most of these remaining signals were due to DRB1*16
(predisposing) and DRB1*0701 (protective), consistent with previous studies reporting
modest positive and negative associations with these alleles in MG with thymic
hyperplasia5. Further conditioning on these alleles, as well as for a minor effect observed at
HLA-A*3101, eliminated all significant association in the region (Supplementary Fig. 1 and
Supplementary Table 4). Notably, the HLA-DR*0301 allele of the 8.1 haplotype no longer
contributed signals at DRB1 – which is consistent with previous reports that HLA-DRB1*03
is rarely a restricting element for AChR-specific T-cells7, and may in fact reduce the risk of
high titers of anti-AChR antibodies13.

We saw no clear signs of interactions between the predisposing PTPN22, TNIP1 and HLA
alleles. However, since a previous report suggested a possible interaction between sex and
HLA genotype12, we examined evidence for this in our larger dataset. As shown in Table 2,
we confirmed a stronger association of HLA-B8 with EOMG in females (OR= 6.92; 95% CI
4.28–5.91) compared with males (OR 3.55; 95% CI 2.46–4.56), which is significantly
different when a direct comparison is made between the two groups (P<0.0001).

Discussion
Our GWAS analysis of EOMG has yielded two observations of particular interest,
spotlighting, for the first time, an association with a non-synonymous change in TNIP1 –
with an effect size that rivals PTPN22 – and convincingly localizing the major MHC
association to the class I HLA-B locus. As is typical of most genetic associations with
autoimmune diseases9, these risk alleles are quite common in the population, with carrier
rates in patients of 62.1% (vs 20.3% in controls) for HLA-B*08 and 27.0% (vs 16.9%) for
TNIP1 151Ala. Both of these findings have implications for understanding the immuno-
pathogenesis of EOMG.

TNIP1 (also known as A20-binding inhibitor of NF-κB1, or ABIN1) is a member of a
family of related molecules with a common ubiquitin-binding domain and other shared
domains involved in interactions with TNFAIP3 and NEMO as well some other members of
the NFκB family29. Like TNFAIP3 (also designated A20), TNIP1 has inhibitory activities,
and its over-expression reduces the NF-κB1 activation induced by TNF, IL-1 and LPS29.
Knock-out animals usually die in utero or shortly after birth from uncontrolled apoptotic cell
death30. Interestingly, mice with a knock-in mutation disrupting the ubiquitin-binding
domain of TNIP1 showed autoimmune features including elevated immunoglobulin levels,
anti-dsDNA autoantibodies, and glomerulonephritis31. These immunological abnormalities
are primarily in B-cells and myeloid cells, not T-cells, with prominent hyperactivation

Gregersen et al. Page 5

Ann Neurol. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



through TLR4 and TLR2/6 pathways as well as through the B-cell receptor and CD4031.
Interestingly, a recent report suggests that TNIP1 may also act through pathways that
converge on the transcription factor C/EBPb, which appear to be independent of TNFAIP3
regulation32. This may be particularly relevant given the lack of association with TNFAIP3
with EOMG.

The 151Pro→Ala change in TNIP1 is not located within any of the known ubiquitin-binding
or protein interaction domains. However, the 151Pro is highly conserved across species, and
both PolyPhen-233 (Score = 0.98) and other algorithms based on protein structural stability
predict that the Ala replacement is deleterious34. These data thus implicate the
TNIP1 151Ala replacement itself in EOMG pathogenesis, although without direct functional
data, this remains a hypothesis to be proven. The substantial prevalence of this variant in
northern Europeans (carrier rate ~16%) should facilitate future detailed studies of its
immune functions in healthy carriers, analogous to those recently reported for PTPN2235.
Notably, several markers in strong linkage disequilibrium (LD) with rs2233290 show
associations in systemic lupus erythematosus36 and systemic sclerosis37, while those in
psoriasis are with SNPs that clearly do not involve this haplotype38, suggesting a distinct
functional role for TNIP1 in the latter disease.

In addition to the involvement of TNIP1, our data argue strongly that the major MHC
associations in EOMG are with the classical class I allele HLA-B*08 itself, and to a much
lesser extent with selected alleles at HLA-DRB1. Of note, DRB1*07 provides a protective
effect as shown previously5, further emphasizing the complex relationships between HLA
and EOMG. Further, we cannot definitively exclude additional contributions from other
MHC loci, such as HLA-C. Indeed, after conditioning on HLA-B*08, further conditioning
on selected HLA-C alleles gives a rather similar result to the addition of full HLA-B
conditioning (Supplementary Fig 1b), emphasizing the challenges of analyzing genomic
regions with strong LD. However, the major effect of HLA-B*08 itself cannot be
parsimoniously explained by other alleles, either alone or in combination, e.g., at the HLA-C
locus or, for that matter, HLA-DRB1 and other HLA classical alleles.

Interestingly, we have observed a striking difference in risk for HLA-B8 when comparing
female and male patients with MG, confirming previous observations12. This interaction
between sex and HLA risk has been observed in other autoimmune disorders, most recently
in SLE39, but with much less dramatic differences than seen in MG. In the case of SLE,
increased risk with HLA was found in males, not females as we have reported here. Our
findings in MG may reflect hormonal effects, a female bias in environmental exposure or
gender related epigenetic changes as playing a role in disease risk. Interestingly, we did not
find any association with the estrogen receptor alpha (ESRRA) in either the entire subject
set or in females alone (p > 0.05 for all SNPS +/− 200 kb) although this gene has been
suggested as a possible candidate for EOMG based on expression studies40.

The highly mutated high affinity IgG autoantibody responses in EOMG, which must be T-
cell-dependent, might predict stronger associations with HLA class II than class I alleles, as
noted in autoimmune thyroid disease with HLA-DR3 and other class II alleles41, and also in
SLE15, 42. Although multiple immunoregulatory abnormalities have been mapped to the
conserved 8.1 haplotype14 that contains both the DR3 and HLA-B*08 alleles, the causative
locus (or loci) have not yet been clearly defined for any disease and almost certainly differ
for different autoimmune phenotypes. In earlier reports, the HLA associations in EOMG
have been stronger with the region including HLA class III and HLA-B*08 than with
DR36,12, 13. With our much higher combined patient numbers and marker densities, as well
as the newly available imputation methods and reference databases, B*08 now clearly
emerges as the major risk allele in the MHC.
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These novel findings demand a renewed focus on potential roles of the HLA-B*08 molecule
itself in EOMG pathogenesis. We have previously hypothesized7, 12, 43 that HLA-B8-
restricted cytotoxic T-cells could (a) be primed by AChR subunits expressed by the
hyperplastic thymic epithelial cells in EOMG, and then (b) attack rare thymic myoid cells
that express intact AChR, the only cells outside muscle to do so43. The resulting damage
would lead to (c) the nearby germinal center responses, and thus to diversification of the
ensuing autoantibodies so that they characteristically recognize the intact AChR in its native
conformation. The current findings suggest that a search for HLA-B*08-restricted T-cells
specific for likely autoimmunizing AChR epitopes44 would be a rational approach to
extending this line of inquiry.

These data point to the continuing value of applying GWAS analysis to even modest-sized
datasets of uncommon but well-defined complex autoimmune phenotypes. For many
antibody-mediated autoimmune disorders, PTPN22 is the strongest non-MHC genetic risk
factor45, and appears to be mediated by an amino acid change R620W encoded by
rs2476601, although the precise mechanisms underlying this association remain
controversial46, 47. Indeed, we confirmed that signals from all other marginally associated
markers in PTPN22 were completely eliminated after conditioning on rs2476601 (data not
shown). The similar effect sizes of the associations of EOMG with both TNIP1 and PTPN22
are striking. In addition, the identification of a putative functional amino acid change in the
TNIP1 protein is a novel finding and illustrates the power of combining imputation with
GWAS data. It will be important to investigate the genotype-phenotype correlations with
this TNIP1 variant as well as other genes in the ubiquitin and NF-κB pathways that are
likely to contribute to the pathogenesis of autoimmune disorders. Indeed, several additional
genes involved in binding to, or enzymatic modification of, ubiquitin have recently shown
associations with human autoimmunity in GWAS studies9.

Previous studies have identified promoter polymorphisms at the nicotinic cholinergic
receptor alpha 1 (CHRNA1) locus were specifically associated with very early age of onset
(before age 20) of EOMG, and also interacted with AIRE10. Although our EOMG GWAS
showed no association signal at the CHRNA1 (p > 0.05 for all SNPS +/− 200 kb) we did
note nominal significance for very early age onset EOMG (162 cases with age of onset <
age 20; p=0.038) for rs2646165, the only SNP on our genotyping arrays that captures the
relevant promoter haplotype.

Notably, the three loci mapped here account for a large fraction of the genetic risk for
EOMG. For B*08, PTPN22 and TNIP1, the population attributable risks (PAR) were 52.3%,
12.6%, and 11.0%, respectively – or 62.9% overall. Nevertheless, the limited statistical
power must have precluded detection of numerous weaker associations. For high-frequency
alleles (e.g. 0.4), our study had >80% power to detect loci with modest ORs (1.2) in additive
models, whereas, for lower-frequency susceptibility alleles (e.g. 0.1), that could only be
achieved where ORs were substantially higher (>1.7). Since most predisposing loci detected
in GWAS in autoimmune diseases have modest effect sizes, further larger studies are clearly
essential for complete analyses of EOMG genetics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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AChR acetylcholine receptor

EOMG early-onset myasthenia gravis

GWAS genome-wide association study

HLA human leukocyte antigen
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PTPN22 Protein tyrosine phosphatase, non-receptor type 22

SLE systemic lupus erythematosus

TLR toll-like receptor
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Figure 1.
Manhattan plot of association signals in early-onset myasthenia gravis (EOMG). The
strength of association (-log10 p values; ordinate) is plotted against the position on each
chromosome in base pairs (abscissa). Details of markers achieving p <5 × 10−4 are provided
in Supplementary Table 2.
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Figure 2.
TNIP1 association signals in EOMG. Association signals were examined after inclusion of
imputation results using 1000 Genome sequencing data and the genotyped SNPs (diamond
symbols) and imputed SNPs (circles) are shown. The ordinate shows the strength of the
association signals, with the position on chromosome 5 shown in Mb (HG18 map) along the
abscissa. The p value for each SNP is shown before (a) and after conditioning with
rs2233290 (b), a SNP that encodes a 151Pro→Ala change. The color-coded symbols
correspond to the strength of linkage disequilibrium (r2), showing the most significant
associated SNP (rs1559127) as a blue circle. See Supplementary Materials for imputation
methods and details for imputed SNPs and results (Supplementary Table 3).
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Figure 3.
Analysis of the HLA region association signals in EOMG. In each panel, the symbols show
the strength of the association signal (ordinate) for this region of chromosome 6 shown in
Mb (HG18) along the abscissa; the SNPs and HLA determinants are given color-coded
symbols as described in Figure 2. For a, the −Log10 p value before conditioning is shown.
For b–d the −Log10 p values are shown after conditioning on the indicated HLA
determinant(s). See Supplementary Materials for methods and additional conditioning
studies (Supplementary Table 4, Fig. S1).
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