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A genetic variant in the SAND domain of autoimmune regulator (AIRE), R247C, was identiﬁed in a patient
with type I diabetes mellitus (T1DM) and his mother with rheumatoid arthritis. In vitro, the variant
dominantly inhibited AIRE; however, typical features of Autoimmune Polyendocrinopathy Candidiasis
and Ectodermal Dysplasia (APECED) were not seen in the subjects. Rather, early manifestation of autoimmunity appeared to be dependent on additional genetic factors. On a population level, diverse variants
were identiﬁed in this region. Surprisingly, many likely pathogenic variants were seen disproportionately
in Africans when compared to Europeans, reinforcing the importance of these variants in altering the
immune repertoire. In light of these ﬁndings, we propose that R247C and other variants within the
SAND-domain alter protein function in a dominant fashion and hold potential as drivers of
autoimmunity.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
The loss of immune tolerance can result in autoimmunity, the
phenotypic expression of the immune system aberrantly
responding to self-antigen. AIRE participates in the proper generation of immune tolerance by allowing expression of tissuerestricted autoantigens in the medullary thymus where developing T cells with receptors speciﬁc to autoantigens are deleted or
programmed to enforce tolerance of their cognate autoantigen. The
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essential role of AIRE in this immune tolerance process is known
from studying patients with complete loss of function of AIRE, a
situation that results in APECED, an autoimmune syndrome with
overlapping but somewhat variable autoimmune manifestations
including hypoparathyroidism, adrenal failure, candidiasis, gonadal
failure, thyroiditis, T1DM, alopecia, vitiligo, and hepatitis.
In contrast to causing the widespread autoimmunity seen in
APECED, genetic variation in AIRE has also been associated with
various forms of sporadic autoimmunity. Cetani et al. ﬁrst identiﬁed
an extended pedigree in which the mono-allelic AIRE G228W
mutation segregated with either APECED or organ-speciﬁc autoimmunity, mainly autoimmune thyroiditis [1]. Subsequent studies
of AIRE polymorphisms identiﬁed ethnicity-speciﬁc associations
with alopecia areata [2] and rheumatoid arthritis [3e5]. More
recently, Oftedal et al. identiﬁed dominant-negative mutations in
AIRE's PHD1 domain that segregated with varied organ-speciﬁc
immune diseases [6]. As a result of these studies, the role of
impairment of AIRE function in the development of autoimmunity
in the absence of APECED features has been re-evaluated [7]. In
support of the hypothesis that functional impairment of AIRE
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associates with sporadic autoimmunity, we characterize a novel
dominant-negative AIRE variant in a mother and son who suffer
from distinct autoimmune manifestations but not APECED. We
demonstrate that the identiﬁed variant impairs AIRE function in a
dominant-negative manner. We then examine the SAND domain of
AIRE for similar variants and demonstrate evidence of genetic selection of the region in general. These ﬁndings expand the list of
variants in AIRE that can dominantly inﬂuence protein function and
provide further evidence that a variety of variants in AIRE inﬂuence
genetic susceptibility to autoimmunity.
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primer sequences were used:
GAPDH For: TGATGACATCAAGAAGGTGGTGAAG
GAPDH Rev: TCCTTGGAGGCCATGTGGGCCAT
HPRT1 For: TGAAGAGCTATTGTAATGACCAGTCAAC
HPRT1 Rev: AGCAAGCTTGCGACCTTGACCA
IGFL1 For: CTCCCCGAGGCTGCATCGTA
IGFL1 Rev: TGGCACAGCATCAGGTAAGGA
KRT14 For: CAGTCCCTACTTCAAGACCATTGA
KRT14 Rev: ACTGTGGCTGTGAGAATCTTGTTC

2. Materials and methods
2.6. Immunoprecipitation
2.1. Research subjects
Subjects enrolled in an IRB-approved protocol at National Jewish Health and informed consent was documented.
2.2. Gene sequencing
A panel of 345 genes was designed for detection of variant in
immune-related genes. Genomic DNA was isolated from whole
blood and enriched for targets using a custom RNA capture kit (Sure
Select QXT custom library kit, Agilent, Santa Clara, CA) prior to
sequencing (Illumina MiSeq, San Diego, CA). Sequence data was
mapped and variants called utilizing NextGENe (softgenetics.com).
The 23HphI polymorphism was sequenced. HLA Class II typing
utilized sequence speciﬁc oligonucleotides microspheres on the
xMAP platform (Luminex, Austin, TX).
2.3. Cell culture and transfection
HEK 293T cells at ~90% conﬂuence were transiently transfected
with indicated plasmids using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). The plasmids pCDNA3.1 hAIRE-myc-His and
pEGFPN1-mAIRE-FLAG were generous gifts from the BenoistMathis lab (Harvard Medical School, Boston, MA). Point mutations within AIRE plasmids were generated by using KAPA HiFi Hot
start DNA polymerase (Kapa Biosystems, Wilmington, MA). The
same mutagenesis strategy was used to introduce new epitope tags
to make pCDNA3.1 hAIRE-HA and hAIRE-FLAG.
2.4. Immunoﬂuorescence experiments
HEK 293T cells were seeded onto poly-Lys-coated cover slips.
Cells at ~65% conﬂuence were transiently transfected with indicated plasmids. After twenty-four hours, cells were ﬁxed with 4%
paraformaldehyde and permeabilized with 0.5% Triton X-100 in
phosphate buffered saline (PBS). Cells were blocked with 1% BSA
and probed with rabbit anti-HA (Cell Signaling Technology, Danvers, MA) and mouse anti-FLAG (M2, Sigma-Aldrich, St. Louis, MO),
followed by Cy5-conjugated anti-mouse and FITC-conjugated antirabbit IgG secondary antibodies (Jackson ImmunoResearch, West
Grove, PA, USA), and counterstained with DAPI. Fluoromount-G
(SouthernBiotech, Birmingham, AL) mounted coverslips were
imaged with a Zeiss Axio Imager M1 microscope.

Empty vector or hAIRE WT-FLAG was co-transfected with mycHis-tagged hAIRE WT or R247C. Forty-hours post-transfection, HEK
293T cells were harvested and incubated with hypotonic buffer
(0.05% Nonidet P-40, 20 mM Hepes pH 7.5, 1.5 mM MgCl2, 10 mM
KCl, 5 mM EDTA) with 1X mammalian protease inhibitor cocktail
(G-Biosciences, St. Louis, MO) on ice for 15 min. Lysates were spun
at 500 g for 5 min and the supernatant (cytosolic fraction) was
removed. The remaining nuclei were incubated in nuclear extraction buffer (50 mM Bis-Tris pH 7.5, 750 mM 6-aminocaproic acid,
3 mM CaCl2, 10% glycerol, 1X mammalian protease inhibitor cocktail and micrococcal nuclease (Thermo Scientiﬁc, Waltham, MA) for
1 h on ice and cleared at 18000 g for 10 min. The resulting supernatant was nutated with anti-FLAG M2 afﬁnity agarose beads
(Sigma Aldrich, St. Louis, MO) at 4  C for 16 h. Beads were washed
and boiled in Laemmli sample buffer to elute captured proteins.
Immunoblots were developed with anti-FLAG-HRP (Sigma Aldrich)
and 3anti-myc followed by anti-rabbit-HRP (Cell Signaling Technology, Danvers, Massachusetts).
2.7. In silico analysis
To determine conserved residues, the complete amino acid
sequence of human AIRE (NP_000374.1) was aligned with AIRE
from representative species using T-Coffee Psi-Coffee algorithm
(http://tcoffee.crg.cat/apps/tcoffee/index.html) [8]. Homologous
sequences were downloaded from OrthoDB (http://www.orthodb.
org) [9]. Population level variant information for the AIRE gene
was downloaded from the gnomAD browser (http://gnomad.
broadinstitute.org/) [10]. Pathogenicity prediction scores were
downloaded from the CADD server (http://cadd.gs.washington.
edu/) [11]. Pathogenicity levels were assigned based on CADD
PHRED score with greater than 15 being considered pathogenic and
less than 15 being considered benign. Variants were further subdivided based on minor allele frequency as reported in the GnomAD database.
2.8. Statistical analysis
The Simpson Index of Diversity was used to measure diversity of
variants within AIRE domains. Chi-squared test was performed to
assess differences in domain allele frequency between populations.
3. Results

2.5. Gene expression measurement
3.1. A rare AIRE variant identiﬁed in a patient with autoimmunity
HEK 293T cells were harvested 48 h post-transfection. Total RNA
was isolated using Direct-zol RNA mini prep kit (Zymo Research,
Irvine, CA) and reverse-transcribed using SuperScript II (Life
Technologies) with oligo (dT)18. qPCR was performed using Power
SYBR Green PCR Master Mix (Invitrogen, Carlsbad, CA) on a CFXConnect detection system (Bio-Rad, Hercules, CA). The following

A 17-year-old Caucasian young man presented to the immunology clinic for evaluation with a medical history remarkable for
type I diabetes (T1DM) onset at age 3 and rheumatoid arthritis in
his mother. Because of a previously identiﬁed association between
rheumatoid arthritis and T1DM [12], the proband and his mother
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were enrolled in a study searching for genetic causes of immune
dysregulation. DNA was isolated from the patient's whole blood,
and a panel of 345 genes with known immunologic function was
sequenced. After ﬁltering genetic variants for low allele frequency,
6 candidate genetic variants remained, of which the c.739C > T
variant, rs147846074, p.Arg247Cys (R247C) in AIRE was investigated. No features of APECED were identiﬁed in the patient. Anticytokine antibodies typically seen in APECED were absent, as
were other autoantibodies with the exception of GADA, IA-2, and
MIAA (Table S1, Fig. S1). The variant was also identiﬁed in the
proband's mother who has rheumatoid arthritis. Genetic screening
of additional family members was unable to be performed as they
chose not to enroll in the study.
3.2. In silico analysis of AIRE R247C
We ﬁrst assessed the likelihood that R247C was capable of
altering protein function utilizing various in silico methods. R247C
is located within the SAND domain of AIRE, a protein subunit of
unclear function that previously was shown to lack conservation in
distant chordate AIRE homologues [13]. Nonetheless, the
dominant-negative variant identiﬁed by Cetani et al. [1], G228W, is
in the SAND domain, conﬁrming that at least one variant within
this domain can cause disease. R247C occurs at a relatively
conserved position among mammalian orthologues, but the position is only partially conserved in non-mammalian tetrapods
(Fig. 1). Despite a lack of conservation beyond mammals, multiple
variant analysis algorithms predicted the variant to have a functional impact on the gene (Fig. 1).
3.3. R247C forms complexes with WT AIRE and localizes to the
nucleus
Experiments were performed to conﬁrm expression, binding,
and localization of R247C. Co-immunoprecipitation showed that
WT AIRE binds to R247C within the nucleus of transfected cells
(Fig. 2A). Transfection of HEK293T cells with R247C-FLAG resulted
in clearly visible nuclear punctae, similar to what was observed in
WT-transfected cells (Fig. 2B). Co-transfection of R247C and WT
resulted in nuclear punctae appearing to contain both R247C-FLAG
and WT-HA (Fig. 2B). These ﬁndings suggested that R247C retains
the ability to complex with WT AIRE, and these complexes localize
to nuclear punctae in a manner similar to WT alone.
3.4. R247C induces less downstream transcripts than wild type
(WT) AIRE
Since R247C formed complexes and translocated to the nucleus,
we transfected HEK293T cells with mutant and WT constructs and
measured induced gene expression. Transfection of R247C resulted
in substantially less expression of the known AIRE targets CD4,
IGFL1, and KRT14, compared to WT-transfected cells (Fig. 2C).
Additionally, co-transfection of WT AIRE with the mutants resulted
in decreased expression of downstream genes when compared to
WT co-transfected with control vector, indicating a dominantnegative effect (Fig. 2C). Overall, these data support the conclusion that despite apparently normal nuclear localization, R247C
reduces downstream transcriptional activation signiﬁcantly
through dominant-negative inhibition.
3.5. Genetic risk factors for T1DM work in concert with the R247C
variant
Prior studies of APECED have demonstrated that T1DM appears
in patients with T1DM genetic risk factors and without high-

Fig. 1. In silico analysis of R247C predicts an important functional role. Panel A
shows a multiple sequence alignment of the AIRE gene from various chordates demonstrates conservation of R247 among mammals and a representative reptile and
amphibian. R247 is highlighted in red. Panel B shows the results of various variant
effect prediction algorithms. Data was retrieved using dbNSFP3 (https://sites.google.
com/site/jpopgen/dbNSFP). Panel C is a homology model of the SAND domain of human AIRE. R247 is labeled in red. For reference, G228 is labeled in black.

afﬁnity type-I-interferon neutralizing antibodies [14,15]. In the
absence of APECED clinical features, we looked to see if these
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Fig. 2. R247C impairs transcriptional regulation of WT AIRE. Panel A shows that R247C forms complexes with WT AIRE. WT AIRE-FLAG was co-transfected with R247C-myc and
complexes precipitated with anti-FLAG M2 beads. Eluted proteins were probed with anti-myc rabbit antibody. Panel B demonstrates the formation of nuclear punctae by R247C. WT
AIRE-HA and R247C-FLAG were transfected into HEK293T cells and visualized using ﬂuorescent secondary antibodies to either HA or FLAG. Multiple images were taken and staining
patterns were compared for presence of cytoplasmic staining and nuclear punctae. Both WT AIRE and R247C demonstrated nuclear punctae with minimal cytoplasmic staining.
When cotransfected, WT AIRE and R247C overlap, indicating likely complex formation. Panel C shows that HEK-293T cells transfected with either the patient mutation R247C or the
known dominant negative mutant G228W produced less downstream gene transcripts than WT AIRE. Likewise, when WT AIRE and mutant AIRE were simultaneously transfected
into HEK293T cells, downstream gene expression was decreased compared with cotransfection of empty vector and WT AIRE. qPCR was used to examine the expression of AIREregulated genes CD4, IGFL1, and KRT14 along with the AIRE-independent gene HPRT1. Expression levels were normalized against the endogenous control GAPDH. The results
(mean ± SD) are shown as fold gene induction as compared to cells transfected with WT AIRE. The data is representative of two independent experiments. Cluster of differentiation
4 (CD4); IGF-like family member 1 (IGFL1); keratin 14 (KRT14); hypoxanthine phosphoribosyltransferase 1 (HPRT1); glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Fig. 3. Population genetics of AIRE reveal domain-speciﬁc trends. Panel A shows the allele frequency of all variants with a CADD PHRED score >15 for each domain in AIRE.
African and European populations as deﬁned in GnomAD are plotted separately. Panel B shows the Simpson's Diversity Index score for each domain. Only variants with CADD >15
were included. The proportional allele frequencies of the variants in the SAND, PHD1, and PHD2 domains are plotted below. Each color represents a different variant. Actual allele
counts are listed in the tables underneath each plot with singleton and doubleton alleles removed in order to eliminate bias towards rare variation seen as a result of greater
population sampling of Europeans.
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principles still applied to the proband. The combination of MHC
class II DR DQ alleles accounts for up to 40% of heritability of T1DM
in Europeans [16]. The proband's alleles were DRB1*0301,
DQA1*0501, DQB*0201 and DRB1*0404, DQA1*0301, DQB*0302, a
combination that carries up to 5% risk of T1DM in the general
population [17]. Sequencing of the INS promoter revealed that both
the proband and his mother were homozygous for the “-23HphI”
T1DM risk allele. This allele correlates with a truncated promoter
region and an up to threefold reduction in expression of insulin in
human thymic epithelial cells [18]. These ﬁndings support the
theory that the development of T1DM in AIRE deﬁciency requires a
genetically predisposed host deﬁcient in ameliorating factors such
as high-afﬁnity type-I-interferon neutralizing antibodies.
3.6. SAND-domain variant population frequency differs between
Africans and Europeans
We then queried the GnomAD database [10] to understand
variation in the AIRE gene on a population level. We compared the
African and European population cohorts within GnomAD and
found that the allele frequency of predicted-pathogenic variants
within the SAND domain was greater in Africans than Europeans
(Fig. 3A). We then calculated the Simpson's diversity index for each
domain within African and European samples (Fig. 3B). Interestingly, in European samples, the SAND domain was dominated by a
single allele, Arg257Stop, a known loss-of-function allele that results from a bottleneck in out-of-Africa populations. Excepting
Arg257Stop, the number of likely pathogenic SAND variants tolerated in Europeans was minimal. In Africans, the SAND domain
carried a broad array of non-private predicted-pathogenic variants
suggesting that in Africans the SAND domain is under neutral or
positive selection. This ethnic disparity was not observed in the
other genetic regions examined (Fig. 3B). In light of these observations, we conclude that variation within AIRE has domainspeciﬁc consequences that are either being selected for in Africans or selected against in Europeans, implicating these variants as
potent drivers of a clinical phenotype.
4. Discussion
In this article, we demonstrate that a second variant within the
SAND domain of AIRE acts in a dominant negative fashion to
decrease transactivation of downstream genes. The mechanism by
which R247C exerts a dominant-negative effect is unknown;
however, the data indicates that R247C forms AIRE heterooligomers that localize to discrete locations within the nucleus. It
remains unclear whether the assembled complexes arrive at
different destinations than WT AIRE or if the complexes localize
correctly but suffer from alteration of further downstream events.
Given our ﬁndings, further studies investigating the structure and
function of this domain are justiﬁed.
While the study demonstrates the dominant negative activity of
R247C, we unfortunately were unable to deﬁnitively link this
variant to human autoimmunity. The major pitfall of this study was
an inability to investigate segregation of the variant in more family
members than the proband and his mother. Despite this deﬁciency,
the evidence suggests R247C and possibly other SAND-domain
variants do associate with autoimmunity. Both subjects carrying
the variant suffered from signiﬁcant, early-onset autoimmunity.
The proband had similar genetic predisposing factors to APECED
patients with T1DM, and his mother had rheumatoid arthritis, a
disease that has previously been linked to variation in the AIRE
locus [3e5]. In addition, the population analysis suggests that
variation within the SAND domain is either selected for in Africans,
selected against in Europeans, or both. As Africa has greater
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microbial richness than Europe [19] and degree of pathogen
exposure is a driving force of evolutionary selection [20], we
believe that the level of immune tolerance generated by wild type
AIRE could be undesirable, and subjects with reduced AIRE function
could have a survival advantage that balances the risk of autoimmunity. Loss of the selective advantage in modern societies is
demonstrated by the lack of SAND-domain variation in Europeans,
possibly attributable to an increased risk of signiﬁcant autoimmunity. Despite these intriguing observations, studies designed to
directly test the association between SAND variants and autoimmunity will ultimately be required to validate the association to
autoimmunity.
The rarity of APECED-associated AIRE mutations and the lack of
association between common AIRE SNPs and some forms of autoimmunity previously led many to discount the association to
autoimmunity; however, dominant negative AIRE variants were not
part of any of the past negative association studies. Therefore,
substantial but not complete loss of AIRE functioneas seen with
R247C and other dominant-negative variantseremains a valid
candidate for association with various types of autoimmunity. We
argue that the situation of reduced or altered AIRE activity acts as a
driver of autoimmunity by causing partial impairment of immune
tolerance. Moreover, as seen in the proband and his mother, the
speciﬁc autoimmune manifestation depends on additional genetic
factors and possibly the lack of disease-ameliorating antibodies
that can be seen in APECED syndrome. Given these external factors,
we anticipate that AIRE variants can be identiﬁed in other autoimmune disease beyond T1DM and rheumatoid arthritis. In light of
these ﬁndings, population based studies of dominant-negative AIRE
variant carriers are urgently required to determine the impact of
these variants on human autoimmunity.
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