syduosnuelA Joyiny siapun4 DA @doing ¢

syduasnue|A Joyiny siapund JIAd adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Nat Rev Immunol. Author manuscript; available in PMC 2009 November 30.

Published in final edited form as:
Nat Rev Immunol. 2008 December ; 8(12): 948-957. doi:10.1038/nri2450.

Transcriptional regulation by AIRE: molecular mechanisms of
central tolerance

Part Peterson, Tnis Org, and Ana Rebane
Molecular Pathology, University of Tartu, Tartu, 50411, Estonia

Abstract

The negative selection of T cells in the thymus is necessary for the maintenance of self tolerance.
Thymic medullary epithelial cells have a key function in this process as they express a large
number of tissue-specific self antigens that are presented to developing T cells. Mutations in the
transcriptional regulator AIRE cause a breakdown of central tolerance associated with decreased
expression of self antigens in the thymus. In this Review, we discuss the role of AIRE in the
thymus and recent advances in our understanding of how AIRE might function to regulate gene
expression.

Autoimmunity is caused by the breakdown of mechanisms that maintain immune tolerance
to self tissues. Most self-reactive T cells are deleted in the thymus, resulting in central
tolerance [G], which is further supported by regulatory mechanisms outside of primary
lymphoid tissues, which are collectively known as peripheral tolerance. As the main
mechanism of central tolerance, the negative selection [G] of self-reactive thymocytes
occurs mainly in the medullary compartment of the thymus 1, 2. The medullary thymic
epithelial cells (MTECS) express a large number of genes, including tissue-specific antigens
(TSAs, also named tissue-restricted antigens or peripheral tissue antigens) that are normally
present only in specialized peripheral organs and are apparently not required for the direct
function of mTECs 3, 4. During negative selection, these encoded TSASs are presented by
mMTECs or dendritic cells to differentiating thymocytes as self antigens5, 6, leading to the
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Online at-a-glance summary

. AIRE is mainly expressed by mature thymic medullary epithelial cells, where it promotes the promiscuous expression of
many tissue-specific antigens (TSAS).

. TSAs that are upregulated by AIRE are presented to developing thymocytes, and this is required for efficient negative
selection. Aberrant negative selection in the absence of AIRE leads to the escape of self-reactive thymocytes to the
periphery and subsequent autoimmunity.

. AIRE contains several domains that are characteristic of transcriptional regulators and chromatin-binding proteins, such as
a CARD, a SAND domain and PHD fingers. Concordantly, many studies have confirmed AIRE’s function as a potent
transcriptional activator.

. Several proteins have been found to interact with AIRE, including CBP, PIAS1, DNA-PK, histone H3 with an
unmethylated N-terminus (lysine 4) and P-TEFb.

. Interaction with histone H3 that is unmethylated at lysine 4 allows AIRE to bind to certain chromatin regions. At target
gene promoters, AIRE promotes transcriptional elongation by binding and recruiting the positive transcription elongation
factor b (P-TEFb) complex to RNA polymerase II.

. AIRE-regulated genes tend to cluster in the genome; however, recent findings indicate that at a single-cell level, the
expression of TSAs varies, which indicates that gene activation by AIRE can be a stochastic event.
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induction of tolerance either by clonal deletion, functional inactivation of self-reactive T
cells or clonal deviation 7-9.

The autoimmune regulator (AIRE) protein has been found to be important for the
maintenance of self tolerance 10, 11. Mutations in the A/RE gene cause autoimmune
polyendocrinopathy candidiasis ectodermal dystrophy (APECED) (BOX 1), a syndrome that
is characterized by the presence of autoantibodies specific for multiple self antigens, leading
to lymphocytic infiltration of endocrine glands and respective autoimmune disorders 12, 13.
Mice with mutations in the AJre gene have pathological autoimmune features similar to
those of patients with APECED, with multiorgan lymphocytic infiltration and autoantibody
production. Many studies of recent years have shown that AIRE is a crucial factor for the
promiscuous expression of TSAs in the thymus, and that mutations in this gene lead to the
escape of self-reactive T cells from the thymus, which consequently results in
autoimmunity.

In this Review, we provide an overview of our current knowledge about the function of
AIRE in directing the promiscuous expression of TSAs in the thymic medulla to control
autoimmunity. In light of recent findings, including the involvement of AIRE in
transcription elongation and binding to chromatin, we discuss the molecular mechanisms by
which AIRE might regulate gene expression and central tolerance.

AIRE deficiency results in autoimmunity

Similar to patients with APECED, AIRE-deficient mice develop tissue infiltrations of
mononuclear cells and autoantibodies specific for multiple peripheral tissues 14-19. Most
commonly, the affected tissues are salivary glands, eye, stomach and liver. Recent studies
have shown that T cells, in particular T helper 1 (Tw1)-polarized CD4* T cells, are a crucial
component of the tissue infiltrations in AIRE-deficient mice, whereas B cells have more
limited function but are still required for early and severe autoimmunity 20, 21. However,
the autoimmune phenotype varies greatly with different genetic backgrounds 22, which
indicates that other genes are important for the overall penetrance [G] of the phenotype and
organ specificity. It should be noted that AIRE-deficient mice and patients with APECED
have several differences in their target autoantigens and disease manifestations 23, 24.
Despite this phenotypic discrepancy, which could be due to different environmental or
genetic influences in the two species 24, AIRE-deficient mice still provide a good
mechanistic model for human AIRE function and APECED-related autoimmunity.

Importantly, mTECs from AIRE-deficient mice have a profound decrease in expression of
multiple transcripts encoding peripheral TSAs 3, 19, including the insulin 2 (/ns2) and
salivary protein 1 (SptZ) genes, which seem to be under the direct control of AIRE 25.
However, not all transcripts encoding peripherally expressed antigens (such as glutamic acid
decarboxylase 67 and C-reactive protein) are downregulated in AIRE-deficient thymus 3,
19, which indicates that other factors are necessary for the efficient expression of these
genes.

Experimental evidence for the function of AIRE in negative selection was obtained using
mice expressing transgenic T-cell receptors (TCRs) specific for neo-self antigens. AIRE-
dependent negative selection of specific TCR-transgenic T cells was observed in transgenic
mice expressing hen egg lysozyme 26, 27 or ovalbumin 28 as neo-self antigens from the rat
insulin promoter, which drives the expression of these antigens in mTECs in addition to
pancreatic beta cells. These data provided compelling evidence that AIRE is essential for
efficient thymic T-cell deletion. Importantly, AIRE-deficient double transgenic mice
expressing hen egg lysozome 26 or ovalbumin 28 antigens from the rat insulin promoter,
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together with the respective transgenic TCR, developed aggressive diabetes at birth,
showing the functional autoimmune capacity of T cells that escape negative selection.

So, the consequence of AIRE deficiency is thought to be disturbed negative selection of T
cells specific for self antigens, which could be caused by defective expression of self
antigens by thymic epithelial cells 29. In support of this idea, AIRE-deficient mice
spontaneously develop autoimmune uveitis and autoimmune gastritis as a result of
autoimmunity against interphotoreceptor retinoid-binding protein (IRBP; also known as
retinoid binding protein 3, RBP3) 30 and mucin 6 (MUCS6) antigens 31, respectively, the
expression of which is regulated by AIRE in mTECs. In humans, differences in AIRE
expression level, together with genetic variances in insulin and acetylcholine receptor genes,
influence the expression levels of these two established self antigens of type 1 diabetes and
autoimmune myasthenia gravis, respectively 32, 33.

Evidence is accumulating, however, that the activation of expression of tissue-specific genes
by mTECs is not the only AIRE-associated mechanism involved in negative selection.
Strikingly, AIRE-deficient mice also develop autoimmunity to endogenous self antigens
whose expression in mTECs is not regulated by AIRE. For example, the autoimmune
reaction against AIRE-independently expressed a-fodrin (spectrin-a non-erythrocytic 1,
SPTANL1) causes Sjogren-syndrome-like [G] pathology in AIRE-deficient mice 14, and
autoimmunity against pancreas-specific protein disulfide isomerase A2 (PDIA2; which is
also expressed by mTECs independent of AIRE) causes autoimmune destruction of the
exocrine pancreas in AIRE-deficient NOD mice 16. It is possible that the immune reaction
to these two antigens is a result of epitope spreading and the initiating autoantigen remains
to be identified. However, these observations indicate that AIRE might have roles in
negative selection other than activating the expression of peripheral TSAs 18. These
mechanisms could be associated with chemokine expression or antigen presentation, as
several genes involved in these processes are downregulated in AIRE-deficient mTECs.
Indeed, the capacity of AIRE-deficient mTECs to present endogenously synthesized or
exogenously added ovalbumin peptide to ovalbumin-reactive T cells is decreased compared
with control mTECs 28. Intriguingly, AIRE deficiency was recently reported to cause a
developmental block of late-stage CD4* single-positive thymocyte differentiation, leading to
the accumulation of immature CD4* thymocytes from the thymus 34. This result indicates
that in addition to the induction of TSA expression, AIRE might also affect the final
maturation of thymocytes.

AIRE expression in mTECs

AIRE is expressed in the thymus by a mTEC subpopulation that is positive for the co-
stimulatory markers CD80, CD86 and CD40 and that has high levels of MHC class 11
expression 35-37. In addition, AIRE expression has been detected by rare cells in the
periphery (BOX 2). There are phenotypic and functional differences between mTEC
subpopulations and at least two subsets of mTECs can be detected in the thymic medulla,
consisting of CD80!°WMHC class 11'®% and CD8ONMHC classlNi cells, which have
provided a basis for two models of mTEC development (for a review, see REFS 2, 4).
According to the terminal-differentiation model, AIRE expression activates the promiscuous
expression of TSAs in late-stage mature mTECs (CD80NMHC classlNi cells) with efficient
antigen-presentation capacity. Another, developmental model proposes that heterogeneity
between mTEC populations and the pattern of TSA expression is more compatible with
developmental regulation of mMTECs by AIRE 38, 39. In this model, AIRE is seen as a
transcription factor that directs mTEC differentiation 40. The requirement of AIRE for
mTEC differentiation or in forming a tolerogenic environment by regulating the function of
neighbouring AIRE-negative mTECs has also been proposed by others 41, 42.
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The expression of a large pool of TSAs is not a universal property of mTECs as a
homogeneous population; rather, the expression of AIRE and individual antigens is
restricted to a subset of mTECs, which indicates that there is high heterogeneity between
mTEC subpopulations 39, 43, 44. As one factor of heterogeneity, some mTECs proliferate
extensively during periods of thymic growth: for example, 2—6% of mTECs divide
mitotically with a turnover period of approximately 10-14 days 45-47. AIRE*MHC class II*
MTECSs have been shown to differentiate from mTEC progenitors expressing the tight-
junction [G] components claudins and occludin 48. Two recent reports showed that AIRE*
MHC class 11" mTECs are almost entirely postmitotic cells and are derived from mitotic
AIRE" MHC class 11" cells 46, 47. These data support a linear series of differentiation
events (from CD80'°WAIRE" to CD8OMAIRE" to CDS8OMAIRE* cells); however, other
differentiation schemes remain possible 49.

Several studies have addressed the question of the specific signals that are necessary for
AIRE expression during mTEC differentiation. A correct three-dimensional medullary
microarchitecture and proper signaling is required as mTECs lose AIRE expression when
cultured ex vivo 25, 50. In keeping with these requirements, AIRE expression is decreased
under conditions where normal thymic architecture is disturbed 51, including defects in
components of the alternative NF-xB pathway such as RelB 36, 52, NIK 53 NF-xB2 54 and
IKKa 55. Recently, several studies identified RANK signal as an important factor for the
differentiation of mTECs from AIRE" cells to AIRE" cells in the embryonic thymus 50, 56
as well as the role of RANK and CD40 signals in AIRE* mTEC differentiation in postnatal
thymus 57-59.

and functional characteristics of AIRE

Although the role of AIRE in the regulation of promiscuous gene expression is well
established, the molecular mechanisms underlying the actions of AIRE are not well
understood. It has been unclear how AIRE directs the transcription of TSAs at the molecular
level and what are the interacting proteins involved in this process. Several studies using /n
vitro and in vivo approaches have now revealed new insights into the molecular mechanisms
of AIRE function.

Functional domains

AIRE has a unique combination of domains characteristic of transcriptional regulators and
chromatin-binding proteins (Figure 1). It has the closest structural similarity to Sp100
(Speckled protein 100 kDa)-family members, which are involved in transcriptional
activation and repression mechanisms 60. Although it is mainly described as a nuclear
protein, transfected AIRE is also seen in fibrillar structures in the cytoplasm. In accord with
this, AIRE has both a functional nuclear-import signal for the classical importin-a/g
pathway 61 and a CRM1-dependent nuclear-export signal in its amino-terminal region 62.
The N-terminal region of AIRE was initially described as a HSR (homogenously staining
region) domain 63; however, the recent structural reanalysis has revealed a six-helix
structure with high similarity to a caspase-recruitment domain (CARD) [G] 64, 65. The
CARD has been implicated in oligomerization of AIRE 62, 66 and in dimerization of other
proteins that function in inflammation or apoptosis 67.

AIRE and Sp100 proteins share a SAND (Sp100, AIRE1, NucP41/75, DEAF1) domain. As
an indication of the functional importance of the SAND domain, a dominant-negative
mutation in this domain (G228W) is found in patients with APECED. The G228W mutation
disrupts the transactivation capacity 68 and alters the subcellular localization of the AIRE
protein in vitro and in vivo 69, and it predisposes to autoimmune thyroiditis as a single-copy
mutation in humans and mice 69, 70. In its carboxy-terminal region, AIRE contains two
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PHD (plant homeodomain)-type zinc fingers [G] (also present in Sp100 proteins) that adopt
a globular fold in which two zinc atoms coordinate cysteine and histidine residues 71.
Mutations in the PHD fingers markedly decrease the transcriptional-activation capacity of
the protein 63, 72-74. Although one of the AIRE PHD fingers has been suggested to act as
an E3 ubiquitin ligase 75, this has not been confirmed by others 71. In addition to these
well-conserved domains, the AIRE protein has four nuclear-receptor-binding LXXLL motifs
(where X is any amino acid), which also occur in transcriptional coactivator proteins such as
CBP, p300 and SRC1 76. AIRE has also a proline-rich region that can be found in other
proteins involved in transcription; for example, in the transcriptional activator protein
TAp63, the proline-rich region is required for transcriptional activity and pro-apoptotic
functions 77. All of the functional domains are highly conserved between mammalian AIRE
homologues, and human AIRE has significant sequence identity with mouse, rat, bovine and
dog AIRE proteins 78, 79.

to nuclear bodies

In the cell nucleus, AIRE is located in discrete dot-like structures that resemble, but are
distinct from, PML (promyelocytic leukemia) nuclear bodies [G]. Recently, these AIRE
bodies were shown to be distributed in vivo immediately adjacent to nuclear speckles 69.
The nuclear-body localization of AIRE depends on the CARD, as many mutations in the
CARD block the formation of these bodies 62, 65, 74. However, the involvement of other
AIRE domains in nuclear-body localization, such as the SAND domain, has also been
reported 62, 65, 66, 80-82. The PML bodies contain many proteins including Sp100-family
members and the AIRE-interacting protein CBP (see later), and they have been implicated in
diverse cellular processes including cell-growth control, antiviral defence, tumour
suppression and apoptosis 83. Recent studies have indicated that they have a role in the
modulation of transcription at specific genomic loci. For example, PML bodies were shown
to specifically associate with the MHC locus 84, 85. Nuclear bodies are tightly bound to the
nuclear matrix [G], which provides a structural network for chromatin organization and gene
regulation; consistent with AIRE localization to nuclear bodies, a large proportion of the
AIRE protein is associated with the nuclear matrix 86, 87. It should be noted that AIRE
nuclear structures (similar to PML bodies) do not contain chromatin or RNA polymerase 11
88 and, therefore, are not sites of transcription. Nevertheless, AIRE nuclear bodies might
influence the nuclear organization of chromatin by indirect contacts. As exemplified in
studies with PML bodies, it has been proposed that AIRE regulates gene expression by
recruiting a transcriptional-activation complex to specific regions of the genome through
interactions with the nuclear matrix 86, 87. It should be noted, however, that despite AIRE
localization to nuclear bodies, a significant amount of AIRE protein is also detectable in the
nucleoplasm 86.

AIRE as a transcriptional activator

Even without functional experiments, the presence of domains that are characteristic of a
transcriptional protein, together with its localization to nuclear bodies, indicate a role for
AIRE in the regulation of gene expression. Many studies of transfected AIRE in tissue
culture cells have confirmed the function of AIRE as a potent transcriptional activator of
various reporter and endogenous promoters 62, 63, 65, 66, 68, 73, 74, 89-91. The
transcriptional-activation region of AIRE was initially mapped to the two C-terminal PHD
fingers, as mutations in these domains markedly decreased transactivation capacity 63, 72.
More recent reports have shown that several APECED-causing mutations in the CARD or
SAND domain of AIRE also decrease its transactivation ability, indicating that all of the
main AIRE domains participate in transcriptional activation, although the extent of the effect
varies between the mutations 65, 74, 88.
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Most likely, AIRE acts as a coactivator in a large transcriptional complex. Although /7n vitro
DNA-binding experiments and chromatin-immunoprecipitation experiments /7 vivo indicate
that AIRE might ‘prefer’ certain DNA sequences 81, 92, 93, conclusive data showing that
AIRE binds to defined cis-acting sequences are still lacking. The crystal structure of the
Sp100B and GMEB (glucocorticoid modulatory element binding protein) SAND domains
has been solved 94, 95. Both of these proteins have been shown to bind DNA through a
K(D/N)WK motif, which is replaced with a KNKA motif in the AIRE protein, indicating
that there are differences in the binding characteristics between these proteins. Considering
the large number and chromosomal clustering 96 of AIRE-regulated genes, AIRE does not
seem to act as a specific DNA-binding transcription factor, but rather has a more general
function in transcription.

In the context of transcriptional activation, several protein partners with seemingly diverse
functions have been identified for AIRE. The first protein found to bind directly to AIRE
was CBP63, a common transcriptional coactivator that is localized to PML bodies. CBP and
AIRE preferentially colocalize to nuclear bodies in cells that lack or have relatively low
expression level of the PML protein 63. CBP and AIRE coactivate the transcription of
various reporter promoters and endogenous genes in tissue culture cells 65, 86, 88. The
relevance of CBP for AIRE activity seems to be integrated with mTEC differentiation, as
signaling through RANK (which induces the differentiation of mTECs from AIRE" to
AIRE™ cells), but not LTBR, results in the translocation of CBP from the cytoplasm to the
nucleus and the coaccumulation of AIRE and CBP in mTEC nuclear dots 65. So, before the
expression of AIRE protein, the immature (CD80'°%) mTECs might lack the intranuclear
architecture required to trigger nuclear localization of CBP, resulting in failure of this
transcriptional complex to reach its nuclear targets 65. As CBP typically functions in
transcription initiation, as well as in the acetylation of histones and non-histone proteins 97,
it is possible that the collaborative action of AIRE and CBP results in histone acetylation,
the recruitment of chromatin-remodeling and general transcription factors and promotion of
transcription of the target genes.

In addition to CBP, the DNA-dependent protein kinase (DNA-PK) complex and SP-RING
domain protein inhibitor of activated STAT 1 (PIAS1) have been identified as protein
partners of AIRE 89, 98. Both of these proteins are known to bind nuclear-matrix-associated
DNA sequences 98-100. Earlier studies have shown that the nuclear matrix is attached to
nuclear bodies and can function as a platform for the assembly of macromolecular structures
including chromatin 101, 102. In agreement with this, matrix-associated DNA regions
frequently colocalize with enhancer [G] and insulator [G] regions. It is therefore
conceivable that the interaction of AIRE with DNA-PK and PI1AS1 is important for the
formation of AIRE-associated nuclear structures or in the regulation of AIRE-mediated gene
expression. For example, AIRE expression increases the formation of PIAS1-containing
nuclear bodies, which are distinct from but localized adjacent to AIRE-containing bodies.
This indicates that AIRE and PIAS1 might associate with a common complex through other
components of the nuclear matrix 98. Simultaneous expression of PIAS1 and AIRE resulted
in the coactivation of an insulin-promoter-driven reporter and this coactivation was
dependent on the SP-RING domain of PIAS1 98. By contrast, AIRE acted as a
transcriptional repressor on the promoter of the housekeeping gene encoding cystatin B.
These results indicate that the effects of AIRE on different gene promoters are modulated by
interactions with other transcriptional regulators such as PIAS1, but might also depend on
DNA elements or the chromatin structure of the specific promoter. Another AIRE-
interacting and nuclear-matrix-associated protein, the DNA-PK complex, has an important
role in DNA repair and in phosphorylation of many proteins involved in transcription and
cell cycling. DNA-PK mainly phosophorylates target proteins that are attached to the same
DNA molecule, and indeed, the /n vitro phosphorylation of two residues (Thr68 and Ser156)
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in the N-terminal region of AIRE by DNA-PK depends on the presence of DNA. The
interaction with DNA-PK also influences AIRE-mediated transcriptional regulation, as
mutations in the putative DNA-PK phosphorylation sites in AIRE markedly decrease its
transcriptional-activation activity 89. Although the functional details of the interaction of
AIRE with these proteins remain to be studied, both DNA-PK and PIASL1 interactions
implicate AIRE in nuclear-matrix-mediated transcriptional regulation.

Transcriptional elongation and histone binding

Although there is general agreement about the role of AIRE in transcriptional regulation, the
molecular mechanisms underlying this function are not well understood. How does AIRE
influence the expression of so many genes? Recent studies associate the function of AIRE
with basic, but apparently separate, aspects of transcription, providing novel insights into
these mechanisms.

One study showed that AIRE promotes transcriptional elongation by binding and recruiting
the positive transcription elongation factor b (P-TEFb) complex to RNA polymerase Il to
target gene promoters 91. Mammalian gene transcription is initiated by binding of RNA
polymerase 11 to gene promoters, thereby ensuring correct formation of the preinitiation
complex for transcription. This complex initiates transcription but does not continue to the
elongation process unless P-TEFb forms a complex with RNA polymerase Il. Recruitment
of P-TEFb removes the negative elongation factor (N-TEF), mediates the phosphorylation of
RNA polymerase Il and thereby allows transcription to proceed to the elongation phase.
Active P-TEFb is a heterodimer of a C-type cyclin (CYCT1, CYCT2 or CYCK) and cyclin-
dependent kinase 9 (CDK9) 103. Both CDK9 and CYCT1 were shown to interact with
AIRE in cell lysates and CYCT1 was seen to partially co-localize with AIRE in the same
nuclear structures. Furthermore, it was found that CYCT1 and CDK9 are present on target
gene (such as /ns2and SptI) promoters and coding regions only in the presence of AIRE.
Moreover, mutations in the mouse Cyc71 gene correlated with decreased thymic expression
of the /ns2and SptI genes, and these mice had lymphocytic infiltrations in their lacrimal
glands 91. These findings link Cyc71 and Cadk9 genes to autoimmune pathogenesis, and
more importantly, indicate a role for AIRE as a global transcriptional activator affecting
different target genes through the stimulation of transcriptional elongation.

Two other studies stem from the recent findings implicating PHD fingers as interaction
domains for histone H3, which is a core structural unit of nucleosomes in chromatin 104.
Interactions between chromatin-binding proteins and histones are subject to subtle changes
as a result of epigenetic modifications of histones 105. These modifications greatly influence
chromatin accessibility and the epigenetic control of transcribed genes. In particular,
trimethylation of histone H3 lysine 4 (H3K4me3) is highly associated with actively
transcribed gene promoters, whereas lack of H3 lysine 4 methylation (H3K4me0) is
associated with silenced genes. Two studies showed that the first PHD finger of AIRE
preferentially binds to the N-terminal tail of histone H3 when lysine 4 is unmethylated,
which indicates a possible role for AIRE in the epigenetic control of target genes 106, 107.
Consistent with this hypothesis, AIRE can activate promoters with low levels of H3K4me3
in a cell-culture model 106. So, it is proposed that outside of their normal functional cell
environment, for example in mTECs, TSA genes are usually not highly expressed and
therefore are unmethylated or monomethylated at histone H3 lysine 4 106. After the
expression of AIRE by CD80MMHC class 11" mTECs, AIRE functions as a transcriptional
activator and can ‘read’ the unmethylated H3K4 to initiate gene expression. Genome-wide
studies of chromatin modifications in pluripotent and differentiated cells have divided genes
into three distinct groups based on the abundance of transcriptionally active H3K4me3 and
silent H3K27me3 modifications 108. As expected, genes containing only H3K4me3 are
typically active and genes containing both modifications are poised for transcription. A third
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set of genes that lacks both modifications in embryonic stem cells is mainly expressed in
differentiated tissues and only obtains significant H3K4 methylation when the cells are
committed to specific lineages 109. This would indicate that TSA genes lacking H3K4me3
on their promoters in mTECs would be preferential targets for AIRE-mediated
transcriptional control. In light of the function of AIRE in enhancing the transcription-
elongation process and the finding that AIRE preferentially binds to particular histone
modifications that are often found in transcriptionally silent promoters, it can be proposed
that AIRE recruits elongation and co-transcriptional mRNA-processing factors to TSA gene
promoters that are otherwise inactive (Figure 2). As a result of AIRE recruitment to such
promoters of TSA genes, expression of a wide range of TSAs would be activated in mTECs.
It remains to be determined whether the recruitment of AIRE to target promoters correlates
with the epigenetic changes of histone modifications.

Stochastic gene regulation?

Analysis of gene-expression patterns in AIRE-deficient mice and in transfected cells
indicates that AIRE might function not only as an activator but also as a repressor of
multiple genes 87, 96, 98, 110. Although it cannot be excluded that the repressive effects of
AIRE are indirect, this bidirectional nature of transcriptional regulation and the large
number of regulated genes indicates that AIRE has a more complicated function than simple
transcription-factor activity.

As the AIRE-regulated genes tend to occur in clusters, it has been proposed that AIRE
functions as a regulator of genomic clusters 87, 96, 111. Co-regulation of clustered genes is
a common phenomenon in the eukaryotic genome and is found in many cell types.
According to this view, AIRE is recruited to discrete locations in chromatin together with
other components of the transcriptional machinery 87, possibly through the interaction with
the nuclear matrix. As a result, the expression of certain genes within the cluster is activated,
whereas transcription of other genes is repressed (Figure 3). So far, however, there is no
evidence that AIRE binds to any specific regulatory element or somehow changes chromatin
structure within the gene clusters. The observed clustering of AIRE target genes and their
expression by mTECSs could be due to the accessibility of open chromatin regions,
independent of the tissue specificity of the genes or their requirement for thymic negative
selection 3. In this light, it is conceivable that AIRE functions in protein complexes of
transcriptional regulators that access specific chromatin regions.

A recent single-cell PCR analysis of genes localized to the casein locus, which is one of the
gene clusters regulated by AIRE, showed that random combinations of casein locus genes
were expressed by single mTECs rather than the uniform coexpression of all genes in the
locus by every cell, as occurs in mammary epithelium 44. These findings were also
supported by another study analysing S100 gene cluster 112. Although the approach has its
limitation by providing a static picture of an otherwise very dynamic process, it might be
anticipated that this phenomenon applies to other gene clusters that are regulated by AIRE.
This indicates that AIRE might activate genes in a stochastic manner (Figure 3). Recent
studies have shown that identical cell clones show variations in the expression of proteins in
an individual cell. For example, a transcriptional regulator that is equally present in two
identical cells might be bound to a promoter in one cell and unbound in another cell,
resulting in unequal amounts of expressed protein per cell 113. The stochastic nature of gene
expression is influenced by fluctuations in several factors, including varying amounts of
gene regulators, availability of chromosomal positions or posttranscriptional regulation
events such as mMRNA processing and stability 114-116. The emerging view is that the
assembly of large macromolecular transcriptional complexes on chromatin occurs through
the short-period stochastic recruitment of soluble preformed subcomplexes. According to
this so-called self-organization model, transcriptional protein subcomplexes freely diffuse in
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the nucleoplasm, scan for specific binding sites, and stochastically assemble around the
genes forming transcriptional centers for a short period of time 117. Furthermore, AIRE-
regulated genes in mTECs seem to be expressed at relatively low levels 19, 44(P.P., T.O.
and A.R., unpublished observations). This observation might be seen as additional evidence
for stochastic gene expression of AIRE regulated genes, as genes with a low expression
level tend to have more fluctuations in their expression and are more susceptible to
stochastic transcriptional changes 118, 119.

The stochastic model of AIRE action is not in conflict with the proposed role of AIRE in the
regulation of genomic clusters. Large chromatin loops containing gene clusters are formed
in the nucleus and placed into distinct nuclear environments to optimize their activity. The
spatial distribution and transcriptional activation of clusters is driven by stochastic self-
organization in the nucleus that might contribute to various gene-expression patterns 120.
Accordingly, the selection and the control of AIRE-regulated genes would be determined by
the epigenetic or transcriptional status of the target genes and by other transcriptional
proteins, which could vary between specific cellular environments. In support of this, there
is little overlap of gene expression between mTECs, extrathymic AIRE-expressing cells in
lymph nodes and various cell lines with overexpression of AIRE 19, 121, 122 (P.P., T.O.
and A.R., unpublished observations). In conclusion, the role of AIRE in the regulation of
gene clusters, presumably acting in a stochastic manner, and its function in transcriptional
elongation and histone binding makes AIRE an interesting model protein, not only for
studies of the mechanisms of immune tolerance but also for research into the transcriptional
regulation of complex higher-order chromatin structures.

Future directions

Unravelling the mechanisms of negative selection of self-reactive T cells in the thymus is
important to improve our knowledge of the development of autoimmune pathogenesis.
Clearly, AIRE is one of the key regulators of promiscuous expression and is central to the
thymic-selection process, as a considerable amount of data accumulated from mouse studies
have shown its role in the deletion of self-reactive T cells. Recent studies, however,
challenge the view that AIRE-mediated self-antigen expression is the only reason for
defective negative selection in Aire-deficient thymus (for review 18, 123). In this context, it
will be important to clarify whether and how AIRE contributes to other mechanisms in the
thymus, for example by promoting the expression of chemokines, increasing antigen-
processing and/or -presentation capacity of mTECs or modulating thymic differentiation
programs. Obviously, our understanding of cellular events needs to be integrated with the
information about the molecular mechanisms of AIRE action, and therefore, the interacting
partners and role of AIRE in transcription, chromatin organization and epigenetic regulation
remain important topics for further studies. Finally, we have just begun to understand the
specific signals and factors that determine the expression of AIRE in mTECs and further
analysis of these mechanisms should help us to modulate the expression of TSAs (for
example insulin) and hopefully to develop better treatments to prevent autoimmunity.

BOX 1. Autoimmune polyendocrinopathy candidiasis ectodermal
dystrophy (APECED)

APECED (also known as autoimmune polyendocrine syndrome type 1, APS1) is a rare
monogenic autoimmune syndrome (http://www.apeced.net) caused by mutations in
autoimmune regulator (AIRE). The disease is more common among certain populations,
such as Finnish (1: 25000) and Sardinian (1:14000) populations. Most commonly,
patients with APECED have chronic mucocutaneous candidiasis, hypoparathyroidism
and Addison’s disease. The spectrum of clinical features is broad and variable and
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includes several endocrine autoimmune disorders such as premature gonadal failure,
hypothyroidism, hypophysitis, pernicious anaemia, type 1 diabetes, autoimmune hepatitis
and gastritis, as well as autoimmune skin diseases such as alopecia and vitiligo (for a
Review, see REF 12). Patients with APECED characteristically have serum
autoantibodies specific for self antigens that often have structural or functional
similarities. The self antigens are usually enzymes that are expressed tissue-specifically
— for example, steroidogenic P450 enzymes that are expressed in the adrenal cortex and
gonads, insulin expressed in pancreatic islets or the recently described NALP5 expressed
in parathyroid glands 124 (for a Review, see REF 13). The presence of specific
autoantibodies correlates with or can even predict the outcome of disease. For example,
autoantibodies specific for type | interferons are so prevalent and specific to patients with
APECED that they can be used as diagnostic markers for the disease 125. These
antibodies result in a decrease in the expression of interferon-stimulated genes in blood
cells 126, which resembles the autoimmune pathogenesis in thymomas 127. Currently,
approximately 60 different mutations in the A/RE gene have been reported in patients
with APECED, of which the two most common mutations are R257X in exon 6 and a 13-
base-pair deletion in exon 8. The mechanistic explanation for the association of the
clinically important condition chronic mucocutaneous candidiasis with APECED is
unknown. Unfortunately, AIRE-deficient mice seem not to be overtly susceptible to
candidiasis (Hubert FX and Scott HS, personal communication), which might result from
differences between mouse and human immune systems 128. This underlines the
importance of studies with samples from human patients with APECED.

BOX 2. AIRE expression in the periphery

In addition to AIRE expression in mTECs, AIRE expression has been reported in
peripheral lymphoid tissues, such as lymph nodes and spleen, and in other tissues. Most
of these reports have described A/RE mRNA in monocytes or dendritic cells (DCs) 35,
121, 129, 130, lymphocytes 131 or spermatogonia 132; however, the expression of AIRE
in peripheral tissues at the protein level has been controversial and, for example, a recent
study failed to detect AIRE protein in various subsets of DCs 133. Nevertheless, there are
several indications of AIRE involvement outside of the thymus as AIRE-deficient mice
have increased numbers of blood monocytes and an increased risk of marginal-zone B-
cell lymphoma, which might indicate a defect in the early differentiation of myeloid-
lineage monocyte and metallophilic macrophage cells, which therefore modifies their
phenotype in the periphery 134. In support of AIRE expression by the monocyte-DC
lineage, AIRE-deficient DCs have increased ability to activate naive T cells 135 and have
increased expression of VCAML1 135, 136. The expression of AIRE in the periphery is,
however, not limited to monocytes and DCs. Recent studies have identified a rare stromal
type of Aire-expressing cells in lymph nodes and spleen 122, 137. These cells are
negative for the DC marker CD11c and fibroblastic reticular cell markers but express the
epithelial marker EpCam, and MHC class Il molecules and programmed death-1 ligand 1
(PDL1), but somewhat surprisingly do not express the costimulatory molecules CD80
and CD86. Most importantly, similarly to thymic AIRE-expressing cells, these AIRE*
peripheral cells, which are generally confined to the T-cell zones of the secondary
lymphoid organs, can express endogenously expressed TSAs and promote the deletion of
self-reactive T cells. As the characterization of the extrathymic AIRE-expressing cell
phenotype was made using transgenic mice expressing green fluorescent protein from the
AIRE promoter, further studies are required to prove the existence of these cells in more
physiological settings and to confirm the presence of AIRE-expressing cells in human
secondary lymphoid tissues. The finding that AIRE can regulate the expression of TSAs
in peripheral lymphoid tissues lends support to the idea that peripheral expression of self
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antigens serves as a complement for AIRE-mediated negative selection of self-reactive T

cells in the thymus.
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Glossary

Negative
selection

Central
tolerance

Non-obese
diabetic (NOD)
mice

Penetrance

Sjogren
syndrome

Tight junction

Lymphoid-
tissue inducer
cells

Caspase-
recruitment
domain

The deletion of self-reactive thymocytes in the thymus. Thymocytes
expressing T-cell receptors that strongly recognize self-peptide bound
to self-MHC molecules undergo apoptosis in response to the signalling
generated by high-affinity binding of their target antigen presented by
cells in the thymic medulla.

The lack of self-responsiveness that occurs during lymphocyte
development in the central lymphoid organs. B-cell progenitors in the
bone marrow and T-cell progenitors in the thymus that strongly
recognize self antigen either undergo further rearrangement of antigen-
receptor genes to avoid reactivity to self or face deletion by apoptosis.

NOD mice develop spontaneous diabetes, including the development of
islet-specific autoantibodies and inflammation of the pancreatic islets.

The proportion of affected individuals among carriers of a particular
genotype. If all individuals with a disease genotype show the disease
phenotype, then the disease is said to be completely penetrant.

An organ-specific autoimmune disorder characterized by lymphocytic
infiltrates, tissue destruction and functional decline of salivary or
lacrimal glands, and the systemic production of autoantibodies to
ribonucleoproteins.

A belt-like region of adhesion between adjacent epithelial or
endothelial cells that regulates paracellular flux. Tight-junction proteins
include the integral membrane proteins occludin and claudin, in
association with cytoplasmic zonula occludens proteins.

A cell that is present in developing lymph nodes, Peyer’s patches and
nasopharynx-associated lymphoid tissue (NALT). Lymphoid-tissue
inducer cells are required for the development of these lymphoid
organs. The inductive capacity of these cells for the generation of
Peyer’s patches and NALT has been shown by adoptive transfer, and it
is generally assumed that they have a similar function in the formation
of lymph nodes.

(CARD). A protein domain that is found in certain initiator caspases
(for example, mammalian caspase-9) and their adaptor proteins (for
example, apoptotic-protease-activating factor 1, APAF1) that function
in inflammation and apoptosis. This domain mediates protein-protein
interaction.

Nat Rev Immunol. Author manuscript; available in PMC 2009 November 30.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Peterson et al.

Page 12

PHD zinc- These comprise about 60 amino acids and are characterized by a
finger domains C4HC3 (four cysteines, one histidine, three cysteines) signature that

binds two zinc ions. They have been shown recently to bind to histone
H3 modified or unmodified at specific residues.

Nuclear bodies Structurally and functionally heterogenous subnuclear structures (0.2—

1m) present in most mammalian cells that have been implicated in
cellular senescence, apoptosis, proliferation and maintenance of
genomic stability through transcriptional repression, transcriptional
activation and protein degradation.

Nuclear matrix A network of nuclear proteins that provides a structural framework for
chromatin organization.

Nuclear Dynamic subnuclear structures that contain pre-messenger RNA

speckles splicing factors and other proteins that are involved in transcription, 3'-

end RNA-processing and reversible protein phosphorylation.

Insulator A boundary element in genome that may block activity of nearby

enhancer regions or function as barrier against heterochromatin
spreading into active chromatin area.

Enhancer A region of DNA that can bind activator proteins, which can initiate the
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Figure 1. Schematic representation of human AIRE protein

The domains and functional elements of the AIRE protein are shown in different colors;
CARD (caspase-recruitment domain), SAND (Sp100, AIRE-1, NucP41/P75 and Drosophila
DEAF-1), PHD (plant homeodomain), PRR (proline-rich region), L (LXXLL motive), NLS
(nuclear-localization signal). Functions of AIRE are shown in boxes and indicated by arrows
pointing to the corresponding domain, if known. The CARD (caspase-recruitment domain)
has been implicated in homo-oligomerization and is required for nuclear-dot formation and
for the heterodimerization of CARD proteins that function in inflammation or apoptosis.
Interaction of the CARD with PIAS1 (Protein Inhibitors of Activated STAT) proteins
influences the transactivation ability of AIRE. SAND is a putative DNA-binding domain.
The first PHD finger has been shown to interact with histone H3 unmethylated at lysine 4
and DNA-PK (DNA protein kinase). Both of these interactions are required for proper
transactivation. In addition, PHD1 has been shown to have E3 ubiquitin ligase activity, a
mechanism by which a ubiquitin molecule is covalently attached to the target protein. AIRE
has also been shown to interact with the transcriptional coactivator CBP (CREB binding
protein) and positive transcription elongation factor b (P-TEFb). The latter interaction
indicates that AIRE might function in elongation rather than the initiation of transcription. In
addition, AIRE has shown to bind the nuclear matrix.
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Figure 2. Proposed mechanism of AIRE-mediated gene activation

AIRE is preferentially recruited to promoters with low levels of histone H3K4me3 (histone
H3 trimethylated at lysine 4). In addition to histone binding, a direct interaction with DNA
might be necessary to guide AIRE to specific regions. On target gene regulatory regions,
AIRE recruits a P-TEFb complex that phosporylates serine residues of RNA polymerase I1.
This phosphorylation converts the polymerase from a paused to elongating form and results
in the activation of gene expression. AIRE also interacts with CBP, which acetylates
histones allowing further access to chromatin and DNA. Interaction of AIRE with DNA-PK
and PIAS proteins further modulates transcriptional activation. DNA-PK can phosphorylate
AIRE and, through the interaction with nuclear matrix, collaborate with AIRE in the
formation of chromatin loops. Because of the adjacent localization of PIAS1- and AIRE-
containing nuclear bodies, PIAS1 might also function in the nuclear organization of
chromatin.
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Figure 3. Stochastic and coordinated regulation of target genes

In the nucleus AIRE (green circles) is seen in nuclear bodies or recruited to target gene
regions. A genomic cluster with four genes is depicted. Genes 1, 3, and 4 are regulated by
AIRE; gene 2 is an AIRE-independent gene, which can be active or inactive. In the case of
coordinated regulation (upper part), tight transcriptional control is used and the same genes
are expressed in nucleus 1 and nucleus 2. Stochastic expression (lower part) leads to
fluctuations in the genes that are activated in different nuclei, so that various combinations
of clustered genes are expressed in each single cell. In both cases, all three AIRE-regulated
cluster genes are expressed when analyzed on a population level. The expression of gene 2
might or might not be influenced by indirect changes in chromatin structure. For example,
chromatin reorganization by AIRE might lead to mild repression of gene 2.
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