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1. INTRODUCTION 
 
The immune system has evolved to protect the host from diseases, which can be 
caused by pathogens or tumor cells. It consists of specialized molecules, cells, 
tissues and organs. In order to function properly, the immune system has to 
identify and mount immune responses to foreign molecules while remaining 
tolerant to molecules produced by the host. How the immunological tolerance to 
self antigens is achieved has intrigued scientists for years and it is far from 
being fully understood. The breakdown of the immunological tolerance to self 
may lead to autoimmune diseases. The causal mechanisms of majority of 
autoimmune diseases are unknown, because they are complex traits influenced 
by different genetic and environmental factors.  

In rare cases, mutations in a single gene are sufficient to cause an auto-
immune disease. These rare diseases provide a unique model to better under-
stand the mechanisms that lead to the development or break-down of self-
tolerance. One such example is APECED (Autoimmune Polyendocrinopathy 
Candidiasis Ectodermal Dystrophy) syndrome caused by mutations in AIRE 
(Autoimmune Regulator) gene. APECED is characterized by a breakdown of 
self-tolerance leading to destructive autoimmune reactions in several, mainly 
endocrine, organs. AIRE is predominantly expressed in thymic medullary 
epithelial cells (mTECs) where it promotes the promiscuous expression of 
tissue-specific antigens, which can then be presented to developing thymocytes. 
This results in proper negative selection of autoreactive T-cells and is therefore 
crucial for the establishment of central tolerance.  

The molecular mechanisms behind AIRE mediated gene expression 
activation are not clear. One factor that influences gene expression is chromatin 
structure, which is shaped by several means, including histone posttranslational 
modifications. Certain protein domains, like PHD (plant homeodomain) zinc 
fingers, have been shown to recognize specific histone posttranslational modifi-
cations. Proteins with such domains can selectively interact with chromatin and 
thereafter launch downstream events.  

Current thesis focuses on studying the molecular mechanisms behind AIRE 
promoted promiscuous expression of tissue-specific antigens, concentrating on 
the function of the first PHD finger domain of AIRE.  
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2. REVIEW OF LITERATURE 
 

2.1. Central tolerance and AIRE 
 

2.1.1. Immune tolerance 
 
Immune or immunological tolerance is a property of the immune system not to 
react against specific antigens. Although immune tolerance can be generated 
against foreign antigens, it is especially important in maintaining unresponsi-
veness to self constituents. The mechanisms that lead to self-immune tolerance 
can be broadly divided into two: central tolerance and peripheral tolerance. 
Central tolerance occurs in the thymus during lymphocyte development and 
leads to the elimination of majority of T-cells that are potentially dangerous to 
the host (Kyewski and Klein, 2006). Peripheral tolerance operates outside of 
thymus and is needed to keep these self-reactive T-cells under control that have 
escaped the mechanisms of central tolerance (Mueller, 2010).   

 
 

2.1.2. Thymus as a place for central tolerance 
 

T-cells originate from the common lymphoid progenitors residing in the bone 
marrow but for their maturation and selection the T-cell progenitors migrate to 
the thymus. Thymus consists of two lobes that are organized into numerous 
lobules each consisting of separate outer cortex, which contains the majority of 
immature thymocytes, and inner medulla, which contains more mature T-cells. 
The thymus is hold together by supporting network of stromal cells including 
thymic epithelial cells (TECs), dendritic cells (DC), macrophages and fibro-
blasts. Thymocytes and stromal cells interact tightly with each other. Thymic 
stromal cells are needed for the T-cell development and selection. Thymocytes 
in turn coach the stromal cells to provide the appropriate microenvironment to 
promote further thymocyte development. This bidirectional lympho-stromal 
crosstalk creates a unique environment that cannot be recapitulated by any other 
tissue in the body (Nitta et al., 2008). 

Within thymus, thymocytes undergo a series of maturation stages, which 
require their dynamic relocation and can be classified by the surface expression 
of CD4 and CD8 molecules (Figure 1). After entering the thymus at the cortico-
medullary junction, CD4-CD8- double negative (DN) thymocytes first migrate 
through the cortex outwards to the sub-capsular zone, then move back inwards, 
become double positive (DP) and finally, once they reach medulla, become 
single positive (SP). During this journey, thymocytes rearrange their T-cell 
receptor (TCR) gene sequences, which lead to TCRs with a huge repertoire of 
antigen specificities. As the generation of TCR diversity is random, many of the 
resulting TCRs are either unfunctional or recognize self-proteins. The 
generation of T-cell repertoire that is functional and self-tolerant is achieved 
when thymocytes are presented with different self-peptides bound to the major 
histocompatibility (MHC) complex on the surface of antigen-presenting cells 
(APCs). T cells that do not recognize MHC molecules with high enough avidity 

4
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undergo apoptosis. This process, known as a positive selection, takes place in 
the cortex and ensures the elimination of unfunctional T-cells. In order to 
maintain tolerance to self-antigens, autoreactive T-cells that have passed posi-
tive selection go through further screening. Thymocytes with TCRs that bind to 
MHC-peptide complex with high avidity are eliminated by apoptosis. This 
process, called negative selection, occurs mainly in medulla and ensures that 
most of the self-reactive T-cells are eliminated before they migrate out of the 
thymus. Positive and negative selection together eliminate more than 95% of all 
thymocytes and only the small minority of remaining thymocytes can finish 
their differentiation and migrate out of the thymus (Kyewski and Klein, 2006; 
Klein et al., 2009). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. The thymocyte migratory route in the thymus. Developmental stages (double-
negative (DN), double-positive (DP) and single-positive (SP)) and interactions of 
thymocytes with stromal cells (cortical thymic epithelial cells (cTECs), medullary TECs 
(mTECs) and dendritic cells (DCs)), that are needed for positive and negative selection, 
are indicated. Adapted from (Klein et al., 2009). 
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While dendritic cells are the most efficient antigen presenting cells in the 
thymus, mTECs have unique role in maintaining self-tolerance since they are 
able to express large number of genes that are usually expressed only in specific 
tissues (Derbinski et al., 2001). This ectopic or promiscuous expression of 
tissue-specific genes significantly broadens the repertoire of self-antigens that 
can be presented to developing T-cells and is therefore crucial for establishing 
central self-tolerance (Tykocinski et al., 2008).  

 
 

2.1.3. Autoimmunity 
 

The failure of an organism to recognize its own constituents as self leads to 
autoimmunity, which results in an immune response against its own cells and 
tissues and may lead to an autoimmune disease. Autoimmune disorders fall into 
two general types: those that damage many organs (systemic) and those where 
only a single organ or tissue is directly damaged by the autoimmune process 
(organ-specific). Some of the most common types of autoimmune disorders in-
clude: type 1 diabetes, celiac disease, systemic lupus erythematosus, rheumatoid 
arthritis. The cause of majority of the autoimmune diseases is unknown, but in 
many cases, in addition to environmental factors, there is an inherited genetic 
predisposition to develop an autoimmune disease (Gregersen and Olsson, 
2009). In rare cases mutations in a single gene are sufficient to cause an auto-
immune disease. These diseases provide unique model systems to study diffe-
rent aspects of self-tolerance development. Currently there are four examples of 
monogenic autoimmune diseases: IPEX (immune dysregulation, polyendo-
crinopathy, enteropathy, X-linked) (OMIM 304930), ALPS (autoimmune 
lymphoproliferative syndrome) (OMIM 601859), IL-2Rα deficiency (OMIM 
601859), and APECED (OMIM 240300) (Lehman and Ballow, 2008). 

 
 

2.1.4. Autoimmune Polyendocrinopathy  
Candidiasis Ectodermal Dystrophy 

 
Autoimmune Polyendocrinopathy Candidiasis Ectodermal Dystrophy (APECED) 
also known as Autoimmune Polyendocrine Syndrome Type 1 (APS-1) is a 
monogenic autoimmune disease inherited in autosomal recessive manner 
(Husebye et al., 2009). APECED is a rare disease worldwide, with higher 
frequency among certain populations such as Iranian Jews (1:9000) (Zlotogora 
and Shapiro, 1992), Sardinians (1:14000) (Rosatelli et al., 1998) and Finns 
(1:25000) (Ahonen et al., 1990). The disease is characterized by breakdown of 
self-tolerance leading to autoimmunity that targets multiple, most commonly 
endocrine organs. The classic triad of clinical manifestations includes hypo-
parathyroidism, primary adrenocortical insufficiency and chronic mucocuta-
neous candidiasis. In addition, many other autoimmune disease components 
occur less frequently in various combinations (Husebye et al., 2009). Inte-
restingly, the pattern of autoimmune disease in this syndrome shows a tendency 
for organ-specific autoimmunity, because systemic autoimmune diseases, such 
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as systemic lupus erythematosus and rheumatoid arthritis, are not usually 
described in APECED patients (DeVoss and Anderson, 2007). The diagnosis of 
APECED has been simplified by the finding of high titre autoantibodies against 
interferon-ω and -α2 at early stage of the disease, which provides a relatively 
simple diagnostic test (Meager et al., 2006). After the identification of the 
disease-causing gene AIRE in 1997, APECED has become a major disease 
model for autoimmunity, which has lead to a new understanding of central 
immunological tolerance (Finnish-German_APECED_Consortium, 1997; 
Nagamine et al., 1997). 

 
 

2.1.5. AIRE 
 

The Autoimmune Regulator (AIRE) gene locates on human chromosome 
21q22.3, is 13 kb in size, consists of 14 exons and encodes for a 545 amino acid 
protein with a molecular mass of approximately 58 kDa. The AIRE protein con-
tains several domains characteristic for transcriptional regulators and chromatin-
binding proteins (Figure 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic representation of human AIRE protein. The domains and 
functional elements of the AIRE protein are shown in different colors; CARD, SAND, 
PHD, PRR, L, NLS. Functions of AIRE are shown in boxes and indicated by arrows 
pointing to the corresponding domain, if known.  
 
 
The N-terminal region of AIRE contains homologously staining region (HSR) 
domain, which is structurally highly similar to caspase recruitment domain 
(CARD) (Ferguson et al., 2008) and has been shown to be responsible for the 
dimerization of the protein (Pitkanen et al., 2001). CARD domain is followed 
by SAND domain, named after Sp100, AIRE-1, NucP41/75 and DEAF-
1/suppressin, that has been shown to be responsible for DNA binding in other 
proteins (Gibson et al., 1998). The DNA-binding specificity of SAND domain 
in other proteins seems to be rather flexible; comprising short recognition 
motives that contain CG nucleotides and is therefore methylation sensitive 



 17

(Burnett et al., 2001; Isaac et al., 2006). The KD/NWK motif needed for DNA 
binding, however, is not conserved in AIRE. The C-terminal region of AIRE 
contains two plant homeodomain (PHD) zinc fingers, which are separated by 
proline rich region (PRR). Mutations in AIRE PHD fingers markedly reduce the 
transcriptional activation capacity of the protein (Bjorses et al., 2000; Pitkanen 
et al., 2000; Halonen et al., 2004; Meloni et al., 2008). The first PHD finger has 
been suggested to have E3 ubiquitin ligase activity (Uchida et al., 2004), this 
has, however, not been supported by other studies (Bottomley et al., 2005). No 
specific function has been found for the second PHD finger of AIRE. In 
addition, AIRE contains nuclear localization signal (NLS) and four LXXLL  (L) 
motives, which occur in transcriptional co-activator proteins such as CBP 
(CREB-binding protein) (Pitkanen et al., 2001). 

Much of the information available for AIRE has become from the studies 
with mice. Human and mouse AIRE are highly similar. The overall identity 
between the mouse and human AIRE proteins is 71%. Mouse Aire localizes to 
chromosome 10, is split into 14 exons over 13 kb and encodes for a protein of 
552 amino acids (Mittaz et al., 1999). Similar to APECED patients, mice 
deficient for Aire develop autoimmune phenotype with lymphocytic infilt-
rations in several peripheral tissues, most commonly in salivary glands, eyes, 
stomach and liver (Anderson et al., 2002; Ramsey et al., 2002). Although there 
are several differences in autoantigens and disease manifestations between mice 
and human, Aire deficient mice still provide a good model for studying AIRE 
function and the mechanisms of central tolerance (Mathis and Benoist, 2009).  

 
 

2.1.6. AIRE function in the thymus 
 

AIRE is expressed in thymus mainly by a subpopulation of mTECs, which are 
characterized by the high expression of MHC class II molecules and are positive 
for the co-stimulatory molecules CD80 and CD86 (Heino et al., 1999; 
Derbinski et al., 2005). These are considered to be mature, terminally diffe-
rentiated mTECs (Derbinski et al., 2005; Gray et al., 2007). Intracellularly, 
AIRE localizes to nucleus, where it forms discrete dot-like structures, which are 
distinct from promyelocytic leukemia (PML) nuclear bodies (Halonen et al., 
2001; Pitkanen et al., 2001). The function of the AIRE nuclear bodies is not 
known, but it seems that they are not the sites of active transcription (Pitkanen 
et al., 2005). 

Gene expression analysis of mTECs from Aire deficient and WT mice 
thymus revealed that Aire is needed for the expression of large repertoire of 
transcripts (200-1200), many of which are characterized by tissue-specific 
expression pattern (Anderson et al., 2002). Further experiments showed that the 
thymic expression of peripheral tissue-specific antigens is needed for the proper 
negative selection of self-reactive T-cells (Liston et al., 2003; Anderson et al., 
2005). Therefore, according to current knowledge, the mechanism by which 
AIRE ensures proper negative selection involves the promotion of tissue-
specific antigen expression in mTECs (Figure 3).  

 

5



 18

 
 
Figure 3. AIRE enhances the scope of negative selection. Thymocytes expressing 
various TCR specificities migrate through the thymic medulla and make contact with 
mTECs and dendritic cells, which present self-peptide-MHC complexes on their 
surface. The avidity of interaction between the TCR and peptide-MHC complex 
determines the survival of the thymocyte, where self-reactive thymocytes are deleted by 
apoptosis (red cross). In the presence of AIRE, mTECs express a large number of 
tissue-specific antigens (green rhombs, blue circles, and yellow triangles inside mTEC). 
Although single mTECs do not express all the tissue-specific antigens, the pool of 
mTECs encompasses self antigens that cover essentially all tissues of the body. The 
presentation of these antigens to developing thymocytes results in the efficient negative 
selection of self-reactive thymocytes (blue and green) so that mostly non-self-reactive 
thymocytes exit to the periphery (orange). In the absence of AIRE, a large subset of 
potentially self-reactive thymocytes (green) is not deleted, because of aberrant 
expression and presentation of certain tissue-specific antigens, and these self-reactive 
cells escape to the periphery. 
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The importance of intrathymic expression of tissue-specific antigens is under-
lined by studies which show that lack of thymic expression of a single antigen 
can be sufficient to elicit an autoimmune attack against the corresponding 
peripheral tissue (DeVoss et al., 2006; Gavanescu et al., 2007; Fan et al., 2009). 
Therefore, to ensure immune tolerance, the expression of tissue-specific anti-
gens in the thymus must be carefully regulated. In addition to promoting the 
expression of tissue-specific genes, there is evidence that AIRE might also 
influence other processes, such as processing and/or presentation of self-
antigens (Kuroda et al., 2005), differentiation of mTECs (Yano et al., 2008) or 
induction of apoptosis (Gray et al., 2007). 
 
  

2.1.7. AIRE as a transcriptional activator 
 
Already the domain structure of the AIRE protein suggests that it might 
function as transcriptional activator. Indeed, in addition to mTECs AIRE is 
capable of activating gene expression in various cell models. The region 
responsible for transcriptional activation was first mapped to the two PHD zinc 
fingers (Bjorses et al., 2000; Pitkanen et al., 2000). Later studies showed that 
other parts of the protein and several mutations in CARD and SAND domain 
also influence the transactivation ability to different degrees (Halonen et al., 
2004; Pitkanen et al., 2005; Ferguson et al., 2008; Meloni et al., 2008). There-
fore, it seems that different regions of AIRE have distinct functions, which 
depending on the experimental model used are required for the transactivating 
ability. 

The molecular mechanisms behind AIRE mediated transcriptional activation 
are not well understood. Although there are studies suggesting that AIRE might 
directly bind to certain DNA sequences (Kumar et al., 2001; Purohit et al., 
2005; Ruan et al., 2007), conclusive data showing that AIRE binds to defined 
cis-acting sequences are still lacking. Instead, recent data suggest that AIRE 
might bind DNA in a rather unspecific fashion (Koh et al., 2008). Data that 
AIRE is capable of activating large number of genes, which vary according to 
the cell type also suggest that it might have more general function in 
transcription (Gardner et al., 2008; Guerau-de-Arellano et al., 2008). The 
variation, or stochastic nature of AIRE regulated gene expression, is further 
extended by studies which used single cell PCR to show that the expression of a 
given AIRE dependent tissue-specific gene in mTECs is probabilistic (Der-
binski et al., 2008; Villasenor et al., 2008). In addition, the expression can be 
monoallelic, use different start sites compared to peripheral tissues and is 
independent of transcriptional regulators required for the expression of these 
genes in the periphery (Villasenor et al., 2008). Furthermore, the promiscuous 
gene expression of tissue-specific genes, including those that are controlled by 
AIRE, show high intra-individual variability, both in human and in mice 
(Taubert et al., 2007; Venanzi et al., 2008).      

Most likely AIRE cooperates with other proteins in order to exert its 
functions. In principle, these other proteins could work upstream, downstream 
or concurrently with AIRE. Indeed, AIRE has been shown to interact with 
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several proteins. CBP, a common transcriptional co-activator was the first 
protein shown to interact with AIRE (Pitkanen et al., 2000). CBP is a histone 
and non-histone acetyltransferase that synergizes with AIRE to activate trans-
cription of several reporter constructs and endogenous genes (Akiyoshi et al., 
2004; Pitkanen et al., 2005; Ferguson et al., 2008). In case of low PML protein 
levels, AIRE and CBP preferentially colocalize to nuclear bodies (Pitkanen et 
al., 2000). Recent data show that upregulation of AIRE through the RANK 
(receptor activator of NF-κB) signaling in fetal thymic organ cultures is ac-
companied by migration of CBP from cytoplasm to nucleus where it can 
cooperate with AIRE in transcriptional activation (Ferguson et al., 2008).  

AIRE has been shown to interact with DNA-dependent protein kinase 
(DNA-PK) complex, which is a serine/threonine kinase, composed of two 
regulatory subunits (Ku70 and Ku80) and a large catalytic subunit DNA-PKcs 
(Liiv et al., 2008). DNA-PK is involved in DNA repair and in the phospho-
rylation of many proteins that are implicated in transcription and regulation of 
cell cycle. DNA-PK can phosphorylate AIRE in vitro and this influences AIRE-
mediated transcriptional regulation, as mutations in the putative DNA-PK 
phosphorylation sites in AIRE markedly decrease its transcriptional activation 
ability (Liiv et al., 2008).  

Protein inhibitor of activated STAT1 (PIAS1) is another interaction partner 
of AIRE (Ilmarinen et al., 2008). Although PIAS proteins function as E3 
SUMO ligases, AIRE is not sumoylated. AIRE and PIAS1 localize to adjacent 
nuclear bodies and the simultaneous expression of PIAS1 and AIRE results in 
the coactivation of an insulin-promoter-driven reporter, and this co-activation is 
dependent on the SP-RING domain of PIAS1 (Ilmarinen et al., 2008).  

Both of these AIRE partner proteins (DNA-PK and PIAS1) have been shown 
to bind nuclear-matrix-associated DNA sequences (Mauldin et al., 2002; Okubo 
et al., 2004). Nuclear matrix serves as a platform for the organization of macro-
molecular structures, such as chromatin and nuclear bodies (Hancock, 2004; 
Rowat et al., 2008). In agreement with this, AIRE has been also shown to be 
tightly bound to nuclear matrix (Tao et al., 2006). However, the functional 
details of these interactions with AIRE and their relevance in nuclear matrix 
mediated transcriptional regulation remain to be studied. 

A study by Oven et. al showed that AIRE promotes transcriptional elon-
gation by binding and recruiting positive transcription elongation factor b (P-
TEFb) complex to target gene promoters with stalled DNA polymerase II (Oven 
et al., 2007). P-TEFb is a heterodimer of CDK9 and CYCT1 proteins that is a 
key factor in promoting transcriptional elongation. Mammalian gene trans-
cription is initiated by the binding of RNA polymerase II to gene promoters and 
the formation of the pre-initiation complex. Recent studies have shown that 
large number of inactive eukaryotic genes actually contain pre-initiation 
complexes on their promoter regions, that produce short mRNAs but are unable 
to proceed further (Guenther et al., 2007; Muse et al., 2007). The phospho-
rylation of RNA polymerase II by P-TEFb results in dissociation of the negative 
elongation factors and enable the transcription to proceed to elongation phase 
(Peterlin and Price, 2006).  



 21

In a very recent study, Abramson et. al performed a broad screen to identify 
AIRE interacting proteins by co-immunoprecipitations followed by mass 
spectrometry (MS) (Abramson et al., 2010). They managed to identify many 
proteins in complex with AIRE, which could be divided into four functional 
categories: proteins involved in nuclear transport (e.g. XPO1, NUP93, KPNB1), 
which were shown to mediate the shuttling of AIRE into or out of the nucleus; 
chromatin binding/structure (e.g. histones, the cohesin complex, etc); post-
initiation RNA polII mediated transcription events (e.g. a putative complex of 
DNA-PK/PARP1/TOP2a/FACT) and pre-mRNA processing (including several 
splicing factors and RNA helicases). They also evaluated the functional rele-
vance of candidate AIRE-associated proteins by a number of RNA interference 
based and other assays focusing on proteins in the two latter functional cate-
gories. In a series of experiments, they showed that AIRE is involved in pro-
motion of TOP2a-initiated double stranded brakes (DSBs), which are able in 
turn to recruit and activate multiple members of this complex, such as DNA-
PK, Ku80, PARP1 and histone H2AX, as well as several other AIRE-associated 
molecules, including SMC1, TRIM28, MSH2/6, and RUVBL2. TOP2a-intro-
duced DNA breaks ease superhelical tensions generated by advancing RNA 
polII during transcriptional elongation, which helps it to proceed more smoothly 
by unwinding the DNA helix, resulting in more efficient mRNA synthesis. In 
another series of experiments they showed that, while AIRE controlled the 
levels of fully spliced mRNAs from a number of genes, it had strikingly little 
effect on the corresponding unspliced pre-mRNAs suggesting its role in mRNA 
processing. Considering that in eukaryotes, transcript elongation and pre-
mRNA processing occur simultaneously, and that they are tightly coupled 
spatially (Moore and Proudfoot, 2009), the above findings are not surprising. 
However, the exact role of AIRE in modulating the above mentioned processes 
requires more research.  
 
 

2.2. Transcriptional control of gene expression 
 

2.2.1. Chromatin 
 
For the expression of a gene, the underlying DNA needs to be accessible to the 
transcriptional machinery. Eukaryotic DNA is not free in the cell nucleus but is 
tightly associated with proteins forming chromatin. The basic subunits of chro-
matin are nucleosomes, which consist of histone octamers wrapped almost 
twice around by 147 bp of DNA (Figure 4). Histone octamers consist of four 
small basic proteins – histones H2A, H2B, H3, and H4, two copies of each. At 
active genes or at genes that are poised for activation, histones H2A and H3 are 
replaced by the histone variants H2A.Z and H3.3 (Jiang and Pugh, 2009). 
Nucleosomes are separated by 10–80 bp of linker DNA and histone H1. Non-
condensed nucleosomes without the linker histone form "beads on a string" 
structure and histone H1 is involved with the packing of these sub-structures 
into a higher order structures (Happel and Doenecke, 2009). Chromatin does not 
only have structural role, allowing compaction of DNA within the nucleus but it 

6
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also regulates a number of processes essential for normal cellular functions, 
including gene transcription, DNA replication, repair, and recombination (Li et 
al., 2007). The dynamic access to packed DNA required by these processes is 
mediated by various means, including chromatin remodeling complexes, which 
use the energy of ATP hydrolysis to move, destabilize, eject or restructure 
nucleosomes (Clapier and Cairns, 2009). 
 
 

2.2.2. Histone posttranslational modifications 
 
In addition to chromatin remodeling complexes, the access to DNA is regulated 
by the posttranslational modification of certain amino acids on the histones. 
These include the acetylation and methylation of lysines (K) and arginines (R) 
phosporylation of serines (S) and threonines (T), ubiquitinylation, sumolyation 
and biotinylation of lysines as well as ADP ribosylation (Figure 4). Moreover, 
the methylation can occur at different degrees – up to three methyl groups can 
be added to lysines and two methyl groups (symmetric or asymmetric) to 
arginines. More than 60 different modification sites have been described, which 
are found more often at the N-terminal tails of histones that protrude from the 
nucleosome core and are thus more accessible to the enzymes that catalyze the 
addition or removal of the covalent modifications (Kouzarides, 2007).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Nucleosomal structure of chromatin and posttranslational modifications on 
histone H3 N-terminal tail (Me – methylation, Ac – acetylation, P – phosphorylation). 
 
 
Histone modifications are dynamic and their addition or removal is mediated by 
different enzymes. The first histone modifying enzymes found were histone 
deacetylase (HDAC) in yeast (Taunton et al., 1996) and histone acetyltrans-
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ferase (HAT) from Tetrahymena thermophilia (Brownell et al., 1996). Since 
then numerous classes of histone modifying enzymes with different specificities 
have been described including kinases, lysine and arginine specific methyltrans-
ferases, arginine deiminases, ubiquitinases, deubiquitinases and lysine- and 
arginine specific demethylases (HDMs) (Marmorstein and Trievel, 2009).  

Different modifications have different impact on chromosomal processes. 
For example the methylation of histone H3 lysine 4 is associated with transcrip-
tional activation whereas trimethylation of histone H3 lysine 27 leads to gene 
silencing (Kouzarides, 2007). Moreover, there is a considerable amount of 
cross-talk between the different modifications. Addition of one modification to 
a residue can chemically block additional modification of that amino acid. For 
example, lysine methylation blocks subsequent acetylation and vice versa. 
Modifications on different amino acids can be mutually exclusive, such as the 
dimethylation of arginine 2 and trimethylation of lysine 4 on histone H3 
(Guccione et al., 2007; Kirmizis et al., 2007). Some modifications, on the oppo-
site, occur preferentially together, such as  phosphorylation of histone H3 serine 
10 and acetylation at lysine 14 (Cheung et al., 2000; Lo et al., 2000). Crosstalk 
can also occur in-trans, where one histone and its modifications affect the 
modification of another histone. For example H2B lysine 123 ubiquitination is 
required to trigger histone H3 lysine 4 and lysine 36 methylation in Saccharo-
myces cerevisiae (Weake and Workman, 2008).  

The combinatorial nature of histone amino-terminal modifications has been 
proposed to form a "histone code" that together with DNA methylation consti-
tutes an epigenetic marking system, which can be inheritable from one cell 
generation to another and has an impact on most, if not all, chromatin-templated 
processes (Jenuwein and Allis, 2001). 
 
 

2.2.3. Histone binding domains 
 
The biological outcomes of the different histone modifications or combinations 
of modifications largely depend on the proteins that can read the „histone code” 
and thereafter facilitate meaningful downstream events. Specific evolutionally 
conserved protein domains have been shown to mediate the recognition of 
different histone tail modifications (Table 1). The recognition depends on modi-
fication state, position within a histone sequence and modification status of 
other nearby amino acid residues (Taverna et al., 2007).  

Bromodomains are the sole protein modules that have been shown to bind 
acetylated lysines. They are found in many chromatin associated proteins, 
especially in histone acetyltransferases such as CBP/p300 and components of 
certain chromatin remodeling complexes (Mujtaba et al., 2007). Bromodomains 
in different proteins target acetylated lysines in variety of sequence context. For 
example, the bromodomain of Gcn5p interacts with histone H4 acetylated at 
lysine 16 (Owen et al., 2000) while double bromodomains of TAF1 are capable 
of recognizing multiple acetylated lysines on histone H4 (Jacobson et al., 2000).  



 24

Many serine and threonine histone residues can be modified by phospho-
rylation. Currently there are two examples of phosphohistone binders. Phospho-
rylated serine 10 and serine 28 of histone H3 are recognized by 14-3-3 proteins 
(Macdonald et al., 2005) and the phosphorylated serine 139 of histone H2A 
variant γH2AX is recognized by tandem BRCT domains of MDC1 protein (Lee 
et al., 2005; Stucki et al., 2005).  
 
 
Table 1. Protein domains shown to recognize histone modifications. Modified from 
(Taverna et al., 2007) 
 

Protein domain Histone modifications 
Bromodomain many histone Kac 

R
oy

al
 f

am
ily

 

Chromodomain H3K9me2/3, H3K27me2/3, 
Double chromodomain H3K4me1/2/3 
Chromo barrel H3K36me2/3 
Tudor Rme2s 
Double/Tandem tudor H3K4me3, H4K20me3, H4K20me1/2, Kme2 
MBT repeats H4K20me1/2, H1K26me1/2, H3K4me1, 

H3K9me1/2 
WD40 repeat H3R2/K4me2 
14-3-3 H3S10ph, H3S28ph 
BRCT domain γH2AXS139ph 
PHD-like ADD domain H3K4me0 
PHD finger H3K4me0, H3K4me3, 

H3K9me3, H3K9ac, H3K36me3 
 

 
Methylated lysines are recognized by variety of different protein domains 
including WD40 repeats and Royal superfamily of chromodomains, double 
chromodomains, tudor, double/tandem tudor, MBT and chromo barrel protein 
domains. Some of these, like chromodomains, recognize higher lysine methy-
lation states (di- and trimethylation). The chromodomain of HP1 protein binds 
to histone H3 trimethylated at lysine 9, whereas double chromodomains of 
CHD1 and double tudor domains of JMJD2A target histone H3 trimethylated 
lysine 4. Some other domains have preference for lower lysine methylation 
states. Tandem tudor domains of 53BP1 bind to mono- or dimethylated lysine 
20 of histone H4 (Botuyan et al., 2006) and MBT repeats of L3MBTL1 protein 
are capable of binding mono- and dimethyllysine in a partly sequence inde-
pendent manner (Li et al., 2007; Trojer et al., 2007). The WD40 repeat protein 
WDR5 preferentially binds to histone H3 dimethylated at lysine 4 (Couture et 
al., 2006; Ruthenburg et al., 2006; Schuetz et al., 2006).  
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2.2.4. PHD zinc fingers 
 

The most recent addition to the list of known methylated histone binding mo-
dules is the plant homeodomain zinc finger. The PHD fingers are about 60 
amino acid domains characterized by a C4HC3 signature (four cysteines, one 
histidine, three cysteines) that binds two zinc ions in a cross-brace coordination 
scheme (Aasland et al., 1995). There are about 150 PHD fingers containing 
proteins in the human genome (Bienz, 2006).  

Due to the resemblance to the RING domain, which typically has C3HC4 
signature that binds two zinc ions, it was proposed that PHD fingers might also 
function as E3 ubiquitin ligases. The literature has been controversial about this 
issue (Capili et al., 2001; Scheel and Hofmann, 2003; Uchida et al., 2004; 
Bottomley et al., 2005). Recently, the plant homeodomain fingers of fission 
yeast Msc1 were shown to exhibit E3 ubiquitin ligase activity (Dul and Wal-
worth, 2007) and the PHD domain of the KAP1 corepressor was shown to 
function as an intramolecular E3 ligase for sumoylation of the adjacent 
bromodomain (Ivanov et al., 2007). In another recent study it was found that the 
PHD domain of plant PIAS protein AtSIZ1 mediates sumoylation of AtSCE1 
and GTE3 (Garcia-Dominguez et al., 2008). These examples show that some 
PHD fingers can indeed function as E3 ubiquitin ligases. 

The vast majority of PHD fingers are found in nuclear proteins and it was 
proposed soon after their discovery that they likely have chromatin related 
function (Aasland et al., 1995). Indeed, the isolated PHD finger of p300 was 
shown to bind acetylated nucleosomes in electromobility shift assays. In a more 
stringent nucleosome retention assay, this interaction, however, required also 
the adjacent bromodomain (Ragvin et al., 2004). Another study showed that the 
two PHD fingers of ACF1, a subunit of an ATP dependent chromatin 
remodeling complex interact with the central domains of all four core histones 
and this results in increased nucleosome sliding efficiency (Eberharter et al., 
2004). Similar result was obtained with RAG2 protein, which C-terminus 
containing PHD finger was found to interact with all core histones and most 
stably with histone H3 (West et al., 2005).  

Four papers published in Nature thereafter showed that the PHD fingers of 
ING2 (inhibitor of growth-2) protein and BPTF (Bromodomain and PHD 
finger-containing transcription factor), bind directly to histone H3 tails 
trimethylated at lysine 4 (Li et al., 2006; Shi et al., 2006; Wysocka et al., 2006). 
ING2 is a native member of the repressive Sin3-histone deacetylase complex. In 
response to DNA damage, recognition of H3K4me3 by the ING2 PHD domain 
stabilizes the mSin3a-HDAC1 complex at the promoters of proliferation genes 
leading to gene repression (Shi et al., 2006). BPTF is the largest subunit of the 
nucleosomal remodeling factor (NURF) ATP dependent chromatin remodeling 
complex and the interaction of BPTF with histone H3K4me3 is required for the 
transcription of key developmental genes in Xenopus laevis (Wysocka et al., 
2006). Thus the recognition of the same histone modification by PHD finger of 
different proteins may lead to opposite results. These studies were followed by 
an array of publications describing proteins which PHD fingers recognize 
histone H3 with different modifications, most commonly having preference 
towards some trimethylated lysine (Table 2).  

7
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Table 2.  Proteins containing PHD fingers that bind to histones 
 

Protein name Histone modification of 
preferential binding 

References 

BPTF H3K4me3 (Li et al., 2006) 
(Wysocka et al., 2006) 

ING2 H3K4me3 (Pena et al., 2006) 
(Shi et al., 2006) 
(Pena et al., 2009) 

Yng1p H3K4me3 (Martin et al., 2006) 
(Taverna et al., 2006) 

ING4 H3K4me3 (Palacios et al., 2006) 
(Palacios et al., 2008) 
(Hung et al., 2009) 

Yng2 
Pho23 
Bye1 
Cti6 
Jhd1 
Spp1 
Set3 
Ecm5 
Nto1-1 

H3K4me3 
 
 
 
 
 
 
H3K36me3 

(Shi et al., 2007) 

TAF3 H3K4me3 (Vermeulen et al., 2007) 
(van Ingen et al., 2008) 

RAG2 H3K4me3 (Liu et al., 2007) 
(Matthews et al., 2007) 
(Ramon-Maiques et al., 2007) 

BHC80 Unmodified H3 (Lan et al., 2007) 
SMCX H3K9me3 (Iwase et al., 2007) 
SpRAG2L H3K4me2 (Wilson et al., 2008) 
ING1 H3K4me3 (Pena et al., 2008) 
ING5 H3K4me3 (Champagne et al., 2008) 
DPF3 acH3, acH4, H3K4me2 (Lange et al., 2008) 
AtING 
AL 

H3K4me3 (Lee et al., 2009) 

ORC1 H3K4me3 (de la Paz Sanchez and Gutierrez, 
2009) 

JADE1 H3K36me3 (Saksouk et al., 2009) 
CHD4 H3K9ac, H3K9me3 (Musselman et al., 2009) 
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The PHD finger binding to methylated histones occurs in a “surface-groove” 
mode of recognition. The N-terminal tail of histone H3 docks onto the surface 
of the PHD finger forming a third antiparallel β-sheet. The specificity towards 
methylated lysines is determined by a binding pocket composed of aromatic 
amino acid residues (Li et al., 2006; Pena et al., 2006).  

Some PHD fingers cooperate with other domains to specifically interact with 
certain histone modifications. Specific binding of ICBP90 to histone H3 methyl 
K9 is determined by PHD (plant homeodomain) finger that defines the binding 
specificity and a SRA (SET- and RING-associated) domain that promotes 
binding activity (Karagianni et al., 2008). Combined action of PHD and chromo 
domains of the Rco1 subunit of the Rpd3S HDAC complex is needed for 
methyl H3K36 recognition (Li et al., 2007). Pygo PHD fingers associate with 
their cognate HD1 domains from BCL9/Legless to bind specifically to the 
histone H3 tail methylated at lysine 4 (Fiedler et al., 2008). 

In addition to histone binding and E3 ubiquitin ligase activity, PHD fingers 
can have other functions. For example, the PHD finger of ING2, which binds to 
histone H3 trimetylated lysine 4 has also been shown to bind to phosphoino-
sitides (Gozani et al., 2003). Thus, one PHD finger may bind to different 
ligands.  

The importance of PHD fingers is underlined by the fact that mutations or 
translocations that target the PHD fingers of many genes such as recombination 
activating gene 2 (RAG2), Inhibitor of Growth (ING), nuclear receptor-binding 
SET domain-containing 1 (NSD1) and Alpha Thalassaemia and Mental Retar-
dation Syndrome, X-linked (ATRX) have been associated with a many human 
diseases including immunological disorders, cancers, and neurological diseases 
(Baker et al., 2008).  
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3. AIMS OF THE STUDY 
 

The general aim of the current thesis was to study the molecular mechanisms 
behind AIRE mediated promiscuous gene expression of tissue-specific antigens in 
the thymus concentrating on the function of the first PHD finger domain of AIRE. 
 
More specific aims were: 
 
1. To test AIRE PHD fingers for interaction with histones. 
2. To characterize AIRE binding to histone H3 N-terminal tails. 
3. To test if AIRE histone binding is needed for AIRE mediated transcriptional 

activation.  
4. To characterize AIRE target genes and posttranslational histone modifi-

cation status of their promoters in HEK293 cell-line and in mouse mTECs.   
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4. MATERIAL AND METHODS 
 

4.1. Plasmid construction and protein expression 
 
The truncated AIRE fragments aa 178-482, aa 290-482, PHD1 (aa 290-349) and 
PHD2 (aa 425-482) were PCR-amplified and cloned into EcoRI/XhoI sites of 
pGex-1ZT-SH3 vector (a gift from Dr. K. Saksela, University of Tampere, 
Finland). AIRE-PHD1 mutant constructs D297A, D312A, C302P and C311Y 
(all aa 290-349) were generated by altering the corresponding amino acids by 
PCR-based site-directed mutagenesis and cloned into EcoRI/XhoI sites of 
pGex-1ZT-SH3 vector. Full-length AIRE mutant constructs  were generated by 
altering the corresponding amino acids by PCR-based site-directed mutagenesis 
and cloned into EcoRI/HindIII sites of pcDNA3.1-myc-his vector (D297A, 
D312A) or into EcoRI/XhoI sites of pGex-1ZT-SH3 vector (C302P, C311Y). 
All constructs were verified by DNA sequencing. All the previously constructed 
plasmids used in this thesis are listed in the Table 3 together with a reference to 
original paper describing the construction of the plasmid or the company from 
where the plasmid was purchased. 
 
 
Table 3. Previously constructed plasmids used in the study with corresponding 
reference 
 

Plasmid Reference 
pHCE-H2B (Tanaka et al., 2004) 
pHCE-H3 (Tanaka et al., 2004) 
Flag-ING2 (Shi et al., 2006) 
GST-AIRE (aa 1-138) (Pitkanen et al., 2001) 
GST-AIRE (aa 1-293) (Pitkanen et al., 2001) 
GST-AIRE (aa 1-348) (Pitkanen et al., 2001) 
GST-AIRE-PHD1 (aa 293-354) (Bottomley et al., 2005) 
GST-AIRE-PHD2 (aa 426-485) (Bottomley et al., 2005) 
pcAIRE (Heino et al., 1999) 
pVAX-PRMT6 (Guccione et al., 2007) 
pd2EYFP-N1 Clontech, Mountain View, CA, USA 
pcDNA3.1B-myc/his  Invitrogen, Carlsbad, CA, USA 

 
 

4.2. Protein expression 
 
Recombinant proteins from each construct were expressed in BL21 Escherichia 
coli strain by addition of 0.8 mM IPTG (and 0.2 mM ZnCl2 to PHD finger-
containing constructs) and purified using glutathione Sepharose 4B (Amersham 
Biosciences, Piscataway, NJ, USA) as described earlier (Pitkanen et al., 2000). 
If necessary, the bound proteins were eluted from the sepharose beads according 
to the manufacturer’s instructions. The preparation of histone H3 and histone 
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H2B recombinant proteins was carried out as described previously (Tanaka et 
al., 2004). TALON Metal affinity resin (BD Biosciences, San Jose, CA, USA) 
was used for protein purification according to manufacturer’s instructions.  

 
 

4.3. Antibodies and peptides 
 

Antibodies used in Western Blot, ChIP and Q2ChIP together with the source 
reference are listed in the Table 4. 
  
 
Table 4. Antibodies used in the study and a corresponding reference 
 

Antibody Reference 
αH3-1  (a gift from Dr. A. Kristjuhan, University of Tartu, 

Tartu, Estonia) 
αH3-2 (ab1791) Abcam, Cambridge, UK  
αAcH3 (06-599) Upstate Biotechnology, Billerica, MA, USA   
αH3K4me1 (07-436) Upstate Biotechnology, Billerica, MA, USA   
αH3K9me3 (07-442) Upstate Biotechnology, Billerica, MA, USA   
αH3K4me3 (ab8580) Abcam, Cambridge, UK  
αH3K27me3 (07-449) Upstate Biotechnology, Billerica, MA, USA   
αH2B (ab1790) Abcam, Cambridge, UK  
α-rabbit polyclonal IgG (sc-
2027) 

Santa Cruz Biotechnology, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA 

AIRE-1 (sc-17985) Santa Cruz Biotechnology, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA 

AIRE 6.1 (Pitkanen et al., 2001) 
αGST  (a gift from Dr. V. Ovod, FIT Biotech, Finland) 
αMyc (9E10) Sigma-Aldrich, St. Louis, MO, USA  
αFlag (F1804) Sigma-Aldrich, St. Louis, MO, USA 
αH3R2me2 (07-585) Upstate Biotechnology, Billerica, MA, USA    
αH3R2me1 (ab15584) Abcam, Cambridge, UK  
αPol II (sc-56767) Santa Cruz Biotechnology, Santa Cruz Biotechnology, 

Santa Cruz, CA,USA  
 
Biotinylated peptides used in the study were (ARTKQTARKSTGGKAPR 
KQLA-GGK-Biotin with corresponding modifications) H3, H3K4me1, 
H3K4me3, H3K9me3, H3S10P (Upstate Biotechnology, Billerica, MA, USA), 
H3R2me2s, H3R2me2a (Biopeptide Co Inc., San Diego, CA, USA).  
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4.4. Preparation of native mononucleosomes 
 

The preparation of 3H labeled native mononucleosomes was performed from 
THP-1 cells as described previously (Ragvin et al., 2004).  
 
 

4.5. In vitro binding assays 
 

Sepharose bound proteins (2-10 µg) were incubated with 10 µg of calf thymus 
total histones (Sigma-Aldrich, St. Louis, MO, USA) in binding buffer I (50 mM 
Tris-HCl pH 7.5, 1 M NaCl, 1 % NP-40, 0.5 mM EDTA, 1 mM phenylmethyl 
sulphonyl fluoride (PMSF) plus 1µg/ml leupeptin and aprotinin) at 4 °C for 4 h, 
followed by eight washes with binding buffer I. The bound proteins were 
visualized by separation on 15 % SDS-PAGE followed by Coomassie staining 
or Western blot (αH3-1, αH2B, αH3K4me1, αH3K4me3, αH3K9me3). To 
disrupt the PHD finger structure, 20 µg of sepharose bound AIRE-PHD1 
protein was incubated overnight at 4 °C with rotation in binding buffer I 
containing 50 mM EDTA. The sepharose bound AIRE-PHD1 was then washed 
with binding buffer I and used in histone binding assays as described above. 
The histone binding experiments were repeated with acid extracted histones 
from several cell-lines (HEK293, THP-1) with similar results (data not shown).  

For recombinant histone binding, the sepharose bound proteins were 
incubated with 10 µg purified recombinant histones (H3, H2B) in 0,5 M NaCl 
containing binding buffer I at 4 °C for 4 h. After extensive washing, bound 
proteins were analyzed by SDS-PAGE and Coomassie staining. 

Mononucleosome binding was carried out overnight at 4 °C in binding 
buffer II (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% NP-40, 1 μM DTT, 10 
μM ZnCl2 and 1 mM PMSF plus 1 µg/ml leupeptin and aprotinin). After 
extensive washing, bound proteins were analyzed by SDS-PAGE followed by 
Western blotting with αH3-1 and αH2B antibodies. Bound 3H labeled DNA was 
analyzed with liquid scintillation counting. 

For histone peptide binding, 1 µg of biotinylated histone peptides was bound 
to the Streptavidin beads (Thermo Scientific, Rockford, IL, USA) according to 
manufacturer’s instructions. Peptides bound to streptavidin beads and 10 µg of 
eluted protein were incubated in binding buffer III (50 mM Tris-HCl pH 7.5, 
300 mM NaCl, 0.1% NP-40, 1 mM PMSF plus 1µg/ml leupeptin and aprotinin) 
overnight at 4 °C with rotation. After extensive washing, bound proteins were 
analyzed by SDS-PAGE and Western blotting with αGST antibody. 
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4.6. Cell-lines, transfection and establishment  
of stable cell-lines 

 
HEK293 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) 
(PAA Laboratories GmbH, Pasching, Austria) supplemented with 10% fetal calf 
serum, and 100 U/ml penicillin/streptomycin. THP-1 cells were grown in RPMI 
1640 medium (PAA Laboratories GmbH, Pasching, Austria) supplemented with 
2 mM L-glutamine, 10% fetal calf serum and 100 U/ml penicillin/streptomycin. 

To establish HEK-AIRE (AIRE1, AIRE2), HEK-AIRE-D297A, HEK-
AIRE-D312A (AIRE-D312A) and HEK-control (NC) cell-lines, approximately 
2x106 HEK293 cells were transfected either with pcAIRE, pcAIRE containing 
D297A or D312A mutations or pd2EYFP-N1 using ExGen500 in vitro reagent 
(Fermentas, Vilnius, Lithuania) according to the manufacturer’s protocol. 
Selection with media containing 800 µg/ml of G418 (Sigma-Aldrich, St. Louis, 
MO, USA) was started 48 hours later. After 14 days of culture in selection me-
dia, G418-resistant clones were isolated. The YFP signals from the HEK-cont-
rol cells were determined with fluorescence microscopy, the HEK-AIRE and 
the mutant clones were analyzed by Western blotting and immunofluorescence. 
The representative clones were further expanded.  

For transient transfections, HEK293 cells were transfected either with 
pcAIRE myc-tagged pVAX-PRMT6 (a gift from Dr. B. Amati, DNAX Re-
search Institute, CA, USA), pd2EYFP-N1 or pcDNA3.1B-myc/his using 
ExGen500 in vitro reagent (Fermentas, Vilnius, Lithuania) according to the 
manufacturer's protocol. pd2EYFP-N1 was added to compensate the total DNA 
amount if AIRE and PRMT6 were separately transfected, equal amount of 
pcAIRE and pVAX-PRMT6 were used in each transfection. To detect trans-
fected protein levels, the following antibodies were used in Western analysis: 
αH3-1, AIRE 6.1, αH3R2me2 and αH3R2me1. 

 
 

4.7. Expression analyses 
 

RNA purification and expression analysis was essentially performed as previous-
ly described (Pitkanen et al., 2005). Briefly, cytoplasmic RNA was purified using 
Trizol (Invitrogen, Carlsbad, CA, USA) and contaminating traces of genomic 
DNA were removed using TURBO DNase (Ambion, Austin, TX, USA) 
according to the manufacturer’s protocols. Quantitative RT-PCR was performed 
with the ABI Prism 7900HT instrument (Applied Biosystems, Foster City, CA, 
USA) using qPCR SYBR Green Core Kit (Eurogentec, Liege, Belgium). The 
amplification program included an initial denaturation step at 95 °C for 10 min, 
followed by denaturation at 94 °C for 15 s, annealing at 58 °C for 30 s, and 
extension at 60 °C for 1 min, repeated 50 cycles. SYBR Green fluorescence was 
measured after each extension step; the specificity of amplification was subjected 
to melting curve analysis. The relative gene expression levels were calculated 
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using the comparative Ct method (according to Applied Biosystems), where the 
relative expression is calculated as 2-ΔΔCt, and Ct represents the threshold cycle. 
Every sample was run at least three times in three parallel reactions. Quantitative 
RT-PCR primer sequences used in the study are listed in section 4.13. 
 
 

4.8. Chromatin immunoprecipitation (ChIP) and Q2ChIP 
 

Protein ChIP was performed as described (Ricke and Bielinsky, 2005). DNA 
ChIP was performed essentially according to Upstate Chromatin Immuno-
precipitation Assay protocol (Upstate Biotechnology, Billerica, MA, USA) 
using antibodies (αH3-2, αAcH3, αH3K4me3, αH3K27me3, αPol II, α-rabbit 
polyclonal IgG). Q2ChIP (quick and quantitative ChIP) using antibodies (αH3-
2, αH3K4me3, αH3K27me3, α-rabbit polyclonal IgG) was performed essen-
tially as described in (Dahl and Collas, 2007) except, instead of Protein A-
coated paramagnetic beads, protein G-sepharose beads (GE Healthcare, WI, 
USA) preblocked with 100µg/ml BSA and 500µg/ml salmon sperm DNA were 
used. ChIP and Q2ChIP samples were analyzed in triplicate by quantitative PCR 
using qPCR SYBR Green Core Kit (Eurogentec, Liege, Belgium) on ABI Prism 
7900HT (Applied Biosystems, Foster City, CA, USA). The results were ana-
lyzed using comparative Ct method (according to Applied Biosystems). Data-
sets of each primer pairs were normalized to ChIP input values and the relative 
amount of immunoprecipitated material compared to IgG (Study I) or H3 
(Study III) was calculated. Primer sequences used for ChIP and Q2ChIP analysis 
with qPCR are listed in section 4.13. 

 
 

4.9. Gene expression arrays 
 

The RNA from AIRE1, AIRE2, AIRE-D312A and NC was extracted with 
Trizol reagent (Invitrogen, Carlsbad, CA, USA), treated 2x30 min with Turbo 
DNAse (Ambion, Austin, TX, USA) and purified with QIAquick PCR 
Purification Kit (Qiagen, Hilden, Germany). Labeled cRNA was prepared using 
Illumina TotalPrep RNA Amplification Kit (Ambion, Austin, TX, USA) and 
hybridized to Illumina HumanWG-6_V2_0_R2 BeadChip expression arrays 
(lllumina, San Diego, CA, USA). The quality of the RNA and labeled cRNA 
was controlled using 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). With 
all cell-lines, three independent experiments were performed. The raw data was 
analyzed with BeadStudio Gene Expression Module v3.3.7 (Illumina, San 
Diego, CA, USA) using Illumina’s custom rank invariant method. Genes with 
differential expression values >13 (corresponding to p-value <0.05) were con-
sidered as differentially expressed. Multi Experiment Viewer version 4.0 was 
used for unsupervised hierarchical clustering (using Manhattan distance and 
complete linkage) and for the visualization of the results. The microarray data 
can be accessed through Gene Expression Repository under GEO accession 
number GSE16877. 
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4.10. Characterization of AIRE target genes 
 

REEF program was used (http://telethon.bio.unipd.it/bioinfo/reef/index.html) to 
find significantly clustered AIRE target genes (Coppe et al., 2006). Analysis 
was performed with 200 kb window size and 10 kb shift at false discovery rate 
of 0.05. Chi-square test was used to determine the significance of the observed 
to expected deviation. 

TiGER database (http://bioinfo.wilmer.jhu.edu/tiger/) (Liu et al., 2008) was 
used to determine the proportion of tissue-specific genes among AIRE 
upregulated, downregulated and all Refseq genes on Illumina BeadChip expres-
sion arrays. Chi-square test was used to determine the significance of the 
observed to expected deviation. 

The distribution comparison of AIRE regulated genes with that of the whole 
genome according to size, exon number and expression levels was based on all 
known mapped genes (RefSeq transcripts) of the human genome (NCBI RefSeq 
19,360; build 36.2).   

 
 

4.11. ChIP-on-Chip 
 

The custom made Nimblegen tiling arrays contained non-repetitive sequences 
throughout the chosen regions represented by 386748 probes with median 
spacing 72 bp. Array contained several control and 51 AIRE target gene regions 
that were chosen based on the results with Illumina Beadchip expression arrays. 
The chosen genes had to be significantly upregulated by AIRE (p-value <0.05) 
and have fold change greater than 5. The arrays covered the whole gene and 200 
kb up- and downstream of each gene. In addition, a 5.2 mb region was chosen 
from chromosome 1, which contained the epidermal differentiation cluster. 
Chromatin immunoprecipitation was performed with αH3K4me3, αAcH3, 
αH3K27me3, αH3-2, αPol II and αAIRE-1 from AIRE1 and NC cell-lines as 
described in section 4.5. The immunoprecipitated and input material were 
amplified using WGA2 and WGA1 GenomePlex Whole Genome Amplification 
Kits (Sigma-Aldrich, St. Louis, MO, USA). Sample labeling and hybridization 
to custom made tiling arrays was performed by Nimblegen (NimbleGen 
Systems of Iceland, Reykjavík, Iceland). For each probe, a scaled log2-ratio was 
calculated. Scaling was performed by subtracting the bi-weight mean for the 
log2-ratio values for all probes on the array from each log2-ratio value. Peaks 
were detected using NimbleScan by searching for 4 or more probes whose 
signals are above specified cut-off values, ranging from 15% to 90%, using a 
500 bp sliding window. The cut-off values are percentage of hypothetical 
maximum, which is mean + 6 standard deviation. Each peak is assigned a false 
discovery rate (FDR) based on 20 times randomization of ratio data. For histone 
modifications FDR cut-off at 0.01 level was used. 

For the correlation of expression levels with the presence of histone 
posttranslational modifications on promoters, genes were first sorted according 
to the signal intensities on Illumina Beadchip expression arrays. A sliding 
window with the size of 50 probes and step of 1 probe was then used to 
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calculate the percent of promoters having corresponding posttranslational 
histone modification (Supplementary Figure 7 in Study III). For the calculation 
of average levels of histone posttranslational modifications on the promoters of 
AIRE target genes, the data for each antibody was normalized against H3 and 
the average signal intensity was calculated for each gene in a region of +/- 2 kb 
of transcription start sites (Supplementary Figure 8 in Study III). For the gene-
ration of graphs displaying regions with average levels of histone posttrans-
lational modifications, average signal intensities for each probe were sorted 
according to their position along the corresponding chromosome. A sliding 
window analysis, consisting of 50 probes and step of 1 probe, was then used to 
calculate average signal intensities (Figure 4; Supplementary Figure 9, 10 in 
Study III). Original ChIP-on-chip data can be accessed from the GEO database 
under the accession number GSE17216. 

 
 

4.12. Mice 
 

C57BL/6J mice used in the study were maintained at the mouse facility of the 
Institute of Molecular and Cell Biology, University of Tartu. 

 
 

4.13. Cell sorting 
 

Thymi from 6-8 week old mice were dissected and collected into RPMI. Small 
cuts were made into the capsules of thymi and the thymocytes were released by 
repetitive pipeting. The remaining thymic fragments were incubated in 0.5 mg/ml 
dispase/collagenase (Roche, Basel, Switzerland) and 5 µg/ml DNase I 
(AppliChem, Darmstadt, Germany) in PBS at 37 °C for 20 min, with gentle 
agitation. The released cells were collected to separate fractions and fresh enzyme 
solution was added 4 times. Each cell fraction was counted and were pooled 
starting from the end fractions to gain 200 x 106 cells. A negative depletion was 
performed to enrich for CD45- cells using CD45 microbeads (Miltenyi Biotec, 
Hilden, Germany) and the AutoMACS system (Miltenyi Biotec, Hilden, 
Germany), according to the manufacturer’s instructions. The negative fraction 
was stained with anti-G8.8-FITC (anti-EpCAM, generated from a G8.8 
hybridoma cell-line), anti-Ly51-PE, anti-CD45-PerCP-Cy5.5 and anti-CD80 
biotin (all from BD Biosciences, San Jose, CA, USA)  followed by second-stage 
staining with Streptavidin-PE-Cy7 (Serotec Ltd, Oxford, UK). Cell sorting and 
analysis was performed on a FACSAria (BD Biosciences, San Jose, CA, USA) 
instrument to get the fractions of mTECs (CD45-, G8.8high, Ly51low) and 
cTECs (CD45-, G8.8low, Ly51high). According to the CD80 expression, the 
mTEC fraction was further divided into the CD80high and CD80low mTECs.  

Neutrophils were extracted from spleen by mechanical disruption of the 
tissue followed by positive selection with Ly6G microbeads (Miltenyi Biotec, 
Hilden, Germany) and the AutoMACS system (Miltenyi Biotec, Hilden, 
Germany). To enrich the pancreatic tissue for Langerhans islets, the tissue was 
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first cut into small pieces, which was then incubated with 0.5 mg/ml dispase/ 
collagenase (Roche, Basel, Switzerland) and 5 µg/ml DNase I (AppliChem, 
Darmstadt, Germany) in PBS at 37 °C for 20 min. Discontinuous Optiprep 
(Axis Shield PoC AS, Oslo, Norway) density gradient (1.108; 1.096; 1.069; 
1.037) centrifugation was carried out for 10 min at 1800 rpm and cells from two 
upper layers were used for further experiments.  

 
 

4.14. Primer sequences 
 
The sequences of all primers (TAG Copenhagen, Copenhagen, Denmark) used 
in the study together with additional information are listed in Table 5. 
 
 
Table 5. Primers used in the study together with corresponding sequence, species, gene 
and application used in 
 
Oligo name Sequence Species Gene Application 

SA10ch2 for ATGCAGAGCGCTCCAAGCCA human S100A10 ChIP 

SA10ch2 rev AAGCTCCCGCAGAGACGGAACT human S100A10 ChIP 

chINV F5 CCAATCCTTTAGATATGGTACACAG human INV ChIP 

chINV R5 TCCCCAGGTCTCTGGTTCTT human INV ChIP 

chSA82 for CTGGGCTGCTGGCATCCACT human S100A8 ChIP 

chSA82 rev GGCCTGACCACCAATGCAGGG human S100A8 ChIP 

hGAPDH_prom_F TACTAGCGGTTTTACGGGCG human GAPDH ChIP 

hGAPDH_prom_R ACAGGAGGAGCAGAGAGCGA human GAPDH ChIP 

chINS2 rev CTGTGGGAAGATCTCCTTGG human INS ChIP 

chINS2 for CTGTGAGCAGGGACAGGTCT human INS ChIP 

h_PSMD4_Ch3'_F GATAGTCCCGGGTTACCAC human PSMD4 ChIP 

h_PSMD4_Ch3'_R TGTAGCTAAAGACAGACCCG human PSMD4 ChIP 

h_PSMD4_Ch5'_F CCTTGGTGAGCAAATGTTGA human PSMD4 ChIP 

h_PSMD4_Ch5'_R TCTAGGACTATCCAGCCTGA human PSMD4 ChIP 

h_CDH12_Ch3'_F TGTTGTGTGAAACTTCCCTG human CDH12 ChIP 

h_CDH12_Ch3'_R GTATTGCCACAATGATGCCT human CDH12 ChIP 

h_CDH12_Ch5'_F TGCTTTGAATGAATCCGAGG human CDH12 ChIP 

h_CDH12_Ch5'_R GTGCTATCACTTTCTCAGCG human CDH12 ChIP 

h_CLDN1_Ch3'_F GGCCAAGGGAATACCTGATA human CLDN1 ChIP 

h_CLDN1_Ch3'_R TGGGAAATTGAGATTGGGTTG human CLDN1 ChIP 

h_CLDN1_Ch5'_F CTCTCTGCTCTCTTCTGTCA human CLDN1 ChIP 

h_CLDN1_Ch5'_R GGTCTGTTTCCCAATCTGTAG human CLDN1 ChIP 

h_EFHC2_Ch3'_F CTGGAATTACAGACGTGAACTG human EFHC2 ChIP 

h_EFHC2_Ch3'_R AAGAAACAGTAACCAATCAGCC human EFHC2 ChIP 

h_EFHC2_Ch5'_F TCCTGAGGAGTCTTCTCTCT human EFHC2 ChIP 

h_EFHC2_Ch5'_R ACAAGAAAGGCTTTGAGTTCT human EFHC2 ChIP 

h_GHR_Ch3'_F TGCAATTCTGGCCTTAAAAGT human GHR ChIP 
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Oligo name Sequence Species Gene Application 

h_GHR_Ch3'_R AACAGAAGGAAAAGGCAGTT human GHR ChIP 

h_GHR_Ch5'_F ATTTTCCTCTAGGAGGAGCC human GHR ChIP 

h_GHR_Ch5'_R GAGTTGCTGGGATGAAGTCT human GHR ChIP 

h_HBG2_Ch3'_F CTGAAGACAACCATGTGTGA human HBG2 ChIP 

h_HBG2_Ch3'_R CCATGATGCAGAGCTTTCAA human HBG2 ChIP 

h_HBG2_Ch5'_F CACCTTCTTGTCTGTAGCTC human HBG2 ChIP 

h_HBG2_Ch5'_R CCCATCAAAAATCCTGGACC human HBG2 ChIP 

h_LPL_Ch3'_F CCTCCAAAAATGATGCACCT human LPL ChIP 

h_LPL_Ch3'_R AATGGATCAGAGAATGGCAG human LPL ChIP 

h_LPL_Ch5'_F GAGTGGAACCCCTTAAGCTA human LPL ChIP 

h_LPL_Ch5'_R GTAATGAGGATCAACCCTGC human LPL ChIP 

h_PAK3_Ch3'_F AAACTGGATTTTTGCCGTCT human PAK3 ChIP 

h_PAK3_Ch3'_R GGAGCTCTGGAGTTCCATTA human PAK3 ChIP 

h_PAK3_Ch5'_F TTTCCCCCGAATAAAGTGTG human PAK3 ChIP 

h_PAK3_Ch5'_R TTCCTTAATTGCTCCCCTCA human PAK3 ChIP 

h_SUSD4_Ch3'_F CAGGATACAGCTCCCAAGAT human SUSD4 ChIP 

h_SUSD4_Ch3'_R TTTCTCCAGGTTCCACAAGA human SUSD4 ChIP 

h_SUSD4_Ch5'_F CCACAGGAAAGTCTAGAGCC human SUSD4 ChIP 

h_SUSD4_Ch5'_R CCACATTGTGAGATTCCCAG human SUSD4 ChIP 

h_THBS2_Ch3'_F TGTCCTATGCTCACTCCCTA human THBS2 ChIP 

h_THBS2_Ch3'_R CTGGGGTTACAACTCAACAC human THBS2 ChIP 

h_THBS2_Ch5'_F TTATATGCCGCTTCTCCTGT human THBS2 ChIP 

h_THBS2_Ch5'_R TACTCGGAGCAAATGGTGAG human THBS2 ChIP 

h_ZBTB7B_Ch3'_F AGTGTACCCCACTTTTGTCT human ZBTB7B ChIP 

h_ZBTB7B_Ch3'_R ATCTGCATGCGTGTGTATCT human ZBTB7B ChIP 

h_ZBTB7B_Ch5'_F CACAGCTACGACCTCAAGAA human ZBTB7B ChIP 

h_ZBTB7B_Ch5'_R CTCCTTGGCGAAAGCCTTG human ZBTB7B ChIP 

mGapdh_pr2_F AGGGCTGCAGTCCGTATTTA mouse Gapdh Q2ChIP 

mGapdh_pr2_R CCCTTGAGCTAGGACTGGAT mouse Gapdh Q2ChIP 

mGad2_pr_F GCAGACCTGGAGCGCCTGTG mouse Gad2 Q2ChIP 

mGad2_pr_R ATGGAGGCGCTGGGTCGTGA mouse Gad2 Q2ChIP 

mS100A8_pr_F GGGCTGGGTCCCTGGATATGTCT mouse S100a8 Q2ChIP 

mS100A8_pr_R GGACTGGACCATGGAGAACAGTAAGGAC mouse S100a8 Q2ChIP 

mAIRE_pr_F GCGTTCCCTTCTCCCTTCCTTGG mouse Aire Q2ChIP 

mAIRE_pr_R CAAACGTCGCCTTTCCGCCG mouse Aire Q2ChIP 

mIns_pr_F AGGGCTGGTGGTTACTGGGTCC mouse Ins Q2ChIP 

mIns_pr_R CCTACCCCACCTGGAGCCCTT mouse Ins Q2ChIP 

h_PSMD4_expr_F GAAGGTGAAAGAGACTCAGAC human PSMD4 qPCR 

h_PSMD4_expr_R GTCATACTGCTTAGGTCAGG human PSMD4 qPCR 

h_BAT2_expr_F CCAGAGCAAATCTTACCCAG human BAT2 qPCR 

h_BAT2_expr_R TACTGTAACCTGCTGGAGAG human BAT2 qPCR 

h_CDH12_expr_F TGACTTCAGAAACAACACAG human CDH12 qPCR 

h_CDH12_expr_R TGTCTTCTATTACAACAGGGAG human CDH12 qPCR 

10
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Oligo name Sequence Species Gene Application 

h_CLDN1_expr_F AATTCTATGACCCTATGACCC human CLDN1 qPCR 

h_CLDN1_expr_R GACAGGAACAGCAAAGTAGG human CLDN1 qPCR 

h_EFHC2_expr_F AGAGATGTGAAGATGTTTGG human EFHC2 qPCR 

h_EFHC2_expr_R GGTTATTCCTCCTCTAAGCC human EFHC2 qPCR 

h_GHR_expr_F ATGAAATAGTGCAACCAGATCC human GHR qPCR 

h_GHR_expr_R CCCATCTCACTTGGATATCTG human GHR qPCR 

h_HCP5_expr_F GGCAGATTACAATTACAATCAAGG human HCP5 qPCR 

h_HCP5_expr_R TTGCATCTCAGTCTATTGCC human HCP5 qPCR 

h_MAL2_expr_F ACCAGTATAACATAAACGTAGCAG human MAL2 qPCR 

h_MAL2_expr_R CCATCTTCGTAAAGCCAGAC human MAL2 qPCR 

h_OAS3_expr_F CAACGGGACTTCATCATCTC human OAS3 qPCR 

h_OAS3_expr_R CTTGGAGATCTTGGTACACTG human OAS3 qPCR 

h_PHF11_expr_F GACAAAGTTCATTCAATTCCAG human PHF11 qPCR 

h_PHF11_expr_R TCTTCGAACAATCTACAGTC human PHF11 qPCR 

h_SUSD4_expr_F CCGGATTTAAACTTGATGGG human SUSD4 qPCR 

h_SUSD4_expr_R AAAGATGTTCAGGTCTTCCTC human SUSD4 qPCR 

h_TNMD_expr_F CAAGTGAGGAAGAACTTCCA human TNMD qPCR 

h_TNMD_expr_R GGCAGTAAATACAACAATAACC human TNMD qPCR 

h_TOX3_expr_F GTATTATCGCAGGCTATACCT human TOX3 qPCR 

h_TOX3_expr_R CTTCTGGAGAAATAAGGCCA human TOX3 qPCR 

hHBG2_exp_F CATAAAGCACCTGGATGATCTC human HBG2 qPCR 

hHBG2_exp_R CAGGAGCTTGAAGTTCTCAG human HBG2 qPCR 

hIFI16_exp_F CTGTGAGGAAGGAGATAAACTG human IFI16 qPCR 

hIFI16_exp_R TCTTGATGACCTTGATGTGAC human IFI16 qPCR 

hLPL_exp_F TGCTTGAGTTGTAGAAAGAACC human LPL qPCR 

hLPL_exp_R TTGGTAATGGAAGACTTTGTAGG human LPL qPCR 

hLY6G6D_exp_F TGGAACAGATCAAGCTACCT human LY6G6D qPCR 

hLY6G6D_exp_R CTCTGTCTCCACTTGATTGC human LY6G6D qPCR 

hPAK3_exp_F GGATGAAGGACAGATAGCAG human PAK3 qPCR 

hPAK3_exp_R CCCAAAGTCAGTCAATTTAACAG human PAK3 qPCR 

hTHBS2_exp_F GCTACATCAGAGTCTTAGTGC human TBS2 qPCR 

hTHBS2_exp_R AGAGAAGACAAATAGACCCAG human TBS2 qPCR 

hOAS2f CACCAGCTCCAATCAGCGAG human OAS2 qPCR 

hOAS2r TCAGCCATTGCCAGCATATTTTATC human OAS3 qPCR 

hINS K5 GCAGCCTTTGTGAACCAACA human insulin qPCR 

hINS K3 GTGTGTAGAAGAAGCCTCGTTCC human insulin qPCR 

hAIRE1F CTGCCAAGGATGACACTGCCA human AIRE qPCR 

hAIRE1R CGAAGGTGTGCTCGCTCAGAAG human AIRE qPCR 

S100A8-for CTCAGTATATCAGGAAAAAGGGTGCAGAC human S100A8 qPCR 

S100A8-rev CACGCCCATCTTTATCACCAGAATGAG human S100A8 qPCR 

S100A10-for TCCCTGGATTTTTGGAAAATCAAAAAGACC human S100A10 qPCR 

S100A10-rev CCCGCAATTAGGGAAAAGAAGCTCTGGAA human S100A10 qPCR 

HPRTexon6_F GACTTTGCTTTCCTTGGTCAGG human HPRT qPCR 
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Oligo name Sequence Species Gene Application 

HPRTexon7_R AGTCTGGCTTATATCCAACACTTCG human HPRT qPCR 

hINV FOR GCCTTACTGTGAGTCTGGTTGACA human INV qPCR 

hINV REV GGAGGAACAGTCTTGAGGAGCT human INV qPCR 

G3PDH5 TCCACCACCCTGTTGCTGTAG human GAPDH qPCR 

G3PDH3 GACCACAGTCCATGCCATCACT human GAPDH qPCR 
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5. RESULTS AND DISCUSSION  
 

5.1. Possible mechanisms of AIRE mediated gene 
expression activation 

 
Several studies have shown that the expression of AIRE in a given cell type 
leads to the upregulation of many genes (Anderson et al., 2002; Gardner et al., 
2008; Guerau-de-Arellano et al., 2008). Broadly, such gene expression 
activation could be achieved either indirectly or directly. In the first case AIRE 
activates one or few mediators that thereafter upregulate the expression of many 
other genes. The structure of the AIRE protein, which has many features of 
transcriptional regulators, experiments which show that AIRE is capable of 
direct gene expression activation in various cell models and the fact that, no 
common transcription regulators that are activated by AIRE in different cell 
types have been found, strongly support the second option that AIRE activates 
its target genes directly. The direct activation could also be achieved in various 
ways. It could be mediated either at the transcriptional level or by enhancing 
some of the aspects of post-translational gene expression regulation, such as 
mRNA processing or stability. When acting at the transcriptional level, AIRE 
could act locally on the promoters of its target genes as well as mediate the 
activation through enhancer elements that could be far away from the gene. 
Since AIRE target genes have been shown to localize in clusters in the genome, 
it is also possible that AIRE somehow affects the chromatin structure of certain 
chromosomal regions making them more accessible to the transcriptional 
machinery. Most of these possibilities assume that AIRE somehow interacts 
with chromatin. Many transcription factors interact directly with DNA in a 
sequence specific manner. Despite of some supporting data (Kumar et al., 2001; 
Purohit et al., 2005), there is no conclusive evidence that AIRE interacts with 
DNA in a sequence specific manner (Mathis and Benoist, 2009). Lack of 
sequence specificity is also supported by the fact that there is little overlap 
between the genes upregulated by AIRE in various cell types (Guerau-de-
Arellano et al., 2008). Besides direct interaction with DNA, it is also possible 
that AIRE is tethered to chromatin through the interaction with other chromatin 
bound proteins of which the most abundant are histones. 

 
 

5.2. AIRE interacts with histone H3 through  
its first PHD finger 

 
Since the PHD fingers of ING2 and BPTF proteins were shown to directly bind 
histone H3 N-terminal tails and since AIRE contains two PHD fingers, we 
tested whether AIRE might also interact with histones. We first expressed full-
length GST-AIRE protein in Escherichia coli. After the purification by binding 
to gluthatione sepharose beads, the protein was used in an interaction assay with 
whole histones from calf thymus. The results of the experiment showed that 
AIRE is indeed capable of interacting with one of the histones, which was 
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confirmed to be histone H3 by Western blotting (Figure 5A). Next, we wanted 
to know which part of the AIRE protein is responsible for the interaction. Using 
different GST-AIRE fragments in an interaction assay with calf histones, we 
demonstrated that only fragments containing the two PHD fingers and not N-
terminal parts of the protein or GST alone were capable of interacting with 
histone H3 (Supplementary Figure S1B in Study I). We next asked whether one 
or both PHD fingers are required for the interaction with histones. Experiments 
using GST-fusions of the two AIRE-PHD fingers separately showed that only 
the first PHD finger (AIRE-PHD1) is required and sufficient for the interaction 
with  histone H3 (Figure 5B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The first PHD finger of AIRE interacts with histone H3. (A) GST and GST-
AIRE interaction with whole histones visualized by Coomassie staining (bottom) and 
detected by Western blot using αH3-1 and αH2B antibodies (top and middle). (B) The 
same assay as (A) using GST, GST-AIRE-PHD1, GST-AIRE-PHD2 proteins. 
 
 
Since the first set of experiments used whole histone extracts from calf thymus 
it is possible that the interaction is mediated by some other proteins present in 
the extract. To test if AIRE and its first PHD finger are capable of interacting 
directly with histone H3, we expressed recombinant histidine tagged histones 
H3 and H2B in Escherichia coli and used TALON Metal Affinity Resin to 
purify the proteins. The binding assays with recombinant histones confirmed 
that AIRE is able to directly interact with histone H3 and not with histone H2B 
through its first PHD zinc finger (Figure 1D in Study I; Supplementary Figure 
S1C in Study I). 

It has been established that the binding of two zinc ions is required for the 
correct folding of PHD fingers (Bottomley et al., 2005). Therefore, the removal 
of the zinc ions should lead to the destruction of the domain structure and would 
be expected to abolish its function, in our case, the interaction with histone H3. 
Accordingly, following the incubation of AIRE-PHD1 with 50 mM EDTA, a 
known divalent metal cation chelator, the interaction with histone H3 was 
clearly diminished (Supplementary Figure S1D in Study I). Furthermore, we 

A B 

11
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used mutated AIRE proteins in which cysteine 302 or cysteine 311 of AIRE-
PHD1 was substituted with proline or tyrosine, respectively. These cysteines 
have been shown to coordinate zinc ions within the AIRE-PHD1 finger and are 
therefore crucial in maintaining the correct fold of the domain. The binding 
experiments with calf thymus histones showed that the C302P and C311Y 
mutations in AIRE-PHD1 abolish the interaction with histone H3 (Supplemen-
tary Figure S1E, F in Study I), confirming that the correct fold of the PHD 
finger is required for the interaction. 

This set of experiments collectively showed that, similar to some other 
proteins with PHD fingers, AIRE is able to interact directly and specifically 
with histone H3 through its first PHD zinc finger domain. 

 
 

5.3. AIRE binds to mononucleosomes  
 
In cell nucleus chromatin binding proteins operate in the context of nucleo-
somes. We therefore studied if AIRE-PHD1 can interact with nucleosomes. 
Binding experiments with isolated 3H labeled mononucleosomes showed that 
AIRE-PHD1 also interacts with a small fraction of native mononucleosomes, as 
assessed by Western blot against histones H3 and H2B (Figure 6A) and by 
analyzing bound DNA (Figure 6B). This result showed that AIRE is able to 
interact with nucleosomes and in addition to sequence specific DNA binding, 
provided an alternative mechanism how AIRE might be tethered to chromatin. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 6. AIRE binds to the nucleosomes. GST-AIRE-PHD1, but not GST alone, 
interacts with native mononucleosomes detected by (A) Western blot with αH3-1 
(middle) and αH2B (bottom) antibody or (B) measuring the GST-AIRE-PHD1 pulled 
down 3H-labeled DNA by radioactivity (CPM by liquid scintillation counting). Equal 
input of GST proteins is shown with Ponceau red staining (A, top). 
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5.4. Histone H3 N- terminal posttranslational 
modifications hinder AIRE binding  

 

Since PHD fingers were shown to work as read out modules for lysine 
methylation events in the histone code (Li et al., 2006; Pena et al., 2006), we 
sought whether AIRE-PHD1 also binds preferentially to certain histone lysine 
modifications. To explore this possibility, we first analyzed AIRE-PHD1 bound 
histones with Western blot using antibodies recognizing methylated forms of 
H3: H3K4me1, H3K4me3 and H3K9me3. Although detectable bands were seen 
with all antibodies, we repeatedly observed only a very weak signal with 
αH3K4me3 antibody (Figure 1F in Study I). This result suggested the possi-
bility that methylation of H3K4 hinders AIRE-PHD1 binding to H3, or that 
AIRE-PHD1 is able to bind H3 tails differentially modified at several positions. 

The results obtained with the modification-specific antibodies can be in-
fluenced by the presence of multiple modifications on the same histone tails. To 
determine more precisely whether the AIRE-PHD1 has a preference towards 
certain lysine methylations, we performed binding experiments with biotinylated 
N-terminal histone peptides with or without different modifications (unmodified 
H3, H3R2me2s, H3R2me2as, H3K4me1, H3K4me3, H3K4me9, H3S10P) bound 
to streptavidin coated beads and purified GST-AIRE-PHD1 protein eluted from 
the sepharose beads. The Western blot results with αGST antibody confirmed that 
AIRE-PHD1 is capable of interacting with histone H3 and that the 20 N-terminal 
amino acids of histone H3 are sufficient for the binding (Figure 7).  

 

 
 

 
 
 
 
 
 
 
 

 
Figure 7. Influence of different histone H3 modifications to interaction with AIRE-
PHD1. Interaction between GST and GST-AIRE-PHD1 fusion proteins and N-terminal 
histone H3 peptides: H3, H3K4me1, H3K4me3, H3K9me3 (A), H3, H3R2me2s, 
H3R2me2as, H3S10P (B), all detected by αGST antibody. 
 
 
The intensity of the signals revealed that the binding is influenced by several 
histone H3 N-terminal posttranslational modifications. While unmodified H3, 
H3K9me3 (Figure 7A) and H3S10P (Figure 7B) histone peptides bound AIRE-
PHD1 with similarly strong affinity, the binding was diminished depending on 
the degree of K4 methylation. A weak band was detected with H3K4me1 
peptide and no band was visible with H3K4me3 peptide (Figure 7A). Similarly 
to the results with H3K4me3 peptide, no band was seen with H3R2me2s or 
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H3R2me2as peptides (Figure 7B). In conclusion, these results show that AIRE-
PHD1 interacts with the N-terminal tail of histone H3 and several post-
translational modifications interfere with the binding. 

Importantly, our results were confirmed by our collaborators, Dr. Giovanna 
Musco and her colleagues from Dulbecco Telethon Institute c/o S. Raffaele 
Scientific Institute, Milan, who used two-dimensional 1H-15N NMR (nuclear 
magnetic resonance), tryptophan fluorescence spectroscopy and isothermal 
titration calorimetry (ITC) to assess the binding of AIRE-PHD1 to N-terminal 
histone H3 peptides with different modifications. The use of the two latter 
methods allowed determining the interaction affinity Kd for different mutants 
and peptides with different modifications (Table 1 in Study I; Table 2 in Study 
II). The Kd for AIRE-PHD1 and unmodified histone H3 N-terminal peptide 
interaction was measured to be ~5µM, which is in the same range as measured 
for other PHD fingers for their preferential histone peptide suggesting that the 
interaction is physiologically relevant.  

 
 

5.5. AIRE interacts with histone H3  
in vivo in HEK293 cells 

 
Next, we used protein chromatin immunoprecipitation (ChIP) assays to study 
AIRE and histone H3 interaction in vivo in HEK293 cells stably transfected 
with AIRE. As a positive control we studied the histone binding of ING2 
protein, which has been shown to preferentially interact with H3K4me3. The 
results of the protein ChIP showed that AIRE is found in complexes with a 
small fraction of histone H3 but not with H3K4me3. By contrast, binding of 
ING2, was detected for both H3 and H3K4me3 (Figure 8). This result shows 
that AIRE selectively interacts with histones that lack H3K4me3 also in vivo.  
 
 
 
 
 

 
 

 
 
 
 
Figure 8. AIRE in vivo interaction with histone H3 in HEK-AIRE cell-line. (A) Protein 
ChIP was carried out with AIRE-1 antibody and IgG from HEK-AIRE (+) or control 
cells (-). The bound proteins were detected by αH3-1, αH3K4me3 and AIRE 6.1 anti-
bodies. (B) ING2 in vivo interaction with histone H3K4me3. Protein ChIP was carried 
out with anti-Flag agarose beads from HEK293 cells, transfected either with Flag-ING2 
(F-ING2) or pd2EYFP-N1 (YFP). The bound proteins were detected by αH3-1, 
αH3K4me3 and αFlag antibodies. 
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5.6. The structure of the AIRE-PHD1 in complex with 
histone H3 peptide  

 
In collaboration with Drs. Csaba Hetenyi and Uko Maran from the Institute of 
Chemical Physics, we used the published PHD finger structures from the human 
NURF BPTF PHD finger in complex with H3K4me3 peptide (PDB code 2fuu) 
and AIRE1-PHD128 (PDB code 1xwh), to model the interaction of AIRE-
PHD1 with unmodified histone H3 peptide and performed molecular dynamics 
calculations for 10 ns (Figure 3 in Study I). The molecular dynamics calcula-
tions were in agreement with the experimental data showing that lysine 4 
methylation disrupts the interaction (Supplementary Figure S4 in Study I). Later 
on, our collaborators, Dr Giovanna Musco and her colleagues from Dulbecco 
Telethon Institute c/o S. Raffaele Scientific Institute, Milan used heteronuclear 
and isotope-filtered NMR experiments to determine the three-dimensional 
solution structure of AIRE-PHD1 in complex with unmodified histone H3 
peptide (PDB code 2ke1) (Figure 9A, B). Superimposing the two structures 
showed that predicted model was in a good agreement with the measured 
structure (data not shown).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Solution structure of AIRE-PHD1 in complex with unmodified histone H3 
peptide. Cartoon representation (A) and surface plot (B) of the lowest energy complex 
structure. Cyan-dashed lines represent intermolecular hydrogen bonds. Colour coding: 
pink, AIRE-PHD1; blue, unmodified histone H3; orange, protein residues forming 
specific polar contacts with unmodified histone H3; green, protein residues forming 
hydrophobic contacts with unmodified histone H3; grey, Zn2+ ions. 
 
 
The overall interaction mode of AIRE-PHD1 and unmodified histone H3 N-
terminal peptide is similar to that observed for other PHD:H3 complexes. The 
binding interface localizes to one negatively charged side of the PHD domain, 
involving residues in the N-terminus of the PHD finger, the first β-strand, and the 
loop connecting the first and the second β-strands. AIRE-PHD1 constitutes a 
stable pre-formed binding platform as formation of the complex does not induce 
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significant conformational changes in the protein backbone. Histone H3 N-
terminal tail docks on to the surface via an induced fit mechanism by forming a 
third antiparallel β-strand that pairs with the protein’s two-stranded antiparallel β-
sheet. The side chains of the first four H3 tail residues fit inside the pre-formed 
AIRE-PHD1 binding groove. Charge complementarities and hydrophilic 
interactions appear to be the driving force of the binding. The methyl groups of 
A1 and T3 of histone H3 insert into hydrophobic pockets formed by AIRE 
Pro331, Leu308, Ile330 and Trp335 while the R2 and K4 of histone H3 occupy 
two adjacent negatively charged cavities formed by AIRE Cys311, Asp312 and 
Asn295, Asp297 respectively. Because of narrow space of the negatively charged 
cavities, methylation of the side chains results in a steric exclusion, which 
explains the binding preference for unmodified H3 N-terminal tails.  

To verify this model we mutated amino acid aspartic acid 297 to alanine 
(D297A) in AIRE-PHD1, which according to the structure is needed for proper 
interaction. As expected, the mutation considerably weakened AIRE-PHD1 
interaction in binding assays with calf thymus histones as well as with histone 
H3 peptides (Figure 4A, B in Study I). The importance of D297 and D312 as 
well as several other amino acids of AIRE-PHD1 in histone binding was also 
confirmed by our Italian collaborators (Table 1 in Study I; Table 2 in Study II). 

Our results, showing that AIRE specifically interacts with histone H3 N-
terminal tails and demonstrating that several posttranslational modifications 
interfere with the binding, are novel in many aspects. At the time when we carried 
out the binding experiments, there were no examples in the literature showing that 
PHD fingers can preferentially interact with unmodified histone H3 N-terminal 
tails. During the preparation of Study I, a paper published in Nature showed that 
the PHD finger of BHC80 can preferentially interact with unmodified histone H3 
N-terminal tails (Lan et al., 2007). Our finding adds another example to this novel 
family of PHD fingers that preferentially interact with unmodified H3 N-terminal 
tails. This set of PHD fingers exemplifies that not only different histone post-
translational modifications but also the lack of posttranslational modifications can 
be part of “histone code”. In addition, these results reveal new important aspects 
about the molecular mechanisms how AIRE might function in the thymus. 
Typically, genes with high expression are marked by high levels of H3K4me3 on 
their promoter whereas tissue-specific genes, which by default are not expressed 
in the thymus, lack H3K4me3 on their promoter. Therefore, AIRE binding to 
unmodified histone H3 N-terminal tails might be one of the mechanisms how 
AIRE is recruited to certain regions in the chromatin, leading to the preferential 
activation of tissue-specific genes in mTECs. 
 
 

5.7. AIRE acts as a transcriptional activator  
in HEK293 cells  

 
In order to study further how the histone modifications influence the AIRE 
mediated activation of gene expression, we used HEK293 cell-lines stably 
expressing AIRE. This model system was used because AIRE is expressed only 
in a small number of mature mTECs, and so far no cell-line with endogenous 
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AIRE expression is available. In a first set of experiments, we used one of the 
AIRE expressing (AIRE1) and yellow fluorescent protein (YFP) expressing 
negative control (NC) HEK293 cell-lines to study the expression of AIRE target 
genes INS, INV and S100A8 by quantitative RT-PCR. and detected higher 
mRNA levels in the presence of AIRE (Figure 5A in Study I). This result 
suggested that HEK293 cells have all the necessary factors needed for AIRE 
mediated gene expression activation and thus provide a feasible model for 
studying the molecular mechanisms of ectopic expression. 

To identify more AIRE target genes in HEK293 cell-lines we performed 
experiments with Illumina whole genome BeadChip arrays. In these experi-
ments we used two different AIRE expressing cell-lines (AIRE1, AIRE2), a 
cell-line expressing AIRE with the D312A mutation in the first PHD finger 
(AIRE-D312A; this mutant is not capable of interacting with histone H3 N-
terminal tails) and a NC cell-line as a control. Comparing the gene expression 
profiles of AIRE expressing cell-lines to the NC cell-line yielded 140 
significantly (p<0.05) up- and 154 significantly (p<0.05) downregulated genes 
(Figure 10; Supplementary Figure 1A, B in Study III).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 10. AIRE changes the expression of many genes in HEK293 cell-line. Signal 
intensity scatter-plots of 140 significantly up- (gray lines) and 154 downregulated 
(black spots) genes in combined AIRE1 and AIRE2 (AIRE1/AIRE2) datasets compared 
to the NC cell-line (A), AIRE1 cell-line compared to AIRE2 cell-line (B), AIRE1/ 
AIRE2 compared to AIRE-D312A cell-line (C) and AIRE-D312A compared to NC 
cell-line (D).  
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The number of AIRE upregulated genes identified with Illumina BeadChip arrays 
was probably underestimated since none of our initially identified AIRE target 
genes (INS, INV, S100A8) turned up as upregulated. Later on, we used 
quantitative RT-PCR to verify the BeadChip results and also confirmed the 
upregulation of INS, INV, S100A8 (Figure 2A, B and Supplementary Figure 6 in 
Study III) and many other genes such as S100A5, S100A6, S100A7, S100A9, 
LOR, SPRR2F, which were not detected as differentially expressed by the 
BeadChip arrays (data not shown). These data collectively show that similar to 
mTECs, AIRE is able to increase the gene expression of many genes in HEK293 
cells. Other groups have also observed, that expression arrays are not sensitive 
enough to pick up all AIRE induced gene expression changes, leading to the 
conclusion that AIRE may influence more genes than previously thought – 
several thousands rather than several hundreds (Mathis and Benoist, 2009).  

The comparison of upregulated gene expression profiles of the two AIRE 
expressing cell-lines showed that they are highly similar (Figure 10B; Supple-
mentary Figure 1A in Study III). This result shows that although there are 
differences in genes regulated by AIRE in different cell types, it tends to 
regulate very similar list of genes on the same cellular background. The results 
with AIRE-D312A mutant showed that while it was clearly less potent activator 
of gene expression, the repressive effect seemed not to be affected (Figure 10C, 
D; Supplementary Figure 1A in Study III) suggesting that histone binding is not 
essential for AIRE mediated gene expression repression. 

Quantitative RT-PCR also confirmed that the activation of some of the AIRE 
target genes depended completely (INS, INV, S100A8, HBG2, IFI16) or partially 
(OAS3, HCP5, CLDN1) on the intact PHD finger domain, while the activation 
of other genes such as GHR, TOX3, PAK3, SUSD4, CDH12 was not affected by 
the PHD mutation (Figure 11; Figure 6A in Study I; Supplementary Figure 6 in 
Study III).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. The extent of transcription activation induced by AIRE varies widely. RT-
PCR determined mRNA levels of AIRE target genes, INS (A), S100A8 (B), LPL (C), 
OAS3 (D), HCP5 (E), TOX3 (F), GHR (G) and AIRE independent PSMD4 gene (H) in 
NC, AIRE1, AIRE2 and AIRE-D312A cell-lines are shown relative to the respective 
mRNA levels in NC cell-line(=1). Average data of three independent experiments with 
SD are shown. 
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These data show that the intact first PHD finger domain of AIRE is needed for 
the activation of full range of AIRE target genes. This seems to be also relevant 
in physiological context, as a loss of thymic expression of even a single antigen 
can be sufficient to cause autoimmunity (DeVoss et al., 2006; Gavanescu et al., 
2007; Fan et al., 2009). 
 

 
5.8. Characterization of AIRE target genes  

in HEK293 cells  
 
The list of genes upregulated by AIRE seemed to consist of random genes. 
Although we also analyzed the expression of well-characterized APECED 
autoantigen genes (CYP17A, CYP21A2, CYP11A, TG, TPO), these were not 
activated by AIRE in HEK293 cells. This prompted us to ask whether there is 
anything else in common for AIRE activated genes in HEK293 cells? 

It has been shown that regardless of the cellular environment, AIRE prefe-
rentially activates genes that are characterized by tissue-specific expression pattern 
(Derbinski et al., 2005; Gardner et al., 2008). To determine whether AIRE 
upregulated genes are enriched for tissue-specific genes in HEK293 cells, we 
determined the proportion of tissue-specific genes among AIRE upregulated genes 
and all RefSeq genes present on Illumina BeadChip arrays using the tissue-specific 
gene expression and regulation (TiGER) database (http://bioinfo.wilmer.jhu.edu/ 
tiger/) (Liu et al., 2008). The comparison of the observed versus expected fre-
quencies of tissue-specific genes among the AIRE upregulated genes revealed 
that the proportion of tissue-specific genes was indeed significantly higher than 
would have been expected by chance (chi-square test p-value 2.7x10-8). 
Furthermore, as previous studies with mTECs have shown (Derbinski et al., 
2005), the range of tissues expressing the AIRE activated genes was extremely 
wide, covering essentially the whole body (Supplementary Figure 2 in Study 
III).  

Previous studies have shown that AIRE-regulated genes tend to cluster in the 
genome (Derbinski et al., 2005; Johnnidis et al., 2005). To determine whether 
AIRE-regulated genes are clustered in HEK293 cells, we used a program called 
REEF (http://telethon.bio.unipd.it/bioinfo/reef/index.html) that compares the 
frequency of selected features (AIRE-regulated genes) against reference fea-
tures (genes of the whole genome) by using a sliding window approach (Coppe 
et al., 2006). The analysis of gene density with a 200 kb window size at a false 
discovery rate <0.05 identified 9 clusters with AIRE-upregulated, 6 with AIRE-
downregulated and 1 containing both up- and downregulated genes (Supple-
mentary Figure 3 in Study III). The repeated use of a random set of 140 genes 
resulted in average of 3 significant clusters. This shows that AIRE-regulated 
genes tend to be more clustered than would be expected (chi-square test p-value 
3.6x10-6), not only in mTECs but also in our HEK293 cell model. 

The scatter plots comparing the gene expression profiles of up- and 
downregulated genes (Figure 9A) suggested that, compared to downregulated 
genes, AIRE upregulated genes have lower initial expression levels. Looking at 
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the distribution of genes by their signal intensities on the Illumina BeadChips 
confirmed that AIRE upregulated genes have low initial expression level and 
AIRE downregulated genes have high initial expression level (Figure 12).  

 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 12.  The distribution of AIRE induced and repressed genes compared to that of 
the whole genome by signal intensity in NC cell-line. 

 
 

This finding was further supported by comparison of the average signal inten-
sity of all genes on the Illumina arrays (average signal intensity 290) with 
AIRE-upregulated (57) or downregulated (1357) average gene signal intensities. 
Moreover, the average increase of AIRE-upregulated genes was far higher 
(12.4-fold) than the average decrease (2.6-fold) of repressed genes. In addition, 
there was a significant negative correlation between initial expression levels in 
NC cells and the fold of induction (Pearson correlation, two-tailed p-value= 
0.0009), so that genes with low initial expression levels had higher induction 
rates (Supplementary Figure 5A in Study III). We also analyzed the distribution 
of AIRE-regulated genes by size and exon number, but overall, we found no 
difference compared to genes of the whole genome (Supplementary Figure 4B, 
C in Study III).  

Collectively, these results show that similar to the other cell types, AIRE 
preferentially activates wide range of tissue-specific genes also in HEK cells. 
Furthermore, these genes tend to be clustered in the genome as shown for AIRE 
regulated genes in mTECs. A possible explanation for the clustering is provided 
by a recent study, which showed that AIRE is in the same complex with TOP2 
and induces similar gene expression changes as etoposide, a chemical that is 
known to stabilize TOP2-introduced single-stranded breaks (Abramson et al., 
2010). Interestingly, it has been previously shown that in contrast to genes 
regulated by c-myc oncogene, the etoposide regulated genes locate much closer 
to each other than would have been expected by random distribution of genes in 
genome (Reymann and Borlak, 2008). Such clustering suggests that, besides 
being controlled individually, AIRE target genes may also be subject to 
regulation according to their location within the genome.  
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The fact that AIRE preferentially activates tissue-specific genes with low 
initial expression seems to have physiological importance as the purpose of 
promiscuous gene expression in the thymus is to widen the scope of proteins 
that could be presented to developing T-cells and with that to assure effective 
negative selection. AIRE seems to raise the expression level to certain extent, 
more for the genes with low initial expression level and less for genes with 
higher expression. Since these proteins do not perform their usual function in 
the thymus, they are only needed at certain expression level, which is enough to 
ensure the proper negative selection of self-reactive T-cells. Similarly, others 
have noted that AIRE does not operate as a simple on/off switch but seems to 
enhance the transcription to certain extent (Mathis and Benoist, 2009). The data 
is also compatible with the threshold model, which defines certain parameters 
that need to be fulfilled for the proper central tolerance. These parameters 
include: the number of mTECs expressing a given tissue-specific antigen; the 
level of expression of tissue-specific genes per mTEC; proper processing and 
presentation of a given antigen; the proper three dimensional organization of 
mTECs; lifespan of a mTECs and a residence time of the thymocytes in the 
medulla. Deviation in any of these parameters, including reduction in AIRE 
defined transcript levels, can lead to the breakdown of central tolerance 
(Tykocinski et al., 2008).  

 
 

5.9. Histone modifications at AIRE target genes  
 
After the identification of AIRE target genes in HEK293 cells, we next aimed to 
study chromatin structure nearby these genes on a broader scale using ChIP 
assay with AIRE1 and NC cell-lines followed by hybridization of the 
immunoprecipitated material to Nimblegen custom made tiling arrays (ChIP-
on-Chip). The arrays contained genomic regions of several control genes and 51 
AIRE target genes identified previously by expression analysis in HEK293 
cells. To distinguish between possibilities of proximal promoter-related or more 
distant regulation mechanisms, the arrays were designed to contain genomic 
regions that covered the 200 kb up- and downstream of the target gene. To 
distinguish between different chromatin states, we used antibodies against 
acetylated histone H3 (AcH3) and H3K4me3, which together should mark open 
chromatin and actively transcribed genes. In addition, we were interested in 
studying H3K4me3 because of its function to block the AIRE binding to the 
chromatin. For the identification of transcriptionally silent chromatin, we used 
antibody against H3K27me3 modification and, as a control, we also used 
antibody against general histone H3.  

First, we verified the overall performance of the arrays using the previous 
knowledge that H3K4me3 and AcH3 mark transcriptionally active genes and 
H3K27me3 marks transcriptionally inactive genes (Kouzarides, 2007). Using 
the Nimblegen peak finding algorithm to identify the presence of studied 
histone modifications, we saw a clear trend for genes with higher expression 
levels to preferentially have H3K4me3 and AcH3 marks on their promoters 
(Supplementary Figure 7A, B in Study III). In contrast, genes with low 
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expression level tended to have H3K27me3 more often on their promoters 
(Supplementary Figure 7C in Study III).  

Having seen that the histone posttranslational modification behaved as 
expected, we next analyzed the presence of chromatin modifications on the 
promoters (2 kb up- and downstream of TSS) of AIRE target genes. As expected 
from the low basal expression levels, 85% AIRE upregulated gene promoters in 
NC cell-line were devoid of transcriptionally active gene marks H3K4me3 and 
AcH3 (Figure 13). A proportion (18%) of the genes contained H3K27me3 mark 
and majority of the genes (70%) lacked all studied modifications. When 
compared to random genes with high or low expression, the AIRE target genes 
are more similar to the latter (Figure 13; Table 1 in Study III).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. AIRE mediated transcriptional activation is accompanied by changes in 
histone posttranslational modifications. The presence of histone modifications 
(H3K4me3, AcH3, H3K27me3) on the promoters of AIRE upregulated genes, and on 
the promoters (2 kb up- and downstream of transcription start sites) of genes with high 
and low expression levels, in AIRE1 and NC cell-lines. Red and black colours denote 
the presence and lack of corresponding modifications, respectively. The shades of red 
represent peak scores, which translate into the amounts of corresponding modifications. 
 
 
Compared to NC cell-line, we found several changes in the posttranslational 
modifications on the promoters of AIRE target genes in AIRE1 cell-line. There 
was clear increase in the number of genes having H3K4me3 (36% in AIRE1 vs. 
15% in NC) or AcH3 (16% in AIRE1 vs. 2% in NC) mark and the amount of 
the modification also increased as assessed by the peak score. As expected from 
the increase of modifications that characterize active genes, the number of genes 
with H3K27me3 mark was decreased (9% in AIRE1 vs. 18% in NC). Such 
changes were not seen neither among random genes with low expression nor 
among genes with high expression (Figure 13; Table 1 in Study III). 

As an alternative to the use of the peak finding algorithm of the SignalMap 
program (Nimblegen), we normalized the results against H3 and calculated the 
average signal intensity for each histone modification in a region of 2 kb up- and 
downstream of AIRE target genes transcription start sites. Such an analysis also 
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showed clearly that in AIRE1 cell-line, there is an increase in H3K4me3, AcH3 and 
decrease in H3K27me3 levels on majority of the AIRE target genes 
(Supplementary Figure 8 in Study III). In addition, this analysis revealed that genes 
having higher levels of H3K4me3 on their promoters also had higher levels of 
H3K27me3 on their promoters in NC cell-line. Most of these genes remained 
bivalent in AIRE1 cell-line but the ratio of the modifications shifted towards 
H3K4me3 (Supplementary Figure 8 in Study III). Whole genome analysis of 
histone modifications have identified that a number of genes have bivalent 
modifications (H3K4me3 and H3K27me3) on their promoters and these genes are 
usually inactive but poised for transcription (Mikkelsen et al., 2007). 

Analysis of individual genes more closely showed that AIRE independent 
genes, like GAPDH, had similar levels of studied histone posttranslational 
modifications in NC and AIRE1 cell-lines whereas some of the AIRE upre-
gulated genes, like GHR, had several changes in histone posttranslational 
modifications that reflect transcriptional activation (Figure 14). While H3 levels 
were similar in NC and AIRE1 cell-line throughout the whole region, there was 
an increase in H3K4me3 and AcH3 levels exactly adjacent to the transcriptional 
start site. H3K27 levels, however, were decreased in a ~200kb region that 
covered the whole gene (Figure 14). Similar changes were seen with OAS3, 
LPL, TOX3 and HSBP8 genes (Supplementary Figure 9A, B, C, D in Study III). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 14. AIRE mediated gene activation is accompanied by changes in histone 
posttranslational modifications. Average levels of histone posttranslational 
modifications (H3K4me3, AcH3, H3K27me3) and general H3 in a region of 200 kb of 
up- and downstream of AIRE upregulated GHR and AIRE independent GAPDH genes 
(arrows) in NC (blue line) and AIRE1 cell-lines (red line). 

14
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Other genes had various combinations of changes. For example, PLXDC2, 
MAL2 had increased H3K4me3 and AcH3 levels on the promoters, but 
comparable levels of H3K27me3 throughout the gene (data not shown). PLD5 
and MYRIP had only H3K27me3 decrease inside of the gene, but no H3K4me3 
and AcH3 changes around transcription start site (data not shown). Analysis of 
other genes showed that many of the AIRE target genes had largely comparable 
levels of studied histone posttranslational modifications in both cell-lines. 

To verify that the changes seen in histone posttranslational modifications by 
ChIP-on-chip approach were reproducible, we performed conventional chro-
matin immunoprecipitation assays with αH3K4me3, αH3K27me3, αAcH3 and 
αH3-2 antibodies using NC and AIRE1 cell-lines. As observed with ChIP-on-
chip results, the promoter regions of GHR and LPL genes contained more 
H3K4me3 and AcH3 marks and on their promoter regions in AIRE1 cell-line, 
whereas H3K27me3 levels were reduced in the promoter region and also in the 
3’ region of the genes (Figure 5 in Study III).  Such changes were not found 
with INV, INS and S100A8 genes as well as with AIRE independent PSMD4 
and GAPDH genes (Figure 5, Supplementary Figure 10 in Study III). Small rise 
in H3K4me3 levels were also seen on the promoters of CHD12, PAK3, SUSD4, 
CLDN1 genes whereas EFHC2, HBG2, THBS2, ZBTB7B gene promoters had 
comparable levels of H3K4me3 (Supplementary Figure 10 in Study III).  

In conclusion, these results show that the gene expression activation by 
AIRE can be accompanied by various changes in histone posttranslational 
modifications on the promoter regions and/or within the target genes. Although 
interesting, these changes are most likely not a direct effect of AIRE. Rather, 
the wide variation of changes seen in the histone posttranslational modifications 
among AIRE target genes suggest that the final outcome of gene activation is 
determined by the local environment – by chromatin state and the presence of 
other (histone modifying) proteins. 
 
 

5.10. Posttranslational histone modifications in AIRE 
regulated gene clusters 

 
As AIRE regulated genes tend to cluster in the genome, it has been proposed 
that AIRE might induce structural changes of larger chromatin regions 
(Derbinski et al., 2005; Johnnidis et al., 2005). Therefore, we examined an 1.8 
mb genomic region on chromosome 1, which includes an epidermal 
differentiation cluster that contains several AIRE target genes. In general, the 
overall distribution of the studied posttranslational histone modifications in 
AIRE1 and NC cell-lines was very similar (Supplementary Figure 11 in Study 
III). This result suggests that at least in this 1.8 mb region AIRE does not 
mediate large epigenetic rearrangements. We also analyzed other AIRE 
regulated gene clusters but found no changes in histone modifications that 
covered more than one gene region (data not shown). These results suggest that 
most likely AIRE does not mediate large rearrangements in chromatin structure. 
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5.11. The presence of RNA polymerase II on  
AIRE target gene promoters 

 
Following a study by Oven et al., which showed that AIRE promotes transcrip-
tional elongation by recruiting P-TEFb to target gene promoters (Oven et al., 
2007), we also studied the presence of RNA polymerase II on the promoters of 
AIRE target genes in NC and AIRE1 cell-lines by ChIP-on-chip and for the 
confirmation of the results, we also performed conventional ChIP. The scenario 
in which AIRE propagates elongation assumes the presence of stalled RNA 
polymerase II on the target gene promoters. We, however, found RNA poly-
merase II only on 4% of AIRE target gene promoters in NC cell-line. In 
agreement with the increased expression, RNA polymerase II was found on 15 
(26,8%) AIRE upregulated gene promoters in AIRE1 cell-line. The lack of 
RNA polymerase II in our experiments could be explained by low detection 
efficiency, which is in part supported by the data that many of the AIRE target 
genes contained bivalent modifications characteristic for genes being poised for 
transcription (Supplementary Figure 8 in Study III). However, we observed an 
increase in RNA polymerase II levels on several AIRE target genes in AIRE1 
cell-line by ChIP-on-chip (Data not shown) and this was also confirmed by 
conventional ChIP experiments (Figure 5 in Study III). These results suggest 
that AIRE mediated increase in mRNA levels is, at least to some extent, due to 
enhanced transcription and involves the recruitment of RNA polymerase II to 
the target gene promoters. 
 
 

5.12. AIRE binding to chromatin 
 
Several studies have shown that AIRE interacts with chromatin on the 
promoters of its target genes (Oven et al., 2007; Ruan et al., 2007). We 
therefore also studied the presence of AIRE on its target gene promoters. Initial 
ChIP experiments showed the presence of AIRE on the promoters of its target 
genes INS, INV and S100A8 (Figure 5B in Study I) while these interactions 
were not seen in the cell-lines expressing AIRE with a D297A or D312A 
mutation (Figure 6B in Study I). In addition, less binding was observed on the 
promoter of housekeeping gene GAPDH and on the promoter of AIRE 
independent S100A10 gene.  

We also studied the binding of AIRE to the chromatin by ChIP-on-chip. The 
immunoprecipitation results with AIRE-1 antibody from AIRE1 cell-line were 
normalized against AIRE immunoprecipitation results from NC cell-line. From 
the normalized data, the Nimblegen algorithm managed to identify 1854 peaks, 
which were at first sight distributed rather randomly throughout the studied 
regions. Analysis of the regions with CEAS system (http://ceas.cbi.pku.edu.cn/) 
(Ji et al., 2006) showed that compared to the background (α-AIRE immuno-
precipitation results from NC cell-line), the AIRE binding sites localized more 
to gene promoters and exons (Table 6).  
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Table 6. The genomic distribution of AIRE binding sites (AIRE) compared to the 
background (NC) 
 

 Exon 
% 

Intron 
% 

5'UTR 
% 

3'UTR 
% 

Proximal 
promoter 
% 

Immediate 
downstream 
% 

Enhancer 
% 

AIRE 14.7 32.8 0.05 1.6 4.4 2.6 43.9 
NC 6.1 34.0 0.02 0.7 1.4 2.3 55.5 

 
 
The Nimblegen arrays contained 704 genes and out of these, in a region of 2 kb 
up- and downstream of transcription start sites, AIRE binding peaks were found 
on 217 (30.8%) genes including on one AIRE downregulated (out of 13 on the 
array; 7.7%) and 17 upregulated (out of 51 on the array; 33.3%) genes. In 
addition, the AIRE binding sites were found inside of 30 (55.6%) AIRE up-
regulated and 3 (23%) downregulated genes. Combining the two analyses, the 
AIRE binding sites were found within or nearby 34 (63%) AIRE upregulated 
and 3 (23%) downregulated genes. These results suggest that AIRE binds to 
chromatin in a rather random fashion and/or the binding is dynamic. The ran-
dom or temporal binding of AIRE to the chromatin is in agreement with studies, 
which show that at a single cell level mTECs express only a limited number of 
tissue-specific genes that are regulated by AIRE at the cell population level 
(Derbinski et al., 2008; Villasenor et al., 2008). However, these studies are 
restricted by technical limitations and are compatible with scenarios were 
individual mTECs express different sets of tissue-specific genes or the overall 
set of AIRE regulated genes expressed in individual mTECs is the same but all 
the genes are not expressed simultaneously, therefore, in a given time point, 
only certain transcripts can be detected (Figure 3 in Study IV). At the cell 
population level both scenarios lead to the similar list of AIRE regulated genes 
and both scenarios are also compatible with our data.    

 
 
5.13. Histone H3 N-terminal modifications influence  

AIRE mediated transcriptional activation 
 
Our experiments with differentially modified histone H3 N-terminal peptides 
showed that posttranslational modifications, such as H3K4 methylation, H3T3 
phosphorylation and H3R2 methylation disrupt AIRE binding to histone H3 N-
terminal ends. This is in agreement with our initial AIRE ChIP data, however, 
the rather random binding observed by ChIP-on-chip prompted us to search for 
further evidence that histone posttranslational modifications influence AIRE 
mediated transcriptional activation.  

Our gene expression analysis showed that the activation of some of the 
AIRE target genes was not affected by the D312A mutation. Since this mutant 
is not capable of interacting with histones AIRE must use other mechanisms 
than histone binding to interact with chromatin to activate its target genes. 
Accordingly, the H3K4me3 levels on the promoters of these genes should not 
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influence AIRE binding. The activation of another subset of AIRE target genes, 
however, was decreased by the AIRE D312A mutation. The activation of these 
genes relies on the interaction with histones and therefore the promoters of these 
genes should have lower levels of H3K4me3 on their promoters since this mark 
blocks AIRE binding. To address this question, we compared 15 genes most or 
least affected by the D312A mutation and found that affected genes have 
significantly lower H3K4me3 levels on their promoters, both in NC and AIRE1 
cell-lines (Student’s two tailed t-test p-values 0.01 and 0.001 respectively) 
(Figure 15).  

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 15. H3K4me3 levels on AIRE target gene promoters influence AIRE-D312A 
mutant ability to activate gene expression. 2 kb up- and downstream of transcription 
start sites are included to calculate average levels of H3K4me3 levels on the promoters. 
Student’s two tailed t-test p-values were 0.01 and 0.001 in NC and AIRE1 cell-lines, 
respectively. 
 
 
This result further supports the idea that AIRE interaction with histones is 
needed for the activation of genes with low level of H3K4me3 on their 
promoters. It seems that in the physiological context the activation of genes that 
lack H3K4me3 is especially important since these genes have a low expression 
level, which needs to be increased over a certain threshold to ensure proper 
negative selection.  

We also studied the effect of increased H3R2 methylation on AIRE mediated 
gene expression activation in HEK293 cells. We used the over-expression of 
histone H3R2 methyltransferase PRMT6 to increase the dimethylation levels of 
R2. Indeed, PRMT6 overexpression lead to strong R2 dimethylation increase 
both when transfected with control plasmid or with AIRE (Figure 16A). The 
activation of AIRE target genes S100A8 and INV was remarkably reduced in the 
presence of higher R2 methylation level when PRMT6 was co-transfected with 
AIRE (Figure 16A, B). Importantly, no reduction of studied mRNA levels was 
observed when PRMT6 was transfected alone, indicating that R2 methylation 
antagonizes the AIRE ability to activate gene expression.  

Three out of first eight N-terminal amino acids of histone H3 can be post-
translationally modified (R2 methylation, T3 phosphorylation and K4 methy-
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lation) and all these three modifications interfere with AIRE binding. Not much 
is known about the function of histone H3T3 phosporylation. In Chlamydo-
monas the mark has been associated with silencing of gene expression (Casas-
Mollano et al., 2008). More is known about histone H3 R2 methylation. Recent 
studies have shown that H3K4me3 and H3R2me2 marks are mutually exclu-
sive. Accordingly, R2 dimethylation localizes more to the 3’ region of the genes 
and is depleted on the promoters of active genes, which have high levels of 
H3K4me3. The highest levels of R2 dimethylation were associated with hetero-
chromatin (Guccione et al., 2007; Kirmizis et al., 2007). Another genome-wide 
ChIP-seq study found that H3R2me1 and H3R2me2 are not enriched on the 
promoters of neither active nor inactive genes (Barski et al., 2007). H3K4me3 
has been shown to preferentially locate on the promoters of active genes 
(Bernstein et al., 2005). The data suggest that these modifications occupy 
different genomic regions and therefore independently hold the potential to 
restrict the locations in chromatin where AIRE can bind to. However, consi-
dering the low level of H3R2 methylation, compared to H3K4 methylation, the 
latter seems to be the major negative determinator for AIRE interaction with 
histones. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. R2 methylation hinders AIRE ability to activate target genes. (A) Western 
blot analysis of transfected HEK293 cells. Transfections were carried out as indicated 
below, antibodies and/or detected proteins are indicated on the right. (B) Relative 
expression level of AIRE regulated INV and S100A8 genes and AIRE independent 
S100A10 gene. Activations, measured with quantitative RT–PCR, are shown as relative 
quantity of mRNA compared to control transfection (= 1) of each mRNA. The data are 
the averages of two independent transfections. 
 
 

A B 
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5.14. AIRE target gene posttranslational histone 
modifications in mouse mTECs and  

in the peripheral tissues 
 
Our next aim was to study histone posttranslational modifications on the pro-
moters of selected tissue-specific genes in mouse mTECs and their corres-
ponding peripheral tissues. According to our hypothesis, Aire dependent tissue-
specific genes should have low levels of H3K4me3 on their promoters in 
mTECs and higher levels of H3K4me3 in their peripheral tissues, where they 
are highly expressed. In the thymus, immature mTECs characterized by low 
expression of co-stimulatory molecule CD80 are negative for AIRE. During 
their differentiation into mature mTECs, they upregulate CD80 expression and 
also start to express AIRE. To identify the differences between AIRE negative 
and positive mTECs, we studied immature CD80low and mature CD80high po-
pulations separately. The major obstacle in studying histone modifications from 
primary cells has been the small quantity of cellular material available. Recent 
advances in methodology, however, enable researchers to use as few as 100 
cells for chromatin immunoprecipitation (Dahl and Collas, 2007). In our experi-
ments, we used the Q2ChIP method, which enables to study histone modifi-
cations from a small number (~20 000) of cells. 

The Q2ChIP results showed that housekeeping gene Gapdh promoter 
contained similarly high levels of H3K4me3 and low levels of H3K27me3 in all 
studied tissues: mTECs (CD80low, CD80high), pancreas and neutrophils 
(Figure 17).  

As expected, compared to other tissues, the H3K4me3 levels on the pro-
moters were higher in the tissues where each of the studied genes is preferen-
tially expressed: Ins2 and Gad2 in pancreas and S100a8 in neutrophils. 
H3K27me3 levels were low almost on all studied promoters in all tissues except 
for slightly higher levels on S100a8 promoter in pancreas. In CD80low mTECs, 
the H3K4me3 levels were low on the promoters of AIRE dependent tissue-
specific antigens Ins2 and S100a8, but much higher on the promoter of AIRE 
independent tissue-specific gene, Gad2 promoter. In CD80high compared to 
CD80low mTECs, a rise in H3K4me3 levels was detected on the promoters of 
Gad2 and S100a8, while the promoter of Ins2 remained unchanged. Comparing 
CD80low and CD80high subsets, H3K4me3 levels were also higher on the Aire 
promoter correlating well with the increase in Aire expression (Figure 17). 

Together, these results are in agreement with data acquired from HEK cell-
lines showing that AIRE target genes have initially low levels of H3K4me3 on 
their promoters, which then depending on the gene, can be enhanced in the 
presence of AIRE. 
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Figure 17. Aire target genes have low levels of H3K4me3 on their promoters in mouse 
mTECs. Q2ChIP analysis of the promoters of Aire dependent tissue-specific antigens, 
Ins2 and S100A8 as well as Aire independent tissue-specific antigen Gad2, house-
keeping gene Gapdh and Aire in CD80high, CD80low mTECs, pancreas and neutro-
phils. Average data of two independent experiments with SD are shown.  
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6. GENERAL DISCUSSION 
 
The potential capacity of the immune system to cause a disease was first re-
cognized at the turn of the 20th century. Although Paul Ehrlich’s “horror auto-
toxicus” postulate that autoimmune diseases could not occur was misleading 
and dominated the field for about 50 years, it also clearly referred to the 
existence of mechanisms that would ensure immunological tolerance against 
self. Yet, it is clear now that these mechanisms are not always perfect, which is 
reflected by the increasing number of diseases that are suspected to have an 
autoimmune origin. The understanding of any autoimmune disease process 
requires the detailed characterization of the mechanisms that contribute to the 
maintenance and break-down of self-tolerance. 

Negative selection of self-reactive thymocytes in the thymus has emerged as 
a fundamental process to ensure central tolerance and it has been shown that the 
expression of the AIRE protein is needed for a proper negative selection. The 
basis of negative selection is the presentation self-peptide–MHC complexes by 
the APCs and subsequent thymocyte TCR binding avidity to the MHC:peptide 
complex. The scope of the negative selection is determined by the peptides 
available for the presentation in the thymus. In ideal case, each developing 
thymocyte should be screened against every self protein. While this is probably 
not true, mTECs do express a large number of tissue-specific genes and the 
presence of the AIRE protein expands the number of genes expressed even 
further (Anderson et al., 2002). Therefore, the main mechanism by which AIRE 
has been proposed to be responsible for a proper negative selection is the 
promotion of the expression of tissue specific genes in mTECs thus making 
them available for a presentation. Compatible with this model, studies published 
so far indicate that regardless of the cell type, AIRE  activates the expression of 
many genes, however, the set of activated genes is specific for each cell type 
(Anderson et al., 2002; Gardner et al., 2008; Guerau-de-Arellano et al., 2008). 
In addition, although different sets of genes are activated, they are enriched for 
genes having tissue specific expression pattern and tend to localize in clusters in 
the genome. This was also true for the HEK293 cells used in this study. These 
data suggest that the gene expression activation mechanism used by AIRE must 
be rather general to function in different cell types. Yet, the mechanism utilizes 
something that is common for tissue specific genes as well as something that is 
specific for a given cell type, which determines the final set of activated genes.  

Our results, showing that AIRE utilizes its first PHD zinc finger for the 
interaction with histone H3 are in a good agreement with these data. Histones 
are by far the most abundant chromatin bound proteins present in eukaryotic 
cells. However, the chromatin structure and histone posttranslational modifi-
cations that play an important role in determining which genes are accessible to 
the transcriptional machinery vary between cell types. Moreover, the ability of 
AIRE to recognize different histone H3 N-terminal modifications, especially 
discriminating against active transcription mark H3K4me3, could be the key to 
the notion that AIRE preferentially activates genes which have low initial 
expression level and are enriched for tissue specific genes. Tissue-specific 
genes, which are expressed only in a few specific tissues, lack H3K4me3 in 

16



 62

other tissues, including thymus, and are thus potential targets of AIRE (Supple-
mentary Figure S8 in Study I). 

Our gene expression array data suggest that in addition to histone H3 
binding, AIRE uses some other means, for example binding to DNA or other 
chromatin bound proteins to interact with chromatin. In some cases, these other 
interactions seem to be sufficient to assure AIRE mediated gene expression 
activation. The use of multiple domains to interact with chromatin is probably 
widespread and helps to increase the affinity and specificity of the interaction. 
The importance of AIRE interaction with other, not necessarily directly 
chromatin bound proteins, is further underlined by the fact that the recognition 
of the same histone modifications can lead to opposing biological readouts. The 
interaction with unmodified H3 N-terminal tails in case of AIRE is needed for 
gene expression activation, whereas in case of BHC80 leads to LSD1 mediated 
gene expression repression (Lan et al., 2007).  

Some of the recent studies shed light to some of the other interactions and 
processes that, in addition to histone H3 binding, are needed for AIRE mediated 
gene expression activation (Figure 18; Figure 2 in Study IV) (Oven et al., 2007; 
Abramson et al., 2010). Accordingly, using its first PHD zinc finger AIRE 
selectively interacts with unmodified histone H3 N-terminal tails and is 
therefore recruited to chromatin regions which lack histone H3 N-terminal 
modifications. These regions exclude the promoters of actively transcribed 
genes but include the promoters of inactive genes, which are enriched for genes 
characterized by tissue-specific expression pattern. In addition to histone 
binding, interaction with DNA or other proteins might be necessary to guide 
AIRE to specific regions. On target gene regulatory regions, AIRE seems to 
promote the formation of protein complexes that favor transcript elongation and 
mRNA processing. AIRE interaction with TOP2 leads to the relaxation of the 
underling chromatin by introducing DSBs to the DNA. 

The DSBs would mobilize H2AX, and activate DNA-PK/Ku80, PARP-1 and 
other proteins found to associate with AIRE. The accumulation of DSBs would 
also explain the notion that AIRE promotes apoptosis of mTECs (Gray et al., 
2007). AIRE further enhances the transcription by recruitment of the positive 
transcription elongation factor b (P-TEFb) complex, which phosphorylates the 
serine residues of stalled RNA polymerase II. This phosphorylation converts the 
polymerase from a paused to elongating form and results in the activation of 
gene expression. AIRE interaction with other proteins involved in mRNA 
processing further promotes the accumulation of fully mature mRNAs. The 
interaction of AIRE with CBP, PIAS1 and nuclear matrix could also be 
involved in modulating the AIRE mediated transcriptional activation. Although 
AIRE seems to interact with many proteins that are involved in different stages 
of transcription, the exact order and nature of the underlying processes requires 
far more research.  
 



 63

 
 

 
Figure 18. Proposed mechanism of AIRE-mediated preferential activation of tissue-
specific genes in the thymus, making them available for presentation to T-cells. AIRE 
preferential binding to unmodified histone H3 N-terminal tails is needed to direct AIRE 
to certain regions in chromatin including the regulatory regions of tissue-specific genes 
where AIRE seems to promote the formation of protein complexes that favor transcript 
elongation and mRNA processing. Adapted from (Peterson et al., 2008; Kyewski and 
Peterson, 2010).  
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Although the complete understanding of the mechanism leading to the 
activation of tissue-specific antigens in the thymus remains to be achieved, the 
importance of AIRE histone binding in transcriptional activation is also 
confirmed by other studies where other research groups independently of us 
have got essentially the same results (Koh et al., 2008). In the physiological 
context, the relevance of AIRE histone binding is underlined by the fact that it 
is most needed for the activation of genes that have low levels of H3K4me3 on 
their promoters and have therefore a low expression level. These are the genes 
which expression needs to be increased the most in order to make them 
available for presentation and with that assure proper negative selection and 
self-tolerance.     
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7. CONCLUSIONS 
 

1. We identified that similar to other proteins with PHD fingers, AIRE can 
directly interact with histone H3 through its first PHD zinc finger domain, 
thus providing a new mechanism how AIRE might be tethered to chro-
matin.  

2. We showed that AIRE interaction with histone H3 is disrupted by several 
histone H3 N-terminal modifications, such as H3K4me3 and H3R2me2. 
Therefore, AIRE preferentially interacts with histone H3 N-terminal tails 
that have no posttranslational modifications. In collaboration with Dr. 
Giovanna Musco and her colleagues from Dulbecco Telethon Institute c/o 
S. Raffaele Scientific Institute, Milan, the interaction has been characte-
rized in detail with NMR experiments. The recognition of unmodified 
histone H3 tails by AIRE-PHD1 is in addition to the BHC80 protein an 
important example of unmodified histone H3 N-terminal tail readers. This 
exemplifies that also lack of histone posttranslational modifications is a 
part of histone code needed to regulate different biological processes. We 
also showed that AIRE can bind to mononucleosomes in vitro and that it 
selectively interacts with histones in vivo, therefore providing evidence 
how AIRE can be recruited to certain locations in chromatin, which results 
in preferential activation of tissue-specific genes 

3. Using a model system, HEK293 cell-lines stably expressing AIRE, we 
showed that AIRE indeed preferentially activates genes that are tissue-
specific and characterized by low levels of initial expression. The acti-
vation of full set of AIRE target genes is dependent on the intact first PHD 
finger of AIRE and therefore on the AIRE interaction with histones.  

4. We also identified that AIRE regulated genes lack active chromatin marks, 
such as H3K4me3 and AcH3, on their promoters. During activation by 
AIRE, some of the target genes acquire histone H3 posttranslational modi-
fications associated with transcription and RNA polymerase II, suggesting 
that AIRE mediated increase in mRNA levels is mediated, at least in part, 
at the transcriptional level. Furthermore, we provided evidence that 
although AIRE binding to chromatin seemed to be temporal or stochastic, 
certain histone posttranslational modifications, such as H3K4me3 and 
H3R2me2, influence AIRE mediated transcriptional activation. Finally, we 
verified our model that AIRE target genes have low levels of H3K4me3 on 
their promoters in vivo by studying histone posttranslational modifications 
in mouse mTECs and peripheral tissues.  

 
In summary, our studies have lead to the identification of new aspects on the 
molecular mechanisms of AIRE mediated preferential activation of tissue-
specific genes, thus, providing new important insight into the mechanisms how 
central tolerance is achieved in the thymus. 
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 SUMMARY IN ESTONIAN 
 

Autoimmuunregulaator valgu esimese PHD domeeni 
molekulaarne funktsioon 

 
Normaalselt funktsioneeriv immuunsüsteem on võimeline organismi kaitsma 
mitmesuguste haigust tekitavate patogeenide eest ja samal ajal mitte ründama 
keha enda koostisosasid. Sellist immuunsüsteemi omadust mitte reageerida keha 
enda koostisosadega nimetatakse immunoloogiliseks tolerantsiks ja vead selle 
kujunemisel võivad viia autoimmuunhaiguste tekkimiseni. Immunoloogilise 
tolerantsi oluliseks kujunemiskohaks on tüümus, kus toimub T-lüfotsüütide ehk 
T-rakkude areng. T-rakkude arengu käigus toimub T-raku retseptori geeni seg-
mentide juhuslik ümberkorraldamine. Selle tulemusena tekib tohutul hulgal 
erinevad T-raku retseptoreid, mis on võimelised ära tundma erinevaid MHC 
molekulidega kompleksis olevaid peptiide. Sellega tagatakse, et organism oleks 
võimeline ära tundma võimalikult suurt hulka võõrvalke. Kuna aga T-raku 
retseptorite kujunemine on juhuslik, siis tekib ka palju selliseid T-raku retsepto-
reid (TCR), mis on võimelised ära tundma keha enda valke ja T-rakud, mis 
selliseid TCR kannavad on organismile ohtlikud. Et autoreaktiivsed T-rakud ei 
pääseks organismis kahju tekitama toimub tüümuses arenevate autoreaktiivsete 
T-rakkude selektiivne elimineerimine, mida nimetatakse negatiivseks selekt-
siooniks. Selles protsessis osalevad antigeene presenteerivad rakud, dendriit-
rakud ja tüümuse medullaarsed epiteelirakud (mTECid). Nendest eriti olulised 
on mTECid, kuna need rakud on võimelised ekspresseerima suurel hulgal 
geene, mis muidu on ekspresseeritud ainult teatud spetsiifilistes kudedes. Nii 
näiteks on mTECides ekspresseerunud insuliin, mida muidu ekspresseerivad 
spetsiifiliselt ainult pankrease Langerhansi saarekestes olevad beetarakud. Ka-
sutades MHC molekule presenteerivad mTECid arenevatele T-rakkudele erine-
vaid kehaomaseid peptiide ja need T-rakud, mille TCR seostub MHC-peptiid 
kompleksiga suure afiinsusega suunatakse apoptoosi. Immunoloogilise tole-
rantsi tagamiseks on seetõttu äärmiselt oluline mTECides aset leidev koespetsii-
filiste geenide ekspressioon, mida nimetatakse ka avatud geeniekspressiooniks.  

On näidatud, et suure osa koespetsiifiliste geenide ekspressiooni eest tüü-
muses vastutab AIRE (Autoimmuunregulaator) valk. Kui AIRE valk on vigane, 
siis suurt hulka koespetsiifilisi geene ei ekspresseerita ja T-rakkude negatiivne 
selektsioon ei toimu korralikult, mille tõttu pääsevad autoreaktiivsed T-rakud 
tüümusest välja ja põhjustavad autoimmuunseid reaktsioone. Mutatsioonid 
AIRE geenis põhjustavad inimesel autoimmuunset retsessiivset sündroomi 
nimega APECED (Autoimmune Polyendocrinopathy Candidiasis Ectodermal 
Dystrophy). APECED patsientidel on häirunud immunoloogiline tolerants, 
mille tõttu tekivad autoimmuunsed reaktsioonid erinevate, kõige sagedasemini 
endokriin organite vastu. Aire geeni väljalülitamine hiirel põhjustab samuti 
autoimmuunset fenotüüpi, mida iseloomustavad autoantikehad ja lümfotsüütide 
infiltraadid erinevates organites. Kuigi on näidatud, et AIRE valk on oluline 
erinevate koespetsiifiliste geenide ekspressiooniks tüümuses, ei ole mehha-
nismid, kuidas see molekulaarsel tasemel toimub kuigi hästi teada.  
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Selleks, et geeniekspressiooni reguleerida, peab vastav geen olema trans-
kriptsiooni läbiviidavatele valkudele kättesaadav. Raku tuumas olev DNA ei ole 
vaba, vaid on kokku pakitud spetsiifiliste valkude poolt, mida nimetatakse 
histoonideks. Histooni valgud moodustavad nukleosoomi, mille ümber DNA on 
keritud. Histooni valkude N-terminaalsed otsad ulatuvad nukleosoomist välja ja 
teatud aminohapetele nendes on võimalik ensüümide abiga lisada erinevaid 
modifikatsioone, millel on erinev funktsioon. Näiteks aktiivsetel geenidel on 
histoonil H3 trimetüleeritud neljandas positsioonis asuv aminohape lüsiin 
(H3K4me3), samas kui inaktiivsetel geenidel see märgis puudub ja trimetü-
leeritud on hoopis lüsiin 27. Erinevate rakusiseste protsesside reguleerimisel on 
olulised valgud, mis on võimelised läbi oma spetsiifiliste domeenide teatud 
histooni modifikatsioone ära tundma ja seeläbi selektiivselt teatud kromatiini 
piirkondadega interakteeruma. On välja pakutud, et selline histoonide post-
translatsiooniline modifitseerimine moodustab omaette „histooni koodi“, millel 
on väga oluline roll erinevate rakusiseste protsesside reguleerimisel. 

Käesolev dissertatsioon koosneb töödest milles on uuritud, kuidas AIRE 
valk tõstab just koespetsiifiliste geenide ekspressiooni tüümuses. Töös on kes-
kendutud AIRE valgu esimese PHD domeeni (AIRE-PHD1) funktsiooni uuri-
misele, kuna hiljuti näidati, et antud domeenid teistes valkudes on võimelised 
ära tundma histoon H3 teatud trimetüleeritud lüsiine.   

Oma töödes näitasime, et sarnaselt teistele PHD domeene sisaldavatele 
valkudele on AIRE valk võimeline läbi oma PHD1 domeeni interakteeruma 
histoon H3-ga in vitro ja et erinevad N-terminaalsed posttranslatsioonilised 
modifikatsioonid nagu arginiin 2 dimetüleerimine (H3R2me2) ja lüsiin 4 trime-
tüleerimine segavad seda seondumist. Seetõttu interakteerub AIRE valk eelis-
tatud histoon H3 N-terminaalsete otsadega, millel puuduvad posttranslatsioo-
nilised modifikatsioonid. Sellise spetsiifikaga histoonidega seondumine AIRE 
valgu poolt on lisaks BHC80-le teine näide valkudest, mille PHD domeen 
seostub eelistatult just mittemodifitseeritud histoon H3-ga N-terminaalsete 
otsadega, mis näitab, et lisaks erinevatele modifikatsioonidele võib ka modifi-
katsioonide puudumine histoonidel olla spetsiifiliseks signaaliks.  

Lisaks näitasime, et AIRE valk on võimeline interakteeruma mononukleo-
soomidega ja selektiivselt histoonidega millel puudub H3K4me3 in vivo. Selline 
võime interakteeruda just nende histoon H3 molekulidega, millel puudub 
aktiivsete geenide märgis H3K4me3 viitab võimalusele, et AIRE valk suuna-
takse spetsiifiliselt inaktiivsetele geenidele, milledest paljud on mTECides 
koespetsiifilised geenid. Seetõttu aktiveerib AIRE mTECides eelistatult just 
koespetsiifiliste geenide ekspressiooni, mis võimaldab läbi viia korrektset T-
rakkude negatiivset selektsiooni, mis omakorda tagab tsentraalse immuno-
loogilise tolerantsi tekke. 

Antud hüpoteesi edasiseks uurimiseks kasutasime mudelsüsteemi, milles 
AIRE valku ekspresseeritakse püsivalt HEK293 rakkudes. Kasutades kogu 
genoomi katvaid ekspressioonikiipe tuvastasime, et AIRE valk on võimeline 
HEK rakkudes aktiveerima suure hulga geenide ekspressiooni, millest paljud on 
koespetsiifilised ja algselt madala ekspressiooniga. AIRE märklaudgeenide 
korrektne aktivatsioon on sõltuv tervest PHD domeenist ja seega AIRE 
interaktsioonist histoonidega. Kasutades kromatiini immuunosadestamist ja 
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saadud materjali hübridiseerimist genoomsetele kiipidele näitasime, et AIRE 
märklaud geenide promootoritel puuduvad aktiivse kromatiini märgised 
H3K4me3 ja histoon H3 atsetüleerimine. AIRE poolt vahendatud aktivatsiooni 
järgselt toimuvad mitmetel tema märklaudgeenidel transkriptsiooni aktivat-
siooniga kaasnevad muutused histoonide posttranslatsioonilistes modifikat-
sioonides ja RNA polümeraas II taseme tõus. See näitab, et AIRE vahendatud 
geeniekspressiooni aktivatsioon toimub, vähemalt osaliselt, transkriptsioonilisel 
tasemel. Kuigi AIRE enda seondumine kromatiinile tundub olevat stohhastiline 
või ajas muutuv, mõjutavad AIRE poolset geeniekspressiooni aktivatsiooni 
erinevad histoon H3 posttranslatsioonilised modifikatsioonid nagu H3K4me3 ja 
H3R2me2. Histoonide posttranslatsiooniliste modifikatsioone uurimine in vivo 
hiire mTECides ja perifeersetes kudedes kinnitas, et AIRE märklaudgeenide 
promootoritel tüümuses on madal H3K4me3 tase, olles seega kooskõlas meie 
välja pakutud hüpoteesiga.  

Kokkuvõtteks võib öelda, et meie uurimistöö tulemused on viinud uue 
molekulaarse mehhanismi avastamiseni, kuidas AIRE eelistatult aktiveerib just 
koespetsiifilisi geene, mis on oluliseks osaks seletamaks mehhanisme, kuidas 
tüümuses tagatakse tsentraalne immunoloogiline tolerants. 
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