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1. INTRODUCTION

The most important task of the immune system is to recognize harmful substances
and elicit response against them. The ability to make difference between
dangerous and harmless molecules comprises the capacity to distinguish between
organism’s own and foreign constituents. The failure to achieve this task may
manifest in autoimmune diseases. Although it seems very intuitive, the dis-
crimination between self and non-self is not a trivial task. The immune system
uses several mechanisms to differentiate between foreign substances and its own
components. The more straightforward and earlier evolved system is the pattern
recognition by the innate immunity — the ability to sense conserved elements of
microbes that are not commonly present in the human organism. Such molecular
combinations include, for example, components of the bacterial membrane or
viral double-stranded RNAs (Janeway and Medzhitov, 2002).

The adaptive immune system exploits another approach — it generates a huge
variety of receptors by random shuffling gene segments in immunoglobulin and
T-cell receptor (TCR) genomic regions. The generated receptors are able to
recognize a large number of different peptides, irrespective of their origin. These
randomly generated receptors ensure that even highly mutated pathogens are
detected by the immune system. However, the randomly generated repertoire of
immunoglobulins and TCRs potentially creates the risk of targeting the body’s
own tissues. The adaptive immune system is complex: the synthesis of enormous
diversity of receptors also requires a set of complicated mechanisms to ensure the
elimination or inactivation of cells carrying unsuitable TCR combinations (Abbas
and Janeway, 2000; Bonilla and Oettgen, 2010; Litman et al., 2010).

The characterization of the autoimmune regulator (AIRE) protein in 1997
opened a new perspective on how efficient elimination of the cells with the
potentially damaging autoreactive receptors is achieved. For the selection
mechanism, the presentation of peptides on the surface of thymic stromal cells is
required. However, for peptides to reach the cell surface the process should start
much earlier with the induction of gene expression. AIRE is one of the most
puzzling transcriptional regulators responsible for the removal of potentially self-
reactive T cells. AIRE-mediated transcription does not obey conventional rules
and is characterized by several unusual features influencing its peculiar choice of
target genes. In attempt to characterize the rationale for AIRE transcriptional
targets’ choice, we investigated the target gene elements determining the activa-
tion by AIRE and explored AIRE interaction with DNA and proteins supporting
its function. The findings that help to elucidate AIRE-mediated gene activation
mechanism not only provide valuable knowledge of the immune system
functioning but also highlight the complexity and the diversity of approaches in
regulation of eukaryotic transcription.
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2. REVIEW OF LITERATURE

2.1. Regulation of transcription

Although all cells of organism contain the same set of genes, cell properties and
functions are dictated by the combination of genes being expressed in a cell (Tupler
et al., 2001). Therefore, the gene expression is tightly regulated to suit the functio-
nal needs of a specific cell. To follow the central dogma of molecular biology
(Crick, 1970) the information is transferred from DNA to RNA during the process
of transcription and further to protein during translation. Multiple additional steps
and factors in both processes influence the functional product amount, including
RNA processing, splicing and stability, translation efficiency, post-translational
protein modifications, protein activation by proteolysis and protein secretion
(Schwanhdusser et al., 2011). To describe cell state, often messenger RNA
(mRNA) molecule diversity and quantity is used, suggesting that the abundance of
mRNAs correlates with protein molecules (Liu et al., 2016). Transcriptome analy-
sis is often preferable nowadays because it is easier, quicker and cheaper to perform
than proteome analysis; however, it should be considered that transcriptome data
provides only a slice of information. Recognizing all the additional steps between
processed RNA and protein, the discrepancies between mRNA and protein quantity
are not surprising (Pradet-Balade et al., 2001; Vogel and Marcotte, 2012). Despite
these restrictions, no protein would be made without transcript available. While all
layers of control contribute and sophisticate the production of protein, transcrip-
tional control remains one major regulation step (Levine and Tjian, 2003).

2.1.1. Transcription process

Transcription rate is regulated during initiation and elongation steps and is af-
fected by RNA processing and splicing (Venkatesh and Workman, 2015). Euka-
ryotic RNA polymerase II (Pol II), the enzyme responsible for RNA synthesis of
protein-coding genes and most of noncoding regulatory RNAs, is not able to
recognize the promoters of target genes by itself. C-terminal domain (CTD) of
Pol II largest subunit consist of heptad (Tyrl-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7)
repeated 52 times in vertebrates and can be subjected to modifications important
for transcriptional regulation (Harlen and Churchman, 2017). General tran-
scription factors (GTF), such as TFIIA, -B, -D, -E, -F and -H are needed for the
recognition of promoter regions and for the initiation of transcription. Together
with Pol II they form a basic transcription complex to initiate gene expression
(Liu et al., 2013). The formation of preinitiation complex (PIC) is promoted by
transcription factors (TFs) and cofactors bound at enhancers, which interact with
GTFs and Pol Il (Haberle and Stark, 2018) (Figure 1A). Among GTFs, TFIIH
possesses helicase module, responsible for double-stranded DNA unwinding and
promoter melting (Guzman and Lis, 1999), and kinase module CDK?7 (cyclin-
dependent kinase 7), which phosphorylates Ser5 and Ser7 of Pol I CTD (Akou-
litchev et al., 1995; Egloff, 2012; Phatnani and Greenleaf, 2006) (Figure 1B). The
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Ser5 phosphorylation is necessary for Pol Il dissociation from GTFs and
advancing downstream — the process, called promoter escape (Buratowski, 2009).
Mediator complex and p300 assist in phosphorylation of Pol II to mobilize the
promoter escape (Poss et al., 2013). After synthesizing short stretches of nascent
RNA, Pol II pauses 30-50 bp downstream of transcription start site (TSS)
(Adelman and Lis, 2012). The Ser5 phosphorylation is also needed for recruiting
the capping enzymes to a newly synthesized RNA strand (Bentley, 2014).
Capping, the attachment of 7-methylguanosine at 5’-end of nascent RNA, is
important for the stability of RNA and the prevention of promoter-proximal
transcription termination, as uncapped RNAs are degraded by nucleases, and the
pausing is aborted consequently (Henriques et al., 2013).

A PIC assembly and Pol Il
recruitment

TFs or COFs promote
PIC assembly and
Pol Il recruitment

e
e
-

TFIIF)

TSS (+1)
Core promoter

B Initiation by Pol Il and
‘promoter escape’

COFs promote
activation of Pol Il to
initiate transcription

3

o

X

g

mRNA

C Pol Il promoter-proximal pausing
and pause-release

Pause COFs trigger

an
( I I ) pause-release and
~ Pol Il entry into
00 (OSIF NE@ productive elongation
Poll
Pause site
(~30-50 nt)

Figure 1. The stages and regulation of transcription. (A) Preinitiation complex (PIC)
assembly at core promoter consisting of GTFs and Pol II. Enhancer-bound transcription
factors (TF) and cofactors (COF) facilitate PIC formation. (B) TFIIH helicase activity is
required for DNA duplex unwinding at promoter that enables RNA synthesis from
transcription start site (TSS). TFIIH kinase activity is needed for Pol Il CTD Ser5 and Ser7
phosphorylation that promotes dissociation from GTFs and promoter escape. Mediator
complex (MED) or histone acetyltransferase p300 assist in this process through enhancer-
promoter contact. (C) Pol II promoter-proximal pausing and pause release. After
synthesizing 30-50 nt, Pol II pauses with DSIF and NELF factors stabilizing the complex.
P-TEFb evokes pause release by phosphorylating DSIF, NELF and Ser2 of Pol II CTD.
This allows the entry of Pol II into productive elongation. BRD4 and p300 reinforce
transition into the productive elongation (modified from Haberle and Stark, 2018).
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The pausing factors NELF (negative elongation factor) and DSIF (DRB sensitivity-
inducing factor) are required for maintaining Pol II pausing and preventing the
pause release (Wu et al., 2003) (Figure 1C). The P-TEFDb (positive transcription
elongation factor) composed of the catalytic subunit cyclin-dependent kinase 9
(CDKDY9) and its regulatory subunit, cyclin-T1, is required for the release of Pol 11
into productive elongation (Peterlin and Price, 2006). It phosphorylates DSIF,
NELF and Pol II CTD Ser2 (Brés et al., 2008) (Figure 1C). The P-TEFb can be a
part of at least three larger complexes: SEC- (super elongation complex), BRD4-
(bromodomain-containing protein 4) and 7SK-associated (Chen et al., 2018).
7SK snRNP (small nuclear ribonucleoprotein) together with HEXIM (hexa-
methylene bisacetamide inducible) proteins sequesters and inhibits a large
portion of P-TEFb (90%) (Zhou et al., 2012). In contrast, SEC- and BRD4-
associated complexes are active. BRD4 that recognizes acetylated lysine
residues, including those at N-terminal ends of histones, through bromodomain
is a positive regulator of P-TEFb and augments the phosphorylation of Pol Il CTD
through the action of CDK9 (Jang et al., 2005) (Figure 1C). The CDK9-inde-
pendent function of BRD4 was also demonstrated, as BRD4 protein degradation
hinders transcription elongation while CDK9 recruitment to target genes is not
affected (Winter et al., 2017). Multiple other factors influence the transition of P-
TEFb from repressive complexes into active ones, including c-Myc (Rahl et al.,
2010), KAP-1 (KRAB-associated protein-1) (also known as TRIM28) (McNamara
et al.,, 2016) and SRSF (serine/arginine-rich splicing factors) (Ji et al., 2013),
providing links between chromatin landscape, elongation and splicing. It should
be noted that, although the stages of transcription are defined and studied as
distinct processes, they are thoroughly interrelated (Moore and Proudfoot, 2009).

Initially, paused Ser5-phosphorylated Pol II was found near TSSs in quickly-
inducible genes in the absence of activating signals. The first gene described
exploiting such mechanism was heat shock protein 70 (Hsp70) in Drosophila
melanogaster (Gilmour and Lis, 1986). Later, paused Pol II presence has been
demonstrated at many promoters (Core et al., 2008), including house-keeping
genes (Rougvie and Lis, 1990). In most metazoans, the majority of genes exhibit
transient pausing with varying time of Pol II pause, ranging from a few minutes
for the majority of genes to an hour for stably paused genes (Chen et al., 2015).
Responses to environmental and developmental cues are mediated through Pol 11
pause-release (Chen et al., 2018).

2.1.2. Chromatin

In addition to complex assembly at TSS and enhancer-promoter contact establish-
ment, the surrounding chromatin structure can influence transcription rate (Fuda
et al., 2009). For efficient packaging into chromatin, genomic DNA is wrapped
around octamer consisting of four pairs of histones H2A, H2B, H3 and H4,
forming a nucleosome unit and providing additional layer for transcriptional
regulation via repositioning nucleosomes or modifying histones (Campos and
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Reinberg, 2009). In the nucleosome, N-terminal regions of histone molecules are
protruding and can be subjected to numerous covalent modifications. All four
histone molecules can be methylated, acetylated, phosphorylated, ubiquitylated
or modified by some other rare mechanisms (Kouzarides, 2007). The array of
enzymes is responsible for establishing modifications and at least as many
enzymes for removing them. Most prevailing modifications are histone acetyla-
tion and methylation. Enzymes involved in directing these modifications are
acetyltransferases (such as CREB-binding protein (CBP)/p300 and histone
acetyltransferase 1 (HAT1)) adding acetyl residues to lysines of histones and
deacetylases (such as sirtuins (SIRT)) erasing this modification, and lysine
methyltransferases, an example being EZH2 (enhancer of zeste homolog 2)
belonging to PRC2 (polycomb repressive complex 2) methylating histone H3 at
lysine 27 (H3K27me3) and lysine demethylases (such as jumonji D (JMJD)
proteins) with opposing function (Kouzarides, 2007).

Certain histone modifications are characteristic for particular regulatory ele-
ments and specific processes. For example, enhancers are enriched with histone H3
monomethylated at lysine 4 (H3K4mel) and acetylated at lysine 27 (H3K27ac);
active promoters are trimethylated at histone H4 lysine 4 (H3K4me3) and enriched
with H3/H4 acetylation; active gene bodies contain ubiquitinylated H2 (H2Bub),
H3 trimethylated at lysine 36 (H3K36me3) and lysine 79 (H3K79me3); active
promoters with abovementioned modifications contrast repressive promoters
characterized by H3 trimethylated at lysine 9 (H3K9me3) (Millar and Grunstein,
2006). Despite strong correlation of histone modifications with abovementioned
activities, their functional association is not always clear. For instance, enhancer
mark H3K4mel and active transcription mark H3K4me3 are shown to be
dispensable without affecting enhancer and transcriptional activity (Hodl and
Basler, 2012; Pollex and Furlong, 2017).

In addition to covalent modifications of histone tails, histone variants exist
that differ from canonical histones in a few amino acids or larger sequence
stretches (Buschbeck and Hake, 2017). H3.3 and H2A.Z replacement is involved
in regulation of transcription (Cairns, 2009), and H2A.X has major role in DNA
damage response. The phosphorylation of H2A.X at Ser139 (YH2A.X) is the first
step occurring after DNA damage and is accomplished by kinases involved in
DNA repair pathways, such as ataxia telangiectasia mutated (ATM) and ATM-
Rad3-related (ATR) (Kinner et al., 2008).

In addition to enzymes that modify histones, proteins containing domains
recognizing histone modifications are important in mediating various activities.
Bromodomain containing proteins (for instance BRD4) recognize acetylated
lysines (Dey et al., 2003), chromo- and PHD (plant homeodomain) domains—
containing proteins usually recognize some level of lysine methylation. For
example, chromodomain-helicase-DNA-binding protein 4 (CHD4) have prefe-
rence for unmodified histone H3K4 and methylated histone H3K9 (Mansfield et
al., 2011), while H3K4me3 is recognized by inhibitor of growth (ING2) (Shi et
al., 2006) and bromodomain and PHD domain transcription factor (BPTF) (Li et
al., 20006).
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Histones are also one example of proteins binding to DNA without sequence
specificity. The binding is mediated by positive charges of basic amino acids
within histone and negatively charged nucleic acid. Additional examples include
protamines used for DNA condensation in sperm cells (Braun, 2001) and archi-
tectural proteins participating in DNA compaction in prokaryotes (Dame, 2005).
One interesting example of DNA recognition in a non-specific manner is HMG
(high mobility group)-box containing proteins that recognize DNA distortions
(Stros et al., 2007). Ku proteins, involved in DNA repair, also bind DNA in
sequence-independent manner having affinity for free DNA ends (Blier et al.,
1993).

2.1.3. Regulatory sequences and transcription factors

A core promoter is a short sequence that embeds TSS, spanning ~50 bp upstream
and downstream from TSS (Haberle and Stark, 2018). It serves as a site for the
assembly of the transcription machinery consisting of Pol I and GTFs. Core pro-
moters support low basal transcriptional activity that can be modified by chro-
matin context and distal regulatory elements, such as enhancers. Enhancers bind
regulatory proteins — TFs possessing DNA-binding domain, and cofactors that do
not directly bind DNA but participate in regulating the transcription through
protein-protein interactions (Zabidi and Stark, 2016). Cohesin and Mediator
complexes have important roles in enabling long-range interactions bringing into
the proximity promoters and enhancers (Chen et al., 2018; Kagey et al., 2010).
Despite the importance and the necessity of core promoters, they are not well
defined in eukaryotes. TATA-box, the core-promoter motif conserved among
organisms, is quite rare and present in only 5% of core promoters in flies (Ohler
et al.,, 2002). Other, more abundant, core-promoter motif Inr (initiator) was
initially defined in humans as a dinucleotide combination of a pyrimidine fol-
lowed by a purine, the most preferred CG, CA, TG (Carninci et al., 2006),
followed by later reports that some additional nucleotides are also important for
higher informational context (Vo Ngoc et al., 2017). Nucleosome positioning in
the proximity of TSS could be decisive for gene expression initiation with higher
importance than primary nucleotide sequence, leading to focused or dispersed
distribution of TSS (Carninci et al., 2006).

The activation of transcription could be achieved by establishing contact
between promoter and enhancer through protein interactions or by binding of
transcription factors to the preformed enhancer-promoter interaction (Ghavi-
Helm et al., 2014). Enhancers regulate genes in cis; however, their location is
variable as they can localize upstream, downstream or within introns of genes as
well as they do not necessarily act on the closest promoter and can regulate
multiple genes (Pennacchio et al., 2013). These features make the identification
of enhancers difficult; however, enhancers share common characteristics, such as
chromatin modifications H3K4mel and H3K27ac, and high p300 and Mediator
proteins’ amount (Chen et al., 2018).
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Historically, the term transcription factor could be applied to any protein
involved in transcription and capable of influencing gene expression. Currently,
this term implies sequence-specific DNA binding and regulation of transcription
(Lambert et al., 2018). The sequence specificity of TFs can vary broadly
(Mitchell and Tjian, 1989). Around 1500 sequence-specific DNA-binding TFs
have been described with the research mostly concentrated on the disease-causing
TFs. The most cited transcription factors in the literature are p53, ER (estrogen
receptor), FOS, MYC, JUN, SP1 (specificity protein 1), NF-xB (nuclear factor
kappa-light-chain-enhancer of activated B cells), CREB1 (cAMP responsive
element binding protein 1) (Vaquerizas et al., 2009). The TFs can be classified
based on the structure of their DNA-binding domains. Among the DNA-binding
protein structures, three types dominate in the human genome; the C2H2 zinc-
finger, homeodomain and helix-loop-helix, which together cover over 80% of the
transcription factors (Vaquerizas et al., 2009). Besides DNA-binding domain,
TFs possess an effector domain that could assist ligand binding (as in hormone-
dependent factors), acquire enzymatic activity (for instance, histone-modifying
enzymes) or mediate protein-protein interaction. The majority of DNA sequence-
specific TFs have short DNA recognition motifs (6-12 bp) enabling a large
number of recognition sites in genome, whereas experimentally determined
binding sites of TF and recognition sequences only partially overlap (Lambert et
al., 2018). Additional mechanism, such as synergy and cooperativity, compensate
for low TF specificity (Reiter et al., 2017). Furthermore, experimentally deter-
mined binding sites of TFs do not entirely coincide with the genes they regulate
(Cusanovich et al., 2014).

More recently, gene expression models were disputed, following the genome-
wide analysis reports that many genomic positions outside annotated gene start
sites can initiate transcription (Kapranov et al., 2007; The ENCODE Project
Consortium, 2007). These include unstable enhancer RNAs produced bidirec-
tionally from active enhancers (Kim et al., 2010) and upstream antisense RNAs
produced at promoters in the opposite direction from mRNA (Preker et al., 2008).
The divergent transcription at unusual sites is initiated in the similar way as at
defined TSS (Core et al., 2014), even including Pol II pause (Henriques et al.,
2018). On the other hand, long stable mRNAs could be produced only from a
core promoter in the sense direction as those transcripts are stabilized after initia-
tion by the presence of 5’-splice sites and by the absence of premature poly-
adenylation signals (Almada et al., 2013). As a result of this flexibility, strong
activating factors could potentially induce transcription at any sequence, as
achieving perfect activation specificity is unjustifiable (Haberle and Stark, 2018).
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2.1.4. RNA processing

The sequence of mammalian genes is interrupted by long stretches of introns that
are removed from pre-mRNA before it is transported from the nucleus into the
cytoplasm for translation. Splicing occurs in concert with transcription, and these
processes are mutually influenced by each other (Ji et al., 2013; Lin et al., 2008).
In addition to splicing, RNA processing comprises editing, base modification,
and most important for the stability, transport and translation of RNA molecule,
modifications of 5’- and 3’-ends — capping and polyadenylation (Garneau et al.,
2007). Although splicing is the main component for increased isoform diversity
(Graveley, 2001), it is now appreciated that over half of the mRNAs in the human
genome are also alternatively polyadenylated. Alternative 3’-end untranslated
region adds variety to microRNA targeting, export, subcellular localization and
tissue-specific expression (Tian et al., 2005).

Formation of the poly(A) tail occurs in a two-step reaction. Firstly, the pre-
mRNA is cleaved at a site defined by two signals, a highly conserved upstream
AAUAAA polyadenylation sequence and a downstream G/U-rich sequence.
Cleavage of the nascent transcripts by CPSF (cleavage and polyadenylation
specificity factor) occurs 18—30 bp downstream of a polyadenylation signal (Por-
rua and Libri, 2015). Thereafter, the poly(A) tail of ~200 adenosines in mammals
is added to the 3’-end of the RNA, catalyzed by polyadenylate polymerase (Lutz
and Moreira, 2011). Mammalian expression vector plasmids commonly contain
the sequence motif AAUAA that promotes both polyadenylation and termination,
the most efficient termination signals include additional helper sequences to
prevent run-through transcription (Schek et al., 1992).

The metazoan replication-dependent histone mRNAs are unusual as they are
the only eukaryotic mRNAs that lack poly(A) tails. These RNAs are produced
mainly in the S-phase of somatic cells to supply histones for packaging of newly
replicated DNA into chromatin. Typically, the replication-dependent histone
mRNAs lack introns and their genes are arranged in clusters (Davila Lopez and
Samuelsson, 2008). Instead of poly(A) tail, they contain an RNA stem—loop (SL)
structure close to the 3'-end of the mature RNA, and this 3'-end is generated by
cleavage involving the U7 snRNP and protein factors, such as the stem—loop
binding protein (SLBP). The processing of SL 3’-end and polyadenylation are
related as some protein components are shared between the two systems (Davila
Lépez and Samuelsson, 2008).

2.1.5. Topoisomerases in transcription

Though substantial knowledge is accumulated about TFs and chromatin archi-
tecture, little is known about how mechanical barriers, such as tension created by
unwinding of double-stranded DNA during the process of transcription, are
tackled. The movement of RNA Pol II molecule along the template strand of
DNA double-stranded helix creates negative (or underwound) supercoiling
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behind, and positive (or overwound) supercoiling ahead of the enzyme (Figure
2). Negative supercoiling facilitates the separation of strands, promoter opening
and transcription bubble forming (Ma and Wang, 2016). At the same time, nega-
tive supercoiling can lead to the generation of R-loops, three-stranded structures,
where the template strand of DNA hybridizes with nascent RNA and the non-
template strand is unpaired (Figure 2) (Pommier et al., 2016). R-loops can impede
transcription elongation (Tous and Aguilera, 2007), additionally unpaired DNA
strand that loops out is more susceptible to DNA damage compromising genomic
integrity (Skourti-Stathaki and Proudfoot, 2014). Accumulation of positive
supercoiling in front of advancing polymerase mechanically hinders its move-
ment along the DNA strand, possibly assisting Pol II pausing (Roca, 2011).

R-loop

dsDNA

20 AT

\—/

Figure 2. Negative and positive DNA supercoiling in the process of transcription.
Negative supercoiling facilitates DNA unwinding at promoter area, positive supercoiling
accumulating in the front of proceeding Pol II contributes to promoter-proximal pausing.

To resolve torsional tension topoisomerases (TOPs) catalyze the reaction of DNA
cleavage and subsequent free DNA ends resealing. Six DNA topoisomerases
(TOP1, TOP1Imt, TOP2a, TOP2B, TOP3a and TOP3p) exist in human cells
(Pommier et al., 2016). Functionally, TOPs are divided into two classes, type |
and type II, depending on whether they cleave one or two strands of DNA,
respectively. Type I TOPs cleave one strand of double-stranded helix, and are
divided based on mechanism how they relieve torsional stress, which is either by
passing one strand through the break (IA) or by rotating around the other strand
(IB) (Chen et al., 2013). Type Il TOPs cut both strands of a DNA duplex, allowing
a second intact duplex to pass through (Baranello et al., 2013) (Figure 3). Both
types relax DNA by producing transient covalent bonds between conserved
tyrosine of protein and phosphate of DNA; the break is quickly re-ligated after
relieving topological tension (Deweese and Osheroff, 2009). Human enzymes
TOP1 and TOPImt belong to type IB; TOP3a and TOP3p to type IA; and TOP2a
and TOP2p to type IIA. Reflecting the essential role of TOPs in various cellular
processes, the mouse knock-outs for Topl and Top2a are lethal at embryo stage,
and Top2b knock-out dies at birth (Pommier et al., 2016). TOP2a is absolutely
required for chromosome segregation, TOP2 is indispensable for transcription
in differentiated, non-dividing cells (Pommier et al., 2016).
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Class: type I type II

DNA break: SSB DSB
Human proteins: TOP1 TOP2a, TOP2B3
Inhibitors
catalytic: B-lapachone merbarone
poisons: camptothecin, etoposide,
topotecan doxorubicin

Figure 3. TOP type I and II mechanism of action. Human TOP1 promotes single-
strand break (SSB) formation and resolves topological tension by rotating (type IB),
TOP2 generates double-strand breaks (DSB) creating the possibility of passing one DNA
duplex through the other (type ITA). The examples of catalytic and poison inhibitors of
TOP1 and TOP2 are given.

The activity of TOPs can be negatively affected by two different mechanisms. If
the catalytic activity is blocked, the creation of breaks is inhibited (Pommier,
2013). Alternatively, if the re-ligation after DNA cleavage reaction is prevented,
TOP is fixed to DNA and the break existence is prolonged, which may lead to
apoptosis (Collins et al., 2001). Therapeutic TOP inhibitors use the mechanism
of trapping protein-DNA complexes (enzyme poisons) rather than inhibiting the
catalytic activity. One of the well-known TOP2 poisons, etoposide, derived from
Podophyllum plant (Hande, 1998), stabilizes protein-DNA complex, hampers re-
ligation, and creates DSBs (Montecucco and Biamonti, 2007). Excessive number
of DNA breaks leads to cytotoxicity, and therefore etoposide and other analogous
TOP inhibitors are widely used in cancer treatments (Hande, 1998). While etopo-
side is long known and thoroughly studied as the agent causing cytotoxicity and
cell apoptosis (Hande, 1998), its impact on transcription is poorly explored
(Montecucco et al., 2015).

The functional role of each TOP enzyme depends on the type of topological
task, surrounding chromatin landscape, and the presence of accessory factors.
TOP1 and TOP2 differ in their substrates influencing distinct processes. For
example, TOP2 is more efficient in relaxation of chromatin (Salceda et al., 2006),
whereas TOP1 is not proficient on nucleosomal templates and rather operates on
accessible DNA molecules (Zobeck et al., 2010). In addition, the transcriptional
activity of low-output promoters is enabled by relieving the topological stress by
TOP1, whereas both TOP1 and TOP2 are needed to handle the torsional forces
induced by the transcription of highly active promoters (Kouzine et al., 2013).

The chromatin looping that brings distal regulatory elements into the proxi-
mity of promoter may also create topological tension that requires TOP activity.
TOP1 has been shown to associate with the transcription of B-globin locus control
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region (LCR), one of the best-studied examples of enhancer-promoter interaction
in gene regulation (Rosenberg et al., 2013). Similarly, TOP2 was detected at
tissue-specific enhancer of the immunoglobulin kappa gene (Cockerill and
Garrard, 1986). TOP2 together with cohesin and CTCF (CCCTC-binding factor)
proteins also delineates the boundaries of topological domains (Uuskiila-Rei-
mand et al., 2016). Considering the wide distribution and the tight involvement
of TOPs with many cellular processes, it is surprising that their transcriptional
effects are understudied. Only several reports claim TOPs involvement in
transcription (Kawano et al., 2010), demonstrating TOP effect on long (King et
al., 2013), inflammatory (Rialdi et al., 2016), neuronal (Appiah et al., 2007; Sano
et al., 2008), highly expressed (Kouzine et al., 2013), and hormone-dependent
genes (Ju et al., 2000).

2.1.6. DNA-PK complex in transcription

Though it seems counterintuitive, several reports have suggested that the gene-
ration of breaks and involvement of DNA damage repair mechanisms may be
necessary for promotion of efficient transcription (Bunch, 2016). On one hand,
DNA breaks are potential source of cellular damage, on the other hand, they are
necessary to resolve DNA tension generated by replication, recombination and
transcription (Puc et al., 2017).

DNA-PK (DNA-dependent protein kinase) function is mostly associated with
non-homologous end joining (NHEJ) DNA repair pathway, which is the most
prevalent type of DSB repair in mammals (Lieber et al., 2003). DNA-PK, a
serine/threonine protein kinase complex, is composed of a heterodimer of Ku
proteins (Ku70/Ku80) and the catalytic subunit DNA-PKcs (Figure 4). Ku
proteins bind to double-stranded DNA ends with high affinity in a sequence-
independent manner via a central ring formed by Ku70 and Ku80 subunits (Fell
and Schild-Poulter, 2015). When bound, Ku proteins recruit DNA-PKcs forming
a heterotrimeric complex (Burma and Chen, 2004). As the name implies, DNA-
PK is able to phosphorylate DNA-associated proteins at serine/threonine
residues, including itself at several sites, and this kinase activity is induced upon
DNA-PK binding with DNA (Pawelczak et al., 2011). Besides NHEJ process,
DNA-PK is also implicated in V(D)J recombination, and mutation in the PRKDC
gene encoding the DNA-PKcs protein results in SCID (severe combined
immunodeficiency) phenotype lacking T and B cells in mice and humans (Blunt
et al., 1995; van der Burg et al., 2009).

Surprisingly, Ku80 protein involvement in reinitiation of transcription (Woo-
dard et al., 2001) as well as its association with Pol II elongation sites (Mo and
Dynan, 2002) was identified independently of its role in DNA repair.

An intriguing work showed the necessity of TOP2B-mediated DSBs at pro-
moter of pS2 gene in human breast adenocarcinoma MCF7 cells for estrogen-
induced transcription activation (Ju et al., 2006). Estrogen stimulation induced
recruitment of TOP2B, DNA-PK, Ku70/80, PARP-1 (poly(ADP-ribose) poly-
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merase 1), CBP and Pol II to the promoter and evoked nucleosomal changes.
Subsequent works corroborated the concept that DNA cleavage is required for
transcriptional activation and demonstrated this mechanism in neuronal early-
response genes (Appiah et al.,, 2007), neuronal genes in AT-rich genomic en-
vironment (Sano et al., 2008), developmentally regulated genes in murine brains
(Lyu et al., 2006) and in nuclear receptor-mediated transcription (Trotter et al.,
2015).

TOP-mediated transient breaks are short-lived as re-ligation process is very fast
(Deweese and Osheroff, 2009), but prolonged misalignment of DNA ends bound
to the enzyme can lead to DNA lesion with genotoxic potential (McClendon and
Osheroff, 2007). This has led to the hypothesis of scheduled physiological
controlled DNA breaks, however, it is not clear how discrimination between harm-
ful and beneficial DNA breaks is accomplished (Puc et al., 2017). One possibility
is that the presence of certain proteins near actively transcribed genes directs the
choice of DNA repair pathway, as it is known that different types of DNA lesions,
for example induced by ionizing radiation or alkylating agents, require specific re-
pair pathways (Helleday et al., 2008). One example how dangerous consequences
of DNA breaks near transcribed genes are avoided is tyrosyl-DNA phospho-
diesterase 2 (TDP2) requirement in NHEJ process of TOP2-mediated transcription
in breast cancer cells, where TDP2-dependent NHEJ suppresses chromosomal
translocations (Gomez-Herreros et al., 2017).

srnomonnoffr) (Groononncn

Ku70/Ku80

Figure 4. DNA-PK heterotrimeric complex formation at the site of double-strand
DNA break. Ku70/Ku80 dimers cover free ends of DNA and interact with DNA-PK
catalytic subunit (cs), that is able to phosphorylate (P) itself and many other proteins at
Ser/Thr residues upon binding to DNA.

2.2. T-cell tolerance

The immune tolerance can be divided into the central and peripheral parts to
highlight their different roles and anatomical locations. The central part embeds
the primary lymphoid organs, the thymus and bone marrow, in which the matu-
ration processes of the immune cells occur. The peripheral part consists of the
secondary lymphoid organs, lymph nodes and the spleen, as well as aggregates
of lymphoid tissue in mucosa, skin, bronchi and gut, and is necessary for the
efficient antigen presentation and cell activation (Waldmann, 2016; Xing and
Hogquist, 2012). Though the distinction between central and peripheral immune
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tolerance appears strict, the involvement and the interplay of the whole immune
system is necessary to achieve normal immune response (Parkin and Cohen,
2001).

2.2.1. Thymus

T cells complete their maturation program in the thymus and for that are called
thymocytes during the differentiation process. The histological areas of the
thymic cortex (outer area) and medulla (inner area) can be discriminated and are
functionally devoted to different stages of T-cell selection. The cortical and
medullary thymic epithelial cells (¢cTECs and mTECs) (Nitta and Suzuki, 2016)
and different subtypes of dendritic cells (Lopes et al., 2015; Oh and Shin, 2015)
are the major players in the thymic selection processes. Nevertheless, the cellular
composition of the thymus is more heterogeneous, including B cells (Yamano et
al., 2015), macrophages that digest apoptotic cells, fibroblasts (Gray et al., 2007,
Sun et al., 2015), endothelial, myoid (Mesnard-Rouiller et al., 2004) and recently
identified epithelial tuft-like cells (Bornstein et al., 2018; Miller et al., 2018).

Thymus originates from the third pharyngeal pouch of an embryo (Rodewald,
2008), its organogenesis and proper histological structure formation is critically
dependent on Forkhead box N1 (FoxNI) gene (Vaidya et al., 2016). Both ¢cTECs
and mTECs evolve from the endodermal germ layer (Rodewald, 2008) and share
common TEC progenitors (Rossi et al., 2006). mTEC-committed progenitors can
be defined by the expression of the tight junction proteins claudin-3 and -4 (Cldn4
and 4) (Hamazaki et al., 2007), and their further differentiation heavily depends
on the signals provided by maturing thymocytes (Lopes et al., 2015).

Thymus has an unusual property to decrease in size and lose its functional
mass with the age (Singh and Singh, 1979). Because of involution process,
thymus was thought to have rudimentary role, however, it is demonstrated that
even in elderly thymus produces competent T cells, although in smaller amounts
(Jamieson et al., 1999). Healthy organism compensates this diminished capacity
by division of naive cells to maintain the population (Murray et al., 2003), while
circulating memory cells defend from recurrent infections (Aspinall and Andrew,
2000). However, this remaining capability appears critical if organism is
subjected to immunological insults as radiation, HIV infection or chemotherapy
(Lynch et al., 2009). On contrary, neonatal period is when manipulations with
thymus have radical consequences. Neonatally thymectomized mice are unable
to mount immune response against infections or reject foreign tissues (Miller,
1962). At the same time, allogenic antigens introduced at this time window are
perceived as self-molecules (Billingham et al., 1953).

22



2.2.2. Central tolerance: positive and negative selection

To complete the differentiation into T cells, progenitors migrate from the bone
marrow via blood into the thymus (Petrie and Zuniga-Pfliicker, 2007). An im-
portant step in T-cell maturation is the generation of TCR by randomly re-
arranging genomic segments via V(D)J recombination (Spits, 2002). The suc-
cessful accomplishment of the maturation presumes surmounting two barriers.
First, T cells have to pass a positive selection that takes place in the cortex of the
thymus and assures survival of the cells recognizing organism’s major histo-
compatibility complex (MHC). After the positive selection, the survived cells
travel into the medulla for the second challenge — the negative selection, where
the cells recognizing self-antigens presented by MHC on the surface of thymic
stroma are deleted via apoptosis (Figure 5). To enhance the presentation of pro-
duced peptides to maturing thymocytes, several approaches are possible — to
expand the cell population presenting antigens by transfer of antigens from
mTECs to B cells and dendritic cells (Hubert et al., 2011; Klein et al., 2011), by
cell membrane exchange (Millet et al., 2008), by releasing exosomes (Skogberg
et al., 2015), as well as to intensify autophagy in TECs (Nedjic et al., 2008). As
a result of the thymic selection processes, the functional immune system gene-
rates T cells, which express major histocompatibility complex (MHC)-restricted
TCRs and at the same time are tolerant to self-antigens.

negative
selection

export

Figure 5. Positive and negative selection in the thymus. Immature T cells in the thy-
mus, also called thymocytes, develop from hematopoietic progenitor cells and initially
pass positive selection in the cortex, which assures survival of thymocytes recognizing
organism’s major histocompatibility complex (MHC). Survived T cells move into the
medulla where cells recognizing self-antigens presented by MHC on the surface of thymic
stroma are deleted via apoptosis. T cells that successfully completed negative selection
are exported to the periphery.
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The majority of differentiating thymocytes with randomly rearranged receptors
are unsuccessful in recognizing MHC complex as they cannot form functional
TCR on the cell membrane (Hogquist et al., 2005). Without receiving a positive
survival signal, T cells are determined to the death by neglect (Kyewski and
Klein, 2006; Palmer, 2003). Approximately 90% of cells die at this stage (Palmer,
2003). The fate of minority survived T cells, having membrane receptors capable
of interacting properly with MHC-peptide complex, depends on the presence of
antigens in the thymus (Malhotra et al., 2016) and the strength of interaction with
MHC complex (Klein et al., 2014). Three major outcomes of negative selection
are possible (Figure 6). T cells survive and exit to the periphery if none or mini-
mal amount of antigen they can potentially recognize is present in the thymus
(Figure 6A). Those T cells can later elicit immune response if they encounter a
foreign antigen (bacterial, viral or modified self-molecules) in activating condi-
tions in the periphery. When self-antigen is present, two contrasting scenarios
may occur. Firstly, a T cell can commit to a regulatory T-cell (Treg) lineage with
the ability to suppress autoimmune response in the periphery should it be
inappropriately induced (Millar and Ohashi, 2016) (Figure 6B). This mechanism
is preferentially used to avoid autoimmune attack against antigens specifically
expressed in certain organs such as tissue-specific antigens (TSAs). Alternati-
vely, thymocytes with TCRs engaging very strongly with MHC-peptide complex
undergo apoptosis within the thymus (Palmer, 2003; Venanzi et al., 2004) (Figure
6C). Antigens evoking such response can be housekeeping proteins expressed by
the majority of cells, circulating antigens in the blood, or antigens expressed by
mTECs at high level (Malhotra et al., 2016).

thymus

periphery

Figure 6. Three outcomes of mTEC-thymocyte interaction. When no antigen is
present in the thymus, a naive T cell exits to the periphery with potential to become an
effector T cell (Teff) and to elicit immune response to foreign antigens (A). If the TCR
interacts with MHC-peptide with intermediate strength, a cell is directed to regulatory T-
cell (Treg) lineage with the ability to dampen inappropriate immune reaction in the
periphery (B). If the TCR binds to the peptide with strong affinity, a cell commits apopto-
tic death in the thymus (C). Antigens in (B) and (C) are derived from self-proteins and
present in both the thymus and the periphery, an antigen in (A) is foreign and absent in
the thymus.
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The unusual capacity of mTECs to express tissue-specific genes was initially
demonstrated with an insulin promoter-driven transgene in murine models, as the
expression was detectable in the thymus in addition to the pancreas (Heath et al.,
1992; von Herrath, Dockter, & Oldstone, 1994), and endogenous insulin expres-
sion was demonstrated later in human (Vafiadis et al., 1997), mouse and rat
thymi. Other pancreatic enzymes (Antonia et al., 1995) and hormones from other
organs were also detected in the thymus (Fuller and Verity, 1989; Geenen et al.,
1986). The importance of this mechanism was initially underestimated as it was
believed that TSAs from distant locations would not reach the thymus and are not
presented to the thymocytes (Kyewski and Klein, 2006). The discovery of the
AIRE gene and characterization of its protein functions in the late 1990s renewed
emphasis on central tolerance. The findings demonstrated that AIRE triggers the
transcription of thousands TSAs and explained how peptides derived from peri-
pherally restricted sites are expressed in the thymus, and thus can be recognized
by thymocytes (Anderson, 2002).

2.3. AIRE

The human A/RE gene is located on chromosome 21 and consists of 14 exons
encoding 545 aa long protein with molecular mass of 57.5 kDa. The mouse and
human Aire/AIRE proteins share essential domains and sequence homology
(73%) (Blechschmidt et al., 1999; Mittaz et al., 1999).

2.3.1. Mutations in AIRE gene cause
APECED autoimmune disease

In 1997, two research groups identified the AIRE gene by studying families with
rare disease named autoimmune polyendocrinopathy-candidiasis-ectodermal
dystrophy (APECED), also known as autoimmune polyendocrinopathy syn-
drome 1 (APS1) (OMIM 240300, Orphanet 3453) (Nagamine et al., 1997; The
Finnish-German APECED Consortium, 1997). The disease is characterized by
several autoimmune manifestations against many (predominantly endocrine)
organs leading to multiple variable symptoms including candidiasis, hypopara-
thyroidism, Addison’s disease, hypothyroidism, diabetes mellitus, autoimmune
hepatitis, gastritis with pernicious anemia, ovarian and testicular failure, together
with ectodermal manifestations such as alopecia, vitiligo, dental enamel dysplasia
and nail dystrophy (Kisand and Peterson, 2011). The mucocutaneous Candida
infection together with autoimmune reactions against parathyroid and adrenal
cortex are the three most frequent symptoms, and the presence of two of them
satisfies the criteria for diagnosis establishment (Ahonen et al., 1990). Con-
sequently, the most frequent symptoms patients display are recurrent candidiasis,
muscle cramps and paresthesia due to hypocalcemia seen in hypoparathyroidism,
hypotension and fatigue due to the lack of adrenal hormones in Addison’s disease
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(Husebye et al., 2009). The first reports of disease as co-occurrence of chronic
candidiasis, hypoparathyroidism and Addison’s disease in children (Leonard,
1946; Sutphin et al., 1943; Thorpe and Handley, 1929) were described long
before the genetic cause was discovered. While the first symptoms emerge in the
early childhood, the variable combination of symptoms and the differences in the
disease course can delay the correct diagnosis for many years (Mazza et al.,
2011).

The patients develop multiple autoantibodies, of which some are associated
with specific symptoms, for instance, autoantibodies against steroidogenic cyto-
chromes (steroid 17-o- and 21-hydroxylases, side-chain cleavage enzyme) are
present together with adrenocortical and hypogonadal dysfunction (Kisand and
Peterson, 2011). However, the correlation between autoantibodies and disease
manifestations is not always strict; despite high prevalence of autoantibodies
specific for autoimmune hepatitis (anti-AADC — aromatic L-amino acid decarbo-
xylase), the disease itself is quite rare in APECED patients (Kisand and Peterson,
2011). Almost all patients develop autoantibodies against type 1 interferon (IFN)-
o and —a (Wolff et al., 2013), although the reason for the early appearance of
these neutralizing, high-titer autoantibodies is not known (Kisand et al., 2011).
The redefining and expanding diagnostic criteria with inclusion of anti-IFN-®
testing could help to prevent the delay of diagnosis and provide better manage-
ment for patients (Ferre et al., 2016; Antonella Meloni et al., 2008). Moreover,
assays for anti-IFN antibodies can complement genetic testing and provide
precise answers if unusual mutations are present. The autoimmune component of
candidiasis was not obvious until the demonstration of neutralizing autoanti-
bodies against Thl7-related interleukins IL-17A, IL17F and IL-22, which
presence is associated with fungal infection in most of APECED patients (Kisand
etal., 2010).

APECED is more common among populations with founder effects such as
Finns (1:25000), Persian Jews (1:9000) and Sardinians (1:14000). The disecase
has lower prevalence (1:100000) in other geographical regions (Kisand and
Peterson, 2011). Over a hundred disease-causing mutations have been described
at the moment (Abramson and Husebye, 2016); however, the prevalence of some
hotspot mutations dominates among patients from certain populations. For
example, a mutation R139X is prevalent among Sardinian and R257X among
Finnish patients; both mutations result in premature stop codon and cause the
deletion of important protein domains. The deletion of 13 bp in exon 8 (964del13)
is common in APECED patients originating from different countries (Bruserud
et al., 2016). The correlations between phenotypic features and AIRE mutations
are not clear and are difficult to decipher due to the variability of symptoms
(Capalbo et al., 2012). Nevertheless, certain features seem to be more prevalent
in distinct populations, such as patients with the major Finnish mutation R257X
are more prone to type 1 diabetes and candidiasis (Fierabracci, 2016), whereas
Candida infection in Persian Jews with Y85C mutation is relatively rare (Kisand
et al., 2011). The pattern of recessive inheritance is typical for the majority of
APECED mutations including those described above (Vogel et al., 2002).
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However, a dominant mutation of G228W was described in Italian family with
autoimmune thyroiditis (Cetani et al., 2001) and was shown to cause autoimmu-
nity in mice with additional unusual neurological features (Su et al., 2008). The
dominant mutations in the AIRE gene, reported in 2015 (Oftedal et al., 2015), are
linked to variable autoimmune phenotypes, for instance pernicious anemia or
vitiligo, not satisfying the criteria for APECED diagnosis. These dominant
mutations are missense mutations affecting PHD1 finger (for instance, C311Y,
V301M, D312N) and showed dominant-negative effect on the expression of
AIRE-dependent genes in transfected cells (Oftedal et al., 2015).

2.3.2. AIRE role in thymic tolerance

Several important roles for AIRE in central tolerance were suggested including
induction of promiscuous gene expression (Anderson, 2002; Liston et al., 2003),
influence on alternative splicing (Keane et al., 2014), presentation and transfer of
self-antigens (Hubert et al., 2011), and shaping the repertoire of regulatory T cells
(Malchow et al., 2013). The transcriptional activation of genes is considered to
be the key function of AIRE. Multiple studies have shown that AIRE is able to
activate luciferase and other reporters with various promoters as well as
endogenous genes in cell culture transfections (Bjorses et al., 2000; The Finnish-
German APECED Consortium, 1997). In mTECs, AIRE activates a plethora of
genes, which are otherwise expressed in specific cell types and are tightly
regulated by tissue-specific TFs (Anderson, 2002; Derbinski et al., 2001). The
unusual capacity of AIRE to promiscuously activate a large number of genes
allows maturing thymocytes to be selected for self-antigens (Anderson, 2002).
As for now, the most plausible explanation for APECED disease manifestations
is that due to decreased transcription of peripheral antigens, the maturing thymo-
cytes do not get access to many self-antigens and autoreactive T cells escape to
the periphery causing autoimmune destruction. This has been mechanistically
demonstrated in Aire-deficient mouse models with certain antigens including eye
antigen IRBP (interphotoreceptor retinoid-binding protein) (DeVoss et al., 2006)
and stomach antigen mucin 6 (Gavanescu et al., 2007).

AIRE location on chromosome 21 makes it an interesting candidate in as-
sociation with autoimmunity seen in Down syndrome patients with trisomy of the
corresponding chromosome (Rabinowe et al., 1989). In one report the diminished
AIRE expression has been demonstrated despite the excess of chromosomal
material (Giménez-Barcons et al., 2014; Lima et al., 2011), while others observed
increased mRNA levels of AIRE and its target genes (Skogberg et al., 2014). In
both cases normal histological structure of the thymus was disrupted. Interes-
tingly, the development of autoimmunity in mice with augmented Aire expres-
sion has been described (Nishijima et al., 2018), though the targeted tissue in this
mouse model was muscle and not endocrine organs.

Aire-deficient mice share similar phenotypic autoimmune features with
APECED patients, although target organs of autoimmune attack vary and diffe-
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rent antibody spectrum is present (Hubert et al., 2009). This may reflect the inter-
species differences of the immune systems, gestational courses, or other features
(Kisand et al., 2014; Pontynen et al., 2006). As a convenient model organism,
Aire-deficient mice have been extensively used to explore the function of AIRE,
however, the reported phenotypic differences should be taken into consideration
and conclusions should be cautiously extrapolated (Peterson et al., 2008). The
generation of AIRE-deficient rat model could help to decipher APECED disease
features, as in those animals APECED similar manifestations are more pro-
nounced (Ossart et al., 2018).

mTEC cell population can be divided further on the basis of MHC class II
expression level into mTEC™ and mTEC" subsets. mTEC" is more mature stage
derived from mTEC" and besides high level of MHC class II acquires surface
expression of co-stimulatory molecules CD80 and CD86, supporting effective
antigen presentation (Derbinski et al., 2005). All mTECs are in principle com-
mitted to express Aire (Kawano et al., 2015), however, as it occurs at certain
differentiation stage, only around 50-60% of mTEC™ cell population express Aire
in mice at the given moment (Gray et al., 2007). The expression of AIRE in
mTEC™ cells in the thymus is dependent on receptor activator of nuclear factor
kB (RANK) expressed on the surface of mTECs and ligands for this receptor
provided by hematopoietic cells (Bichele et al., 2016; Rossi et al., 2007). An
enhancer situated ~3kb upstream of the Aire coding sequence in mice is crucial
for mediating RANK signaling and thymic expression of Aire (Haljasorg et al.,
2015). Interestingly, Aire expression in the testes is preserved after deleting
enhancer sequence, assuming that other regulatory mechanisms exist in reproduc-
tive system. Other TFs important for Aire expression were characterized,
including interferon regulatory factor (Irf) 4, Irf8, T-box 21 (Tbx21), T-cell factor
7 (Tcf7) and transcriptional repressor Ctcfl (CTCF-like) acting through binding
to Aire promoter (Herzig et al., 2016). Using NOD (non-obese diabetic) mice
models with time and dose controllable switch of Aire expression, the Aire
protein was shown to be of critical importance during perinatal stage as turning
off Aire in mice after day 21 did not impact later immune status (Guerau-de-
Arellano et al., 2009).

Almost all Aire-positive mTECs are post-mitotic and show high turnover rate
(Gray et al., 2007). The stage with high Aire expression, prompting TSA tran-
scription and high level of molecules involved in presentation on the cell surface,
might be the culmination point for mTECs but not the last one. Post-Aire cells
with decreased expression of Aire, TSAs, MHC class II and CD80/86 molecules,
but upregulated keratinocyte-specific genes, are described (Metzger et al., 2013;
Wang et al., 2012). After loss of nuclei these post-Aire cells form the cornified
structures of Hassal’s corpuscles in the thymus.

Although the expression of AIRE is most prominent in thymic medullary cells,
there are other cell types of lymphoid and reproductive systems where the
presence of lower amounts of the AIRE protein and mRNA has been demon-
strated, including stromal and other cells in secondary lymphoid organs (Gardner
et al., 2013, 2008; Yamano et al., 2019), B cells (Yamano et al., 2015), dendritic
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cells (Fergusson et al., 2019; Kogawa et al., 2002), testes (Schaller et al., 2008)
and early embryos (Nishikawa et al., 2010). The role and importance of AIRE in
other cell types require further investigation.

Some hints that AIRE is not the only one responsible for the expression of
whole scope of antigens in mTECs appeared, as not all autoimmunity-provoking
TSAs are downregulated in Aire-deficient thymus (Kuroda et al., 2005; Niki et
al., 2006). Another transcription factor, also implicated in nervous system
development, Fezf2 (FEZ [forebrain embryonic zinc-finger] family zinc finger 2)
was demonstrated to regulate the expression of TSAs in the thymus (Takaba et
al., 2015).

Deviation of a thymocyte to Treg lineage is not entirely clear but is thought to
occur if intermediate affinity signal is received during peptide-MHC-TCR
interaction (Klein et al., 2019). The initial studies reported no differences between
adult Aire wild-type (wt) and knock-out mice in frequency and function of Treg
compartment (Lei et al., 2011; Yang et al., 2015) and autoimmunity developing
after the simultaneous co-transfer of Aire”" and Aire” thymi into nude mouse
hosts (Anderson et al., 2005; Kuroda et al., 2005), contradicting the mechanism
of dominant tolerance. However, certain repertoire of Treg selection is dependent
on Aire (Malchow et al., 2013), whether this relates to specific antigens (Leonard
et al.,, 2017) or the antigen presentation way (Perry et al., 2014). Tumor-as-
sociated Tregs also depend on Aire (Malchow et al., 2016, 2013), providing
potential therapeutic implication of transient blockade of central tolerance to
enhance anti-tumor response (Bakhru et al., 2017; Khan et al., 2014).

2.3.3. AIRE protein domains

AIRE has an unusual combination of functional domains, including domains
common for transcriptional regulator. It contains HSR/CARD (homogenously
stained region/caspase recruitment domain) that is present in apoptosis-related
protease enzymes and is responsible for oligomerization and interaction with
other proteins; nuclear localization signal (NLS) responsible for driving the
protein into the nucleus; SAND (Sp100, AIRE-1, NucP41/75, DEAF-1) domain
with potential ability to bind DNA; two PHD (plant homeodomain) fingers
characteristic for transcriptional regulators separated by proline-rich region
(PRR); and four LxxLL motifs that mediate protein-protein interactions as-
sociated with transcriptional regulation (Plevin et al., 2005) (Figure 7). Such set
of functional units strongly suggests its role in transcription in the nucleus.
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Figure 7. The human AIRE protein domains. The AIRE protein contains the following
domains: homogenously stained region/caspase recruitment domain (HSR/ CARD), the
nuclear localization signal (NLS), SAND (Sp100, AIRE-1, NucP41/75, DEAF-1)
domain, plant homeodomains 1 and 2 (PHD1 and PHD2), proline-rich region (PRR), and
four interspersed LxxLL (L — Leu, x — any amino acid) sequence motifs (not depicted).
The numbers of amino acids are indicated.

AIRE was described to locate in large >670 kDa complexes (Halonen et al., 2004)
and form characteristic dots in the nucleus (Bjorses et al., 1999). Interestingly, N-
terminal domain of AIRE is responsible for oligomerization (Pitkdnen et al.,
2000), copious interactions with other proteins, and harbors many patient
mutations that disrupt dotted localization pattern in the nucleus producing diffuse
staining instead (Halonen et al., 2004). N-terminal part of AIRE (aa 1-100) was
initially named the homogenously staining region (HSR) domain and later found
to possess high structural similarity with the caspase recruitment domain (CARD)
(Ferguson et al., 2008). AIRE ability to evoke apoptosis was demonstrated in
mTECs (Gray et al., 2007) and spermatogonia (Schaller et al., 2008).

AIRE has nuclear signal and predominantly localizes inside the nucleus with
some cytoplasmic staining (Rinderle et al., 1999). Initially, the NLS was found
between amino acids 113-133 (The Finnish-German APECED Consortium,
1997), but later the mutagenesis studies demonstrated that only short 131-133
amino acid stretch is necessary to transport the AIRE protein into the nucleus
(Ilmarinen et al., 2006). Some authors argue that AIRE NLS potentially still
functions as bipartite with upstream conserved aa 110-111 replacing mutated aa
113-114 (Saltis et al., 2008). Consensus sequence of monopartite NLS at aa 159-
167 was determined by comparative analysis of evolutionary conserved motifs,
but this potential NLS was never confirmed functionally (Saltis et al., 2008). In
addition, undefined NLS in the C-terminus was proposed as constructs lacking
N-terminal domain were still efficiently transported into the nucleus (Pitkénen et
al., 2001), however, never mapped to certain amino acids and not confirmed by
others (Ramsey et al., 2002).

SAND domain has been claimed to be responsible for DNA binding; however,
the core recognition amino acid sequence in the AIRE protein is modified and the
results of AIRE SAND domain binding to DNA are inconclusive (Kumar et al.,
2001; Purohit et al., 2005; Zumer et al., 2012). The lysines in NLS, SAND, and
the area between them are reported to be acetylated by CBP/p300; acetylation of
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K243 and K253 leads to the formation of larger nuclear bodies and the decrease
of AIRE transactivation activity (Saare et al., 2012)

The interaction of PHD1 with histone H3 nonmethylated at K4 was first
described by Org et al (Org et al., 2008) and later confirmed by Koh et al (Koh
et al., 2010). This finding explained how AIRE is able to trigger the induction of
low expressed genes characterized by the absence of H3K4me3. However, as
PHD1 mutation did not abolish the upregulation of all genes (Org et al., 2008)
and histone demethylase treatment only partially changed the set of genes
activated by AIRE (Koh et al., 2010), other determinants should have a role in
selection of the target genes. Earlier, PHD1 was also proposed to have E3-ubi-
quitin ligase function (Uchida et al., 2004).

A role of PHD2 is not well known and has been associated with different
functions. Yang et al (Yang et al., 2013) demonstrated that PHD2 is required for
binding chromatin structure proteins, while Gaetani et a/ (Gaetani et al., 2012)
suggested that it is important for proper AIRE localization to nuclear bodies.

Some authors emphasize the importance of C-terminus attributing AIRE
transactivation domain (TAD) properties to 30 (Alessandra Meloni et al., 2008)
or 57 C-terminal aa (Zumer et al., 2011).

2.3.4. AIRE interacting proteins

Proteins interacting with AIRE provide great interest, as they potentially unveil
the mechanism of AIRE-mediated regulation. The cooperation with CBP, ubiqui-
tous transcriptional coactivator possessing histone acetyltransferase activity, was
one the earliest described (Pitkdnen et al., 2000). While AIRE and CBP syner-
gistically activated promoters, their co-localization in vivo was rare. Interestingly,
histone deacetylase Sirtl with the opposite function was also claimed to be
important for AIRE functioning (Chuprin et al., 2015). Among other proteins
interacting with AIRE the following were detected: E3 SUMO ligase PIASI
(protein inhibitor of activated STAT1) (Ilmarinen et al., 2008), the apoptosis- and
transcription-implicated protein DAXX (death domain-associated protein)
(Meloni et al., 2010), p63 necessary for effective MHC class II expression in
mTECs (Tonooka et al., 2009), ATF7ip-MBDI1 (activating transcription factor 7
interacting protein—methyl CpG binding protein 1), both linked to repressive
epigenetic markers — ATF7ip is a cofactor implicated in the generation of the
repressive histone mark H3K9me3, and MBD1 recognizes methylated CpGs
(Waterfield et al., 2014).

Several proteins crucial for transcriptional elongation have been shown to
interact with AIRE. P-TEFD, protein decisive for switching from promoter-pro-
ximal pausing to elongation stage, was demonstrated to be recruited by AIRE to
its target genes (Oven et al., 2007) with subsequent evidence that patient mutation
in AIRE disrupting its interaction with P-TEFb results in the disease (Zumer et
al., 2011). BRD4 that binds free P-TEFb and recruits it to the promoters was also
demonstrated to be critical for AIRE functioning (Yoshida et al., 2015), although
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others demonstrated that AIRE interaction with P-TEFb is BRD4-independent
and bromodomain inhibitor JQ1 does not decrease transcriptional activity of
AIRE (Huang et al., 2018). In addition to elongation stage proteins, AIRE inter-
acts extensively with splicing proteins (Abramson et al., 2010; Giraud et al.,
2014) with reports claiming that AIRE influences target genes’ alternative
splicing (Keane et al., 2014; St-Pierre et al., 2015). One example of elongation
and RNA processing connections in the context of AIRE is HNRNPL protein, an
RNA processing factor that belongs to heterogeneous nuclear ribonucleoprotein
(hnRNP) family, that interacts with 7SK-containing P-TEFb complexes ensuring
AIRE initial contact with inactive P-TEFb (Giraud et al., 2014).

The identification of AIRE interacting proteins was taken to the next level
when thorough screening using stable-isotope labelling by amino acids in cell
culture (SILAC) method was undertaken by two groups (Abramson et al., 2010;
Gaetani et al., 2012), with variety of proteins being identified as partners of AIRE.
In general, four functional groups were outlined including nuclear transport, chro-
matin binding, transcription and pre-mRNA processing, and complex centered on
DNA-PK, including DNA-PK, PARP-1, TOP2A, FACT (facilitates chromatin
transcription), and Pol II was characterized to be important in AIRE-mediated
activation (Abramson et al., 2010). Various DNA repair proteins constituting
complex together with DNA-PK suggest that not only phosphorylating activity
of DNA-PK plays role in AIRE-mediated transcriptional activation. Interestingly,
mutual tight links between DNA repair proteins and chromatin structure modi-
fiers are established with PARP-1 implicated in chromatin modulation, acting at
enhancers or insulators and functioning as a transcriptional co-regulator (Kraus,
2008; Ray Chaudhuri and Nussenzweig, 2017) and histone chaperone FACT
coordinating H2A.X signaling and DNA repair (Piquet et al., 2018). Other pro-
teins interacting with AIRE such as KAP-1 (Bunch et al., 2014; Iyengar and
Farnham, 2011; Ziv et al., 2006) and CHD4 (Larsen et al., 2010; Mansfield et al.,
2011) are extensively characterized in chromatin remodeling processes.

Some proteins demonstrated before as AIRE partners, such as CBP and P-
TEFDb, were not confirmed in Abramson et al. study and the set of interacting
proteins differed between Abramson et al. and Gaetani et al. studies, probably
reflecting transient nature of protein-protein contacts, methodological differences
in cell lysate treatments (micrococcal nuclease (MNase) treatment versus mild
sonication), overexpression of proteins, or cell culture conditions. Of note,
ubiquitin was detected as persistent interactor in Gaetani et al. study, reinforcing
the role of AIRE in apoptotic processes (Liiv et al., 2012; Schaller et al., 2008).
Additionally, ubiquitinylation is applied in various cellular processes including
transcription-related regulation, histone ubiquitinylation and DNA damage
response (Muratani and Tansey, 2003; Schwertman et al., 2016; Strzyz, 2016).

Intriguing association of AIRE with mitotic spindle via its last LxxLLL. motif
in embryonic stem cells was described and may provide new evidence about
unrecognized AIRE function in dividing cells (Gu et al., 2017).
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2.3.5. AIRE is an unusual transcriptional activator

Although it would be very tempting to study AIRE function in native environ-
ment, the thymic epithelial cells lose quickly AIRE expression when cultured in
vitro, reflecting the requirement for three-dimensional structure and specific
signals (Kont et al., 2008; Peterson et al., 2008). Therefore, several model
systems have been employed to study AIRE functions, which reveal that the set
of genes upregulated by AIRE depends heavily on the context and varies in
different cell lines and mouse strains (Guerau-de-Arellano et al., 2008; Jiang et
al., 2005; Venanzi et al., 2008). Even if the selection of target genes varies in
different cell types, the transcriptional activating effect is undeniable in every
context. To date, the established common features of AIRE target genes are their
initial low expression and chromatin context (Org et al., 2009), in particular the
enrichment of repressive chromatin marks H3K27me3 and H3K9me3, and
depletion of an active chromatin mark H3K4me3 (Handel et al., 2018). The
interaction with nonmethylated H3K4 was detected, although the choice of AIRE
target genes could not be explained completely through this interaction (Koh et
al., 2010; Org et al., 2008). In contrast, AIRE DNA binding sites were depleted
in repressive chromatin marks and enriched for promoter and enhancer associated
chromatin modifications (Handel et al., 2018).

Thus, the most straightforward way to explain gene activation assuming that
target genes share DNA sequence-specific motifs, enabling protein binding and
subsequent transcriptional activation, is not applicable to AIRE regulatory
mechanism. Although few reports demonstrated DNA binding via the SAND or
PHD domains and even sequence preferences (Kumar et al., 2001; Purohit et al.,
2005), the results of other research groups have shown no direct binding of the
AIRE SAND domain to DNA (Zumer et al., 2012), suggesting other proteins’
involvement. The classical KDWK DNA-binding motif of the SAND domain is
changed to KNKA in AIRE, and mutating every amino acid in this sequence did
not diminish AIRE transactivation, provoking a new hypothesis that DNA-PK is
mediating binding of AIRE to DNA (Zumer et al., 2012). The notion that DNA-
PK catalytic inhibitor NU7441 did not decrease AIRE-mediated activation,
highlighted the importance of DNA-PK structural role and not catalytic
phosphorylation for AIRE-mediated transactivation. Interestingly, early-acting
elements of NHEJ were associated with the AIRE protein, but not late-acting ones
as X-ray repair cross-complementing protein 4 (XRCC4) (Abramson et al.,
2010), assuming an alternative role for DNA-PK in AIRE-mediated transcription
not acting through the same NHEJ pathways and involving different elements.

Current knowledge favors AIRE involvement in the elongation stage of
transcription rather than initiation. Supporting evidence for this statement is inter-
action with P-TEFD, ability to induce transcription from the reporters supporting
elongation but not initiation (Oven et al., 2007), and first exon transcripts’
abundance in Aire knock-out mice (Giraud et al., 2012), indicating the inability
of Pol II to transit into elongation phase without Aire partaking near TSS of TSA.
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Initial studies of AIRE-mediated activation mechanism were accomplished
analyzing cell populations in bulk, producing the summarized result of individual
cells. Recent single-cell RNA-seq technology has enabled to explore how
individual mTECs contribute to the cell population pattern. The most outstanding
features of transcriptional regulation by AIRE is the high number of genes it
induces and the stochastic choice of upregulated genes. The mature Aire-positive
murine mTEC cell population expresses 87% (19293) of protein-coding genes,
probably the highest proportion of genes yet found to be expressed in any cell
type (Sansom et al., 2014). Yet, only a small proportion of mTECs (1-3%)
expresses a particular TSA (Pinto et al., 2013), which highlights the stochastic
mechanism and creates mosaic expression pattern, when individual cell with few
antigens expressed contributes to a very diverse pool of antigens in a cell popu-
lation. The majority of protein-coding genes, including TSAs, are covered in a
couple of hundreds of mTECs, limiting the number of cells thymocytes have to
sample (Miragaia et al., 2018). Mosaic expression also avoids excessive burden
to a cell, as TSAs account for 10-20% of all the genes expressed in a single cell
(Brennecke et al., 2015; Miragaia et al., 2018). The genes regulated by Aire do
not share common genomic position, biological function or transcriptional
regulation (Meredith et al., 2015). The repertoires of TSAs expressed in single
mTECs did not exhibit significant enrichment for any particular peripheral tissues
refuting the developmental model where each mature mTEC cell commits to
certain peripheral lineage program (Gillard and Farr, 2005). Supporting this
observation, insulin expression in mTECs persists even if TFs required for
pancreatic expression are knocked out (Danso-Abeam et al., 2013; Villasefior et
al., 2008), arguing for completely different regulation mechanisms in the thymus
and differentiated tissues.

Clustering of AIRE target genes was remarked early on (Derbinski et al.,
2005; Gotter, 2004; Johnnidis et al., 2005), evoking hypotheses of epigenetic
marks or spatial organization determining AIRE target gene choice. Single-cell
PCR analysis revealed that cluster gene regulation in the thymus and diffe-
rentiated tissue is cardinally different (Derbinski et al., 2008) with casein gene
locus demonstrating simultaneous expression of milk proteins in mammary
gland, but with rarely observed co-expression in mTECs. Single-cell RNA-seq
data enabled precise deciphering of cluster regulation in individual mTECs. Co-
expression patterns were detected with 51% of Aire-induced transcripts grouped
into clusters in cell population. Interestingly, most correlations were detected
between chromosomes and those clusters were not reproduced between mice
(Meredith et al., 2015). In other work, Aire-dependent, but not TSAs dependent
on other TFs, clustered, and clustering was more pronounced with Aire-depen-
dent but not with Aire-enhanced genes (Miragaia et al., 2018), pointing that Aire-
dependent genes require additional level of regulation provided by cluster
formation in order to be induced.
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2.4. Summary of the literature

The decoding of human genome provided several surprises, unveiling the large
fraction of non-coding sequences and only ~21000 protein-coding genes, sug-
gesting that complexity of regulation cannot be explained by protein-coding
genes only and intergenic sequences require heightened attention (Frazer, 2012).
Estimatingly, 51,8% of the human genome is transcribed, but only 1,2% encodes
proteins (Ransohoff et al., 2017). A large group of non-coding RNAs has been
described with steadily growing list of biological roles, not only reflecting
transcriptional noise (Geisler and Coller, 2013; Jacquier, 2009). Diverse group of
regulatory elements (promoters, enhancers, insulators) appeared explaining the
mechanism of disease-associated variants not linking to protein-coding sequen-
ces (Kellis et al., 2014; Maston et al., 2006).

The patterns of transcription derived from prokaryotes did not seem to be
entirely applicable to eukaryotic systems (Kornberg, 1999). Eukaryotic transcrip-
tion is pervasive and stochastic in nature, transcription factor binding sequence
motif alone does not determine the actual binding and the binding does not
guarantee the regulation of gene. DNA packaging to nucleosomes and spatial
organization of the nucleus provide additional layers of regulation in eukaryotes.
Chromatin remodeling, transcription and RNA processing, including splicing and
polyadenylation, are tightly coupled processes that influence each other.

The AIRE protein expressed in medullary thymic epithelial cells is an unusual
transcriptional regulator. AIRE is able to upregulate large plethora of genes in diffe-
rent cell types, doing so in random fashion with the set of genes activated depending
on the cell type. The genes regulated by AIRE are characterized by low initial
expression level, repressive chromatin markers and tissue-specificity. Such abun-
dant stochastic pattern of regulation is termed promiscuous gene expression.

This unconventional model of regulation becomes especially useful in the
thymus, which is primary lymphoid organ, where T cells complete their matura-
tion. T cells during differentiation are exposed to as many self-antigens as pos-
sible to purge autoreactive cells recognizing them, and in this way to avoid auto-
immune reactions in the future. The A/RE gene identification transformed the
understanding of central tolerance. Though in the thymus the unexpected expres-
sion of proteins, commonly found only in particular organs, was noticed earlier,
the demonstration of AIRE ability to induce the expression of vast scope of genes,
creating the reflection of its own self, shifted the paradigm of T-cell tolerance.
The mutations in the A/RE gene evoke autoimmune APECED disease, unique in
its monogenic inheritance. As it is different from the majority of autoimmune
diseases where the combination of environmental factors and slight gene changes
contribute to the phenotype, APECED provides valuable model to decipher
immune system functioning.

Despite continuously accumulating information and improved understanding
of AIRE functional mechanism, the complete comprehension is still not achieved.
The questions of current interest still are — what determinants dictate the choice
of AIRE target genes and how these chosen genes are activated.
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3. AIMS OF THE STUDY

The main objectives of the present study were:

1. To determine the gene elements required for AIRE-mediated transcriptional
activation.

2. To study the DNA binding properties of AIRE.

3. To characterize the role of topoisomerases and DNA repair proteins in AIRE-
mediated transcription.
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4. MATERIALS AND METHODS

4.1. Cell culture, treatments and transfections

The human embryonic kidney (HEK)293 cell line was cultured in Dulbecco's
modified Eagle's medium supplemented with 10% fetal bovine serum and 1%
antibiotic-antimycotic (10 000 U penicillin, 10 mg streptomycin, 25 pg ampho-
tericin B) (all components from PAA Laboratories Inc) at 37°C in humidified
atmosphere of 5% CO.in air. All transfections were performed with TurboFect™
Transfection Reagent (Thermo Scientific) according to the manufacturer's proto-
col. The generation of stable HEK293 cells expressing wt AIRE and YFP was
described previously (Org et al., 2009).

Doxycycline-inducible AIRE expression in the HEK293 cell line (AIRE-Tet)
has been described previously (Liiv et al., 2012). Cells were cultured in DMEM
supplemented with 10% tetracycline-negative fetal calf serum, 100 units/ml
penicillin/streptomycin, and 0.15 mg/ml G418 for at least 24 h before any addi-
tional treatments. Untreated cells served as a negative control material, and AIRE
expression was induced with 1.5 uM doxycycline (631311, Clontech). After 24 h,
the control and induced cells were either mock-treated with DMSO or 2 uM
etoposide (E1383, Sigma, reconstituted in DMSO) for another 24 h. In some
experiments, the cells were additionally incubated with 1 pM merbarone (M2070,
Sigma), 1 uM camptothecin (C9911, Sigma), or 1 uM B-lapachone (L2307,
Sigma) for 24 h.

4.2. Plasmids

The following full-length AIRE expression constructs were used: pcAIRE (Heino
et al., 1999), pcAIRE-D312A (Org et al., 2008), pcAIRE-K243/245Q (Saare et
al., 2012), and pcAIRE-L28P (Ferguson et al., 2008). pcAIRE-R15C, A21V,
L29P, V8OL, and L93R were generated by PCR-based mutagenesis, K83E was
amplified from pSI-AIRE-K83E (Pitkdnen et al., 2001), the generated fragments
were cloned into the EcoRI/HindlIII sites of pcDNA3.1B(-)Myc/ His. To generate
pcHSR/CARD (aa 1-109) and pcHSR/CARD+ (aa 1-143), the corresponding
regions were PCR amplified from pcAIRE and cloned into the Notl/EcoRI sites
of pcDNA3.1B(-)Myc/His. pcHSR/CARD+R113A/K114A was generated by
PCR-based site-directed mutagenesis. pcDNA3.1B(-)Myc/His (Invitrogen),
pGL3-Basic (Promega), pBL-KS (a gift from prof. K. Saksela, University of
Tampere, Finland) and pd2EYFP-N1 (Clontech) were used as the controls. The
lack of promoter sequences in pGL3-Basic and pBL-KS plasmids was confirmed
by GenBank and Eukaryotic Promoter Database searches. The luciferase (Luc)
reporter pBL-INV (pBL-IVL in this study) containing promoter area of involu-
crin (3737 bp) was generated by cutting out the promoter area fragment from
pTZhINV-nlbgal plasmid (a gift from A. Ménnik, FitBiotech, Estonia) and
cloned into the Hindlll site of pBL-KS. IVL-pr (bp -259/+1), IVL-pr-in
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(-259/+1235 bp), IVL-in (-27/+1235 bp), INS-pr (-326/+30 bp), INS-pr-in (-
326/+238 bp) and INS-in (-5/+238 bp) were PCR amplified from pBL-IVL or
human genomic DNA and cloned into HindIII/BamHI sites of pBL-KS vector.
The AAML (adenovirus major late) intron was amplified from the sequence of
the AdML splicing substrate (Mishler et al., 2008) and cloned into the BamHI
site of IVL-pr or INS-pr. H1-SL, HI-mutSL and MS2-SL containing histone
modified stem-loops in a T7-based vector with the Luc reporter gene were gifts
from B. Marzluff and were described previously (Gallie et al., 1996; Sanchez et
al., 2002) as /uc-SLy, luc-tetraloop and Luc-MS2, respectively. To generate
GST-HSR/CARD (aa 1-109) and GST-HSR/CARD-L28P, the corresponding
regions were PCR amplified from pcAIRE and pcAIRE-L28P, respectively, and
cloned into the EcoRI/Xhol sites of pGEX-1AT vector. GST-HSR/CARD+ (aa
1-138) (previously named as GST-AIRE (1-138)) was previously described
(Pitkdnen et al., 2000). Plasmid pGST-PHD1 was generated by insertion of PCR-
amplified sequence encoding human AIRE aa 293-354 into the Ncol and Kpnl
restriction sites of the pETM-30 vector (EMBL-Heidelberg protein expression
and purification laboratory). pcDNA-p50 and pcDNA-FLAG-p65 were a gift
from prof. E. Kalkhoven from Utrecht University. The 3xNF-kBLuc reporter
plasmid was a gift from prof. K. Saksela. All generated constructs were verified
by sequencing. The primers used for plasmid generation are listed in Table 1.

Table 1. List of oligonucleotides used in the experiments presented in this work.

Oligo name | Sequence

Plasmid cloning and mutagenesis

hAIRE EcoRI F TTTTGAATTCACCATGGCGACGGACGCGGCGCT
hAIRE HindIIl STOP R | CATTAAGCTTAGGAGGGGAAGGGGGC
RI5CF GAGGCTGCACTGCACGGAGAT

RI15CR ATCTCCGTGCAGTGCAGCCTC

A21VF GATCGCGGTGGTCGTGGACAGC

A21VR GCTGTCCACGACCACCGCGATC

L29P F TTCCCACTGCCGCACGCGCTG

L29P R CAGGGCGTGCGGGCAGTGGGAA

V8OL F CTTCTGGAGGTTGCTGTTCAA

VSOL R TTGAACAGCAACCTCCAGAAG

L93RF GGCGGCAGCCCATCCTGGA

L93R R TCCAGGATGGGCTGCCGCC

pcHSR/CARD F TTTTGCGGCCGCATGGCGACGGACGCGGCG
pcHSR/CARD R TTTGAATTCGGGCTGGCTGAGGTCCACA
pcHSR/CARD+ F TTTTGCGGCCGCATGGCGACGGACGCGGCG
pcHSR/CARD+ R TTTGAATTCTGGCGCGGCAGCTCGAGC
R113A/K114A F AAGGGGGCGGCGCCCCCGGCC
R113A/K114A R GGCCGGGGGCGCCGCCCCCTT
GST-HSR/CARD F TTTTGAATTCATGGCGACGGACGCGGCG
GST-HSR/CARD R TTTTGTCGACTCAGGGCTGGCTGAGGTCCAC
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Oligo name

Sequence

IVL-pr F ATAAAGCTTTGCCTAGGTCAGAAAAGCAT

IVL-pr R ATAGGATCCTTTGGTGGAGTGCTGAGC

IVL-pr-in F ATAAAGCTTTGCCTAGGTCAGAAAAGCAT
IVL-pr-in R AATTGGATCCTTAGAAGCTACTGTCAACCTGAA
IVL-in F AATTAAGCTTCTGCTCAGCTCAGCACTCCACCAA
IVL-in R AATTGGATCCTTAGAAGCTACTGTCAACCTGAA
IVL-pr-ADin F AATTGGATCCACTCTCTTCCGCATCGCTGTCTGC
IVL-pr-ADin R AATTGGATCCGGCTCTTACCGTTCGGAGGCCGAC
INS-pr F GCGAAGCTTTCTCCTGGTCTAATGTGGAA

INS-pr R CGCGGATCCCTCTTCTGATGCAGCCTGTC
INS-pr-in F GCGAAGCTTTCTCCTGGTCTAATGTGGAA
INS-pr-in R AATTGGATCCGGCAGAAGGACAGTGATCTGGGA
INS-in F GCGAAGCTTCCCTCAGCCCTCCAGGACAGGCTGCA
INS-in R AATTGGATCC GGCAGAAGGACAGTGATCTGGGA
INS-pr-ADin F AATTGGATCCACTCTCTTCCGCATCGCTGTCTGC
INS-pr-ADin R AATTGGATCCGGCTCTTACCGTTCGGAGGCCGAC
ChIP analysis

IVL pr F TGCTTAAGATGCCTGTGGTG

IVL pr R TGAAGGTGATGGACAGGTTTC

IVL3'F TAGGTGGCCCGTCTCATCTGTGAA

IVL3’R ATTGGGGTCATTGGGGTTGGCACT

S100A8 pr F GGCCTGACCACCAATGCAGGG

S100A8 pr R CTGGGCTGCTGGCATCCACT

S100A8 3’ F AATCTTGACAGAAAAAGGGTGCAGACG

S100A8 3° R GGGCTGCCACGCCCATCTTIT

B2M pr F CCTTGTCCTGATTGGCTGGG

B2M pr R CCTTGTCCTGATTGGCTGGG

B2M 3’ F TCTCTTGCACTCAAAGCTTGTT

B2M 3’ R TCCCCCAAATTCTAAGCAGAGT

HPRTI pr F CCTGCTTCTCCTCAGCTTCA

HPRTI pr R GGGAAAGCCGAGAGGTTCG

HPRTI1 3’ F GGGAAAGCCGAGAGGTTCG

HPRTI1 3’ R GGGAACTGCTGACAAAGATTCAC

Luc F AGGTCTTCCCGACGATGACG

Luc R GGCGACGTAATCCACGATCTC

Expression analysis

S100A8 F CTCAGTATATCAGGAAAAAGGGTGCAGAC
S100A8 R CACGCCCATCTTTATCACCAGAATGAG

IVLF GCCTTACTGTGAGTCTGGTTGACA

IVLR GGAGGAACAGTCTTGAGGAGCT

HBG2 F CATAAAGCACCTGGATGATCTC

HBG2 R CAGGAGCTTGAAGTTCTCAG

KRT73 F GAGTGCAGGATGTCCGGAGAATA

KRT73 R TTGCTGAATCCAAAGCCAGCC

DMBTI1 F AGAACCCAGCAAAATGGGGA

DMBTI1 R TTGGGATCCACCCACCTGTA
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Oligo name Sequence

PSMD4 F GAAGGTGAAAGAGACTCA

PSMD4 R GTCATACTGCTTAGGTCA
CEACAMS F CCTGGATGTCCTCTATGGGC
CEACAMS R TACTGCGGGGATGGGTTAGA
HPRTI1 F GACTTTGCTTTCCTTGGTCAGG
HPRTI1 R AGTCTGGCTTATATCCAACACTTCG

4.3. Luciferase reporter assay and quantitative PCR

Cells were seeded at 20-30% confluency in 24-well plates 24 h before the
transfection. A total of 1 pug of plasmid (with a 1/10 expression/reporter plasmid
ratio) per well was used. Cells were harvested 48 h later, and Luc activity was
measured using a Luciferase Assay System (Promega) according to the manu-
facturer's instructions. The transfections were performed in duplicate, and expe-
riments were repeated at least two times. Luminescence was counted with a
Wallac 1420 Victor Multilabel/Plate Reader (Perkin Elmer).

RNA was purified with TRIzol-chloroform extraction, treated with TURBO
DNasel (Thermo Fisher Scientific) and reverse transcribed with SuperScript 111
(Life Technologies). The quantitative PCR was performed in triplicate using
Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific) and a ViiA 7
Real-Time PCR System (Life Technologies). Relative gene expression levels
were calculated using the comparative Ct method (according to Applied Bio-
systems), where the relative expression is calculated as 2"**“* and Ct represents
threshold cycle value. HPRTI (hypoxanthine phosphoribosyltransferase 1) was
used as a house-keeping gene for normalization. The primers used for expression
analysis are listed in Table 1.

4.4. Chromatin immunoprecipitation

A total of 5x10° transfected HEK293 cells were used in a single chromatin
immunoprecipitation (ChIP) reaction with the following antibodies: mouse
monoclonal anti-c-Myc (ab32, Abcam), rabbit polyclonal anti-Histone H3
(ab1791, Abcam) and rabbit IgG (Chemicon International), as a negative control.
ChIP was performed as described in (Org et al., 2008). Briefly, transfected
HEK?293 cells were cross-linked with 1% formaldehyde for 10 min at room
temperature, and formaldehyde was quenched by addition of glycine to a final
concentration of 0.125 M. The cells were lyzed in 20mM Tris-HCl, 0,5% NP-40,
1% SDS, 10mM EDTA and 1x Halt Protease Inhibitor Cocktail containing buffer
and sonicated with the Diagenode Bioruptor for 15 min using
30 sec on-off cycles at a high voltage setting. After 10x dilution with 150mM
NaCl, 20mM Tris-HCI, 1% Triton X-100, 2mM EDTA and 1x Halt Protease
Inhibitor Cocktail buffer, the sonicated chromatin solution was pre-cleared with
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protein G agarose beads, that were pre-absorbed with 100 pg/ml bovine serum
albumin and 500 pg/ml sheared salmon sperm DNA. The pre-cleared solution
was incubated with the corresponding immunoprecipitating antibody at 4°C
overnight, after which blocked protein G agarose beads were added. After
thorough washing with low salt wash buffer (150 mM NaCl, 20 mM Tris-HCI,
0,1% SDS, 1% Triton X-100, 2 mM EDTA), high salt wash buffer (500 mM
NaCl, 20 mM Tris-HCI, 0,1% SDS, 1% Triton X-100, 2 mM EDTA) and LiCl
wash buffer (0,25 M LiCl, 10 mM Tris-HCI, 1% deoxycolate, 1% NP-40, 1 mM
EDTA), the complexes were eluted from beads by shaking for 15 min in 1% SDS,
0,1 M NaHCO; buffer at room temperature. After cross-link reversal and pro-
teinase K treatment the DNA was phenol:chloroform extracted and analyzed by
quantitative PCR as described in section 4.3. Datasets of each primer pairs were
normalized to ChIP input values and then the Ct values obtained from AIRE-
control cells with nonspecific antibody were subtracted from Ct values obtained
with specific antibody. The ChIP primers’ sequences are listed in Table 1.

4.5. The expression and purification of GST fusion proteins,
GST-pulldown and mass-spectrometry

The GST (glutathione S-transferase)-tagged proteins were expressed in Esche-
richia coli BL21-DE3 strain by induction with 0.4 mM IPTG for 4 h. The PHDI1-
containing fusion protein was expressed in the presence of 0.1 mM ZnCl,. The
proteins were purified using Glutathione Sepharose 4B (Amersham Biosciences)
according to the manufacturer's instructions except that 1% N-laurylsarcosine and
3% Triton X-100 were added to increase the solubility of the proteins and 50 uM
ZnCl, was included when PHD1-containing fusion protein was purified. The
purified proteins were verified by resolving on SDS-PAGE followed by staining
with Coomassie Blue.

50-100 pg of nuclear extract, prepared from human monocyte cell line THP-
1, was incubated with 20-25 pg of GST-fusion proteins bound to 25 ul of packed
sepharose beads in buffer B1 (10 mM HEPES pH 8.0, 150 mM NaCl, 0.7 mM
MgCl,, 12.5% glycerol, 0.1 mM EDTA, 25 uM ZnCl,, 0.5 mM DTT and
proteinase inhibitor mix) overnight at 4 °C. The beads were washed intensively
with buffer B1, the bound proteins were eluted and separated on SDS-PAGE. The
specific protein bands were cut out and analyzed with mass spectrometry. Mass
mapping of the peptides generated was performed with an Ultraflex™MALDI-
TOF/TOF mass spectrometer (Bruker-Daltonics, Bremen, Germany) equipped
with a nitrogen laser in a positive ion reflector mode using a-cyano-4-
hydroxycinnamic acid as the matrix. The MALDI spectra were externally
calibrated with the standard peptide mixture from Bruker-Daltonics (Bremen,
Germany). In case of peptide fragmentation analysis, a peptide from above mass
mapping analysis was selected as a precursor ion and subjected for further
MS/MS fragmentation in the MALDI-TOF/TOF lift-mode. Database searches
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were carried out by either Mascot peptide map fingerprint or Mascot MS/MS ions
search (http://www.matrixscience.com/).

4.6. Thymic stromal cell isolation from mice

C57BL/6J background wild type mice were maintained at the mouse facility of
the Institute of Molecular and Cell Biology, Tartu University. Small cuts were
made into the capsules of thymi dissected from eight to twelve 4-week-old mice
and thymocytes were released by repetitive pipeting. The remaining thymic
fragments were incubated in 0.5 mg/ml dispase/collagenase (Roche) and
1.5 ng/ml DNase I (AppliChem) in PBS at 37°C for 20 min, with gentle agitation
using a Pasteur pipette every 5 min. Released cells were collected to separate
fractions and fresh enzyme solution was added four times. The cells were
resuspended in SmM EDTA in 10 ml of RPMI-1460. For CD45 depletion CD45
MicroBeads (Miltenyi Biotec) were used according to manufacturers instruc-
tions. For cortical epithelial cell (cTEC) isolation, the CD45— cells were stained
with H213-HB Ab (anti-CDR1) followed by goat anti-rat IgG Microbeads
(Miltenyi Biotech) and AutoMACS separation (isolation mode: Possel-S). The
positive fraction (CDR1+) contained magnetically bound ¢TECs. For mTEC
isolation CDR1- cells were stained with G8.8 (anti-EpCAM, generated from a
G8.8 hybridoma cell line) followed by goat anti-rat [gG Microbeads (Miltenyi
Biotec) and separation as previously described. The purity of mTEC and ¢cTEC
was >80% as assessed by staining with anti-CD45 FITC (30F11, Miltenyi
Biotech) and anti-I-A® PE (AF6-120.1, BD Biosciences) using FACSCalibur
flow cytometer (BD Biosciences).

4.7. Electrophoretic mobility shift assays (EMSA)

Electrophoretic mobility shift assay (EMSA) was performed according to a pre-
viously described protocol (Murumégi et al., 2003). The proteins were probed
with a y-*2P-dATP-labeled duplex oligonucleotide containing the FLAG tag
coding sequence: 5’-AATTGAATTCGATTACAAGGACGACGATGACAAG
TAG CT TAAGTTAA-3’ without any known recognition elements for transcrip-
tion factor binding. EMSA reactions were performed in 10 puL of 1x binding
buffer (5 mM MgCl,, 2.5 mM EDTA, 2.5 mM DTT, 125 mM NaCl,
50 mM Tris—HCI [pH 7.5], 10% glycerol) containing 5 pg of recombinant protein,
1 ug poly-dIdC and 20 pmol of y-**P-dATP-labeled duplex oligonucleotide.
EMSA in agarose gel was performed as previously described (Stros and Reich,
1998) using pcDNA3, circular or linearized with HindllI, as a probe. The reaction
was performed with 100 ng of plasmid and 1 pg of recombinant protein in
0.14 mM NaCl, 20 mM Tris/HCI, pH 7.5, 0.2 mM EDTA, 5 mM dithiothritol
solution. The samples were subjected to electrophoresis for 15-18 h at 3 V/cm in
1% agarose gel at 4°C and stained with 0.5 pg/ml ethidium bromide.
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4.8. Immunofluorescence

The cells were fixed with 3% formaldehyde and permeabilized with 0,5% Triton
X-100 in the presence of 1% normal goat serum (NGS) as a blocking reagent.
After that, the cells were incubated with primary, mouse monoclonal anti-Myc
(ab32, Abcam), and afterwards secondary, goat anti-mouse IgG conjugated with
Alexa-488 (A11029, Invitrogen), antibodies for 1 h at room temperature. The
washes were performed with 1% NGS in PBS between and after antibody
incubation. Nuclei were stained with DAPI (4',6-diamidino-2-phenylindole)
(1 pg/ml) and fluorescent mounting medium (Dako) was used for mounting. The
images were captured with the LSMS5 DUO confocal microscope (Zeiss) and
processed with LSM Image Browser software (Zeiss).

4.9. RNA-seq sample preparation and data analysis

RNA was isolated with the miRNAeasy Mini Kit (Qiagen) using on-column
DNase digestion from 10° AIRE-Tet cells induced with 1.5 pM doxycycline for
48 h, 2 pM etoposide for 24 h, or a combination of both. Uninduced DMSO-
treated cells were used as a negative control (Ctrl). Two independent biological
replicates from each treatment were prepared from 500 ng of RNA with RNA
integrity number (RIN)>9. Sequencing libraries were generated with the TruSeq
Stranded Total RNA LT (with Ribo Zero Gold) Sample Prep Kit (Illumina)
according to the instructions of the manufacturer, with the exception that
12 PCR cycles were used for the DNA enrichment step. Paired-end sequencing
(2 x 100 bp) was performed with Illumina HiSeq 2000, which generated 80—
100 x 10° sequenced fragments per sample. Prior to alignment, the reads were
trimmed to remove adapter sequences and bases with a Phred score lower than
30 using Trim Galore!. Reads were mapped to the human reference genome
GRCh37 (Ensembl release 75) using STAR aligner version 2.4.2a with the two-
pass mode (Dobin et al., 2013). Read count tables were generated with the STAR
aligner option -quantMode geneCounts. Differential gene expression between the
experimental samples was analyzed with DESeq2 (Love et al., 2015). Read count
tables and group comparisons for differential exon usage were performed with
DEXSeq (Anders et al., 2012). Determination of tissue specificity was based on
data from the Human Protein Atlas (Fagerberg et al., 2014). Chromosomal
clusters of genes were detected with the command line tool CROC (Pignatelli et
al., 2009), where a sliding window approach combined with hypergeometric
distribution is used to evaluate the statistical significance of the predicted clusters.
In our analysis we applied the gene-based type of sliding window with size of
seven genes and minimum number of genes that define a cluster set to three genes.
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4.10. Immunoprecipitations and Western blot analysis

For co-immunoprecipitations either whole-cell extract (Study II) or nuclear
extract with addition of MNase (Study I1I) was prepared from transfected (Study
II) or inducible HEK293 cells (Study III). In study II, immunoprecipitations were
performed with mouse monoclonal anti-DNA-PK 4F10C5 (BD Pharmingen),
anti-AIRE 6.1 (Heino et al., 1999), anti-HuR 3A2 (a gift from J. Steitz, Yale
University, USA), anti-GAPDH 6CS5 (Ambion), rabbit polyclonal anti-GST sc-
459 (SantaCruzBiotech). Rabbit anti-TOP2A (Abcam, ab2987) or IgG control
(Diagenode, AIP-103-110) antibodies were used in study III. Protein G-sepharose
beads were added to lysate-antibody mixtures for capturing antibody complexes.
After washing the beads, the immunoprecipitates were eluted from the beads with
Laemmli buffer at 99 °C for 10 min, separated on SDS-PAGE, and Western blot
was performed with anti-AIRE 6.1 (Study II) or mouse polyclonal anti-AIRE
(1:10,000, sc-17985, Santa Cruz Biotechnology), rabbit polyclonal anti-TOP2a
(1:1000, ab2987, Abcam) or mouse monoclonal anti-B-actin (1:10,000, A5441,
Sigma) (Study III). The more detailed protocols could be found in the methods’
section of the corresponding studies.

For treatments, RNaseA/RNaseT mix (4 ug and 10 U per ml, respectively)
(Fermentas), ethidium bromide (0.4 mg/ml) or 1 U of MNase (Fermentas) in
50 ul of digestion buffer (10 mM HEPES pH 7.0, 4 mM CacCl,, 50 mM NaCl,
0.1 mM ZnCl,) was used.

4.11. TOP2A knockdown

Uninduced and doxycycline-induced AIRE-Tet cells, either untreated or treated
with etoposide, were grown on 6-well plates and transfected with four SureSilenc-
ing shRNA vectors along with one scrambled negative control shRNA vector
(KHO1520N, SABiosciences) using Turbofect reagent (Thermo Scientific). The
efficiency of knockdown was checked by Western blotting with anti-TOPA
antibody 48 h after transfection. Anti-B-actin antibody (A5441, Sigma) was used
to determine protein loading.

4.12. TUNEL assay

Uninduced and doxycycline-induced AIRE-Tet cells, either untreated or treated
with etoposide, camptothecin, merbarone, and B-lapachone were fixed with 4%
formaldehyde. The occurrence of DNA breaks was quantitatively assessed with
the APO-BrdU TUNEL (terminal deoxynucleotidyl transferase dUTP nick end
labeling) assay (Pharmingen). Briefly, the cells were labeled with Br-dUTP using
TdT enzyme for 60 min at 37 °C and then incubated with FITC-labeled anti-BrdU
antibody for 30 min at room temperature. After washing with PBS, the cells were
analyzed by LSR Fortessa using FACSDiva software (both from BD Bio-
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sciences). The efficacy of the assay was determined with the positive and nega-
tive control samples included in the kit.

4.1.3. Statisctics

In Study I and II luciferase, ChIP and qPCR experiments were performed as two
to four biological replicates with two to three technical replicates. Data were
anlayzed with GraphPad software and presented as mean = SEM (standard error
of the mean).

In Study III gPCR values were log10 transformed and mean + SD (standard
deviation) from three to six experiments was presented. Statistical significance
was determined by applying an unpaired t-test. The results were considered
significant at p-value less than 0.05. RNA-seq data were analyzed DESeq2 and
DEXSeq software packages.
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5. RESULTS

5.1. AIRE activates reporter plasmids without
promoter elements

AIRE has been shown to have roles in various steps of gene regulation, including
chromatin recognition (Koh et al., 2008; Org et al., 2008), transcriptional
elongation (Giraud et al., 2012; Oven et al., 2007), pre-mRNA processing and
splicing (Abramson et al., 2010; Keane et al., 2014), and microRNA-mediated
regulation (Macedo et al., 2013).

To identify the gene elements that are important for AIRE-mediated gene
activation, we assessed AIRE influence on transcriptional activation while eli-
minating defined regulatory features in reporter plasmid. We chose insulin (/NS)
and involucrin (/VL) as marker genes because they have been repeatedly demon-
strated as AIRE targets, by comparing Aire wt and knock-out mice (Anderson,
2002) and by transfecting HEK293 cells with reporter plasmids (Org et al., 2008).
We cloned gene promoter regions of human /NS and /VL in front of Luc sequence
in pBL-KS plasmid (IVL-pr and INS-pr, Figure 8A). As negative controls, we
used pBL-KS and pGL3, both without any promoter sequence inserted. While the
effect of AIRE on activation of reporter constructs containing promoter sequen-
ces was predictable, the AIRE ability to activate plasmids without promoter
elements was an unexpected result (Figure 8B). Although the level of Luc activity
in case of promoterless plasmids was weaker in both AIRE positive and negative
conditions, the fold change was comparable between plasmids with and without
promoters (Figure 8C). To exclude the possibility of this finding being artificial
due to overexpression of transcriptional activators or reporter plasmid leakiness,
we tested whether NF-kB activating subunits can induce the expression of pBL-
KS. In contrast to AIRE, p65/p50 dimer did not have activating effect on pBL-
KS plasmid; however, it successfully increased the expression of reporter gene
having NF-«kB sites upstream in the plasmid (3xNF-kB) (Figure 8D, 8E).
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Figure 8. The presence of a promoter does not impact AIRE-mediated gene activa-
tion capacity. (A) Schematic representation of the Luc reporter plasmids. pr — promoter,
Luc — luciferase coding sequence. (B) pcAIRE (AIRE) or pcDNA3 (NC — negative
control) were transfected into HEK293 cells together with the indicated Luc reporter
plasmids. Luc activity is shown relative to the value of pBL-KS in the NC transfection (=
1). (C) Same data as in (B), given as the fold difference in AIRE-expressing and NC
samples. (D) p65/p50 or YFP (NC) expression plasmids were transfected together with
pBL-KS or a Luc reporter containing three upstream NF-kB binding sites. Luc activity is
shown relative to the value of pBL-KS in the NC transfection (= 1). (E) Same data as in
(D) given as the fold difference in p65/p50 expressing and NC samples. (B-E) The data
are shown as the mean = SEM (standard error of the mean) of at least two experiments,
each performed in duplicate.

5.2. The presence of introns or polyadenylation signals
does not influence AIRE-mediated activation

Transcription and RNA splicing/processing are tightly interconnected processes
influencing each other, with initial processing steps taking place as soon as a
newly synthesized RNA molecule emerges and RNA polymerase I CTD tail
serves as a docking site for processing enzymes (Kornblihtt et al., 2004; Moore
and Proudfoot, 2009). As AIRE interaction with splicing factors suggested its
involvement in pre-mRNA processing events (Abramson et al., 2010), we aimed
to test whether the intron regions have impact on AIRE-mediated transcription.
To elucidate whether intronic sequences would enhance AIRE-mediated posi-
tive effect on gene expression, we designed the plasmids containing the first
intron together with flanking exonic regions of /VL and /NS genes (IVL-pr-in and
INS-pr-in). To exclude the putative effect of gene-specific regulatory sequences
in intronic regions, we additionally generated plasmid, containing AdML as a
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model intron in combination with /VL and INS promoters (IVL-pr-ADin and INS-
pr-ADin) (Figure 9A). While endogenous intron of the /VL gene increased Luc
expression higher compared to the IVL-pr, the /NS intron had the opposite effect
compared to INS-pr (Figure 9B), suggesting that /NS first intron contains inhibi-
tory sequence. In addition, INS-pr initially showed higher expression than [VL-
pr (Figure 8B, 9B). The adenoviral model intron demonstrated the highest activa-
tion as compared to /NS and /VL promoter containing constructs (Figure 9B).
Despite differences in level of initial Luc activity, fold changes in response to
AIRE were comparable between plasmids with and without intronic sequences
(Figure 9C). Supporting the previous observation that promoter is not obligatory
for the transcriptional activation, the constructs containing only intronic sequen-
ces without promoter showed similar activation fold change with promoter-
containing reporters (Figure 9C). The RNA produced from intron-containing
constructs was effectively spliced in all cases (Study I Figure 11).

As the usage of intronic sequence did not alter the ability of AIRE to activate
the expression from plasmid, we next aimed to study whether the activation by
AIRE depends on polyadenylation. We tested if AIRE is able to activate plasmids
containing histone 1 (H1) stem-loop (SL) downstream of the Luc stop codon
instead of conventional AAUAAA polyadenylation signal. We used three repor-
ters with firefly Luc coding region under the control of the bacteriophage T7
promoter that initially had been used for in vitro transcription; the first one, H1
SL was 32 bp consensus SL generated from phylogenetic comparison and posi-
tioned 27 bp downstream of the Luc stop codon, which is similar to the spacing
present in histone mRNAs. The effect of H1 SL on the expression is comparable
with a poly(A) tail (Gallie et al., 1996). The second, Hl1-mutSL was a tetraloop
that makes use of an unusual base pair for increased thermodynamic stability. It
introduces the stable structure at the 3’-end of mRNA; however, does not fulfill
the role of functional SL having no positive impact on the expression (Gallie et
al., 1996). The third, MS2-SL construct contained the binding site for bacterio-
phage MS2 coat protein. Despite the lack of eukaryotic promoter and tetraloop
structures nonfunctional in 3’-end processing, we observed activation with all
stem-loop variants tested, as none of these stem-loop structures hindered
transcription or translation in AIRE-positive HEK293 cells (Figure 9D, 9E).

Thus, the gene elements that we tested did not overall affect AIRE-mediated
activation of transfected reporters in HEK293 cells, indicating that AIRE-me-
diated gene expression activation is not stringently restricted to any sequence-
specific or regulatory elements.
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Figure 9. The presence of RNA processing elements does not influence AIRE-me-
diated gene activation. (A) Schematic representation of the Luc reporter plasmids. pr —
promoter, Luc — luciferase coding sequence, in — intron, ADin — adenoviral major late
intron, SL — stem-loop. (B) pcAIRE (AIRE) or pcDNA3 (NC — negative control) were
transfected into HEK293 cells together with the indicated Luc reporter plasmids. Luc
activity is shown relative to the value of pBL-KS in the NC transfection (=1). (C) Same
data as in (B), given as the fold difference between reporter activity in AIRE expressing
and NC samples. (D) pcAIRE (AIRE) or pcDNA3 (NC — negative control) were
transfected into HEK293 cells together with the indicated Luc reporter plasmids. Luc
activity is shown relative to the value of H1-SL in the NC transfection (=1). (E) Same
data as in (D), shown as the fold difference between reporter activity in AIRE expressing
and NC samples. (B-D) The data are shown as the mean + SEM of at least two experi-
ments each performed in duplicate.
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5.3. Transfected AIRE strongly binds plasmid DNA and
mutations in HSR/CARD domain disrupt DNA binding

Intrigued by the ability of AIRE to activate plasmid reporters regardless of the
lack of promoter and RNA processing elements, we applied chromatin immuno-
precipitation (ChIP) technique to assess the AIRE protein binding to plasmid
DNA. For the expression of AIRE, we used a plasmid encoding Myc-tagged
AIRE enabling to introduce mutations to AIRE to assess which domains are
responsible for binding to plasmid DNA.

AIRE PHDI1 interaction with histone H3 nonmethylated at K4 has been found
to be at least one of determinants directing AIRE to genomic DNA in chromatin
context (Koh et al., 2010; Org et al., 2008). In case of plasmid DNA, which is
devoid of nucleosomes and has very low histone content, we surprisingly could
observe a very strong AIRE binding (Figure 10A). Accordingly, despite high
level of H3 on genomic DNA, the binding of AIRE was much lower to endo-
genous target gene promoter S700A48 as compared to plasmid DNA (Figure 10B).

To specify which AIRE protein domains play the prevailing role in a strong
binding to plasmid DNA, we tested three mutations positioned in different
domains in context of full-length Myc-tagged AIRE: L28P in HSR/CARD
domain, K243/245Q in SAND and D312A in PHDI. Each of them had been
previously shown to decrease the activation capacity of AIRE on plasmid
reporters (Org et al., 2008; Pitkdnen et al., 2001; Saare et al., 2012). In our experi-
ments with plasmid reporter, only the L28P mutation showed drastic negative
effect on AIRE binding, while others had similar protein enrichment to wt AIRE
(Figure 10C). Next, we focused on the HSR/CARD domain and tested other
known point mutations, observing a strong correlation between plasmid DNA
binding and transcriptional activity. AIRE, containing the mutations shown to
maintain transcriptional activity (A21V, V8OL, K83E), though causing APECED
symptoms (Halonen et al., 2004), demonstrated the similar binding strength as wt
AIRE. At the same time, AIRE containing HSR/CARD point mutations that
disrupted transcriptional activation (R15C, L28P, L29P, L93R) (Halonen et al.,
2004) showed very low enrichment in ChIP experiments (Figure 10D).

These results demonstrate that the integrity of the HSR/CARD domain is
essential for AIRE interaction with transfected plasmid DNA and that mutations
reducing DNA binding cause transcriptional inactivation.
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Figure 10. The HSR/CARD domain is essential for AIRE binding to transfected
plasmid. (A, B) HEK293 cells were transfected with pcDNA3 (NC — negative control)
or pcAIRE (AIRE) followed by ChIP with anti-Myc (AIRE), anti-H3 or anti-IgG anti-
bodies. The enrichment of wt AIRE and H3 on the transfected pBL-IVL reporter plasmid
(A) and the endogenous target gene S100AS8 (B) was calculated relative to the background
signal of anti-IgG (=1). The data is shown as mean + SEM of three experiments. (C, D)
AIRE ChIP with anti-Myc antibody was performed with HEK293 cells transfected with
AIRE expression plasmids containing indicated mutations and pBL-IVL plasmid as
target. IVL promoter primers were used for gPCR. The data are shown as relative enrich-
ment of AIRE-to-IgG from a single representative experiment.

5.4. AIRE N-terminal HSR/CARD region and amino acids
R113 and K114 are responsible for DNA binding

To investigate whether the HSR/CARD domain is sufficient for DNA binding,
we generated aa 1-143 HSR/CARD+ fragment comprising the HSR/CARD
region aa 1-100 together with 43 aa downstream covering the NLS signals to
warrant nuclear transport, and performed ChIP with generated construct. The
HSR/CARD+ fragment appeared to bind plasmid DNA even more strongly than
full-length AIRE (Figure 11A), that might be due to smaller size, the absence of
other domains possibly impeding this interaction in the full-length protein, better
transport into the nucleus and more uniform nuclear localization compared to the
speckled pattern of full-length AIRE (Figure 11F). Both full-length AIRE and
HSR/CARD+ fragment showed weaker binding compared to plasmid when
tested in genomic settings; however, the pattern of HSR/CARD+ stronger binding
over full-length AIRE was preserved (Figure 11B). While full-length AIRE
bound with similar strength to target and house-keeping genes as well as promoter
and 3’ gene regions, HSR/CARD+ fragment showed the highest enrichment at
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house-keeping gene promoters B-microglobulin (B2M) and HPRTI with lower
levels at their 3° gene regions. The enrichment at target genes (/VL and S10048)
was moderate and similar in both promoter and 3’ regions (Figure 11B). The
differences in enrichment on various genomic locations observed with HSR/
CARD+ fragment were not recurred with full-length AIRE possibly due to
generally lower levels of binding, preventing distinction of interacting protein
amounts. The preferred binding of HSR/ CARD+ fragment to promoters of active
genes is in line with a previous study (Giraud et al., 2012), where full-length
AIRE binding was assessed in genome-wide ChIP experiment and was found to
accumulate at TSSs of Pol II-rich genes.

To explore DNA binding capacity of different HSR/CARD+ regions we
generated and purified GST-tagged AIRE fragments from bacterial lysates, and
tested them in EMSA experiments with oligonucleotides or plasmid DNA. With
both oligonucleotide and circular or linearized plasmid DNA, we detected the
shift with 1-138 aa long fragment but not with 1-109 aa (Figure 11C, 11D), sug-
gesting that binding activity could be appended to the stretch containing the
amino acids 113-133 where bipartite nuclear signal was initially localized (The
Finnish-German APECED Consortium, 1997). In later study, it was established
that only the latter (131-133 aa) of two parts (Ilmarinen et al., 2006) was neces-
sary for transport into the nucleus rendering the nuclear signal monopartite. As
amino acids 113 and 114 are well conserved between organisms (Study I Figure
4A), we next tested how DNA binding is affected if positively charged arginine
113 and lysine 114 are mutated to neutral alanines. HSR/CARD+ R113A/K114A
construct was not able to bind to pBL-IVL plasmid demonstrating low enrich-
ment comparable with negative control, while full-length wt AIRE and wt
HSR/CARD+ bound efficiently (Figure 11E). Next, we checked if mutated
HSR/CARD+ was localized inside the nucleus, performing immunofluorescence
staining. Both HSR/CARD+ and HSR/CARD+ R113A/K114A were effectively
transported into the nucleus, although their localization was more uniform
skipping the nucleoli, compared to the speckled pattern of full-length AIRE
(Figure 11F). While we usually observed some cytoplasmic fiber staining with
transfected AIRE, it was not visible with shorter fragments; HSR/CARD+
R113A/K114A also tended to form some larger aggregates inside the nucleus.
HSR/CARD without nuclear signal was retained in the cytoplasm (Figure 11F).

In conclusion, these data indicate that the integrity of the HSR/CARD domain
and amino acids R113 and K114 are important for AIRE DNA binding to plasmid
DNA.
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Figure 11. AIRE N-terminal region aa 1-143 binds directly to DNA and aa R113 and
K114 are important for the DNA binding activity. (A, B) HEK293 cells were trans-
fected with pBL-IVL and pcAIRE (AIRE) or pcHSR/CARD+ (HSR/CARD+) followed
by ChIP with anti-Myc for AIRE and HSR/CARD+ or anti-IgG (IgG) antibodies. gPCR
was performed with the primers recognizing the reporter plasmid (IVL pr, Luc) or geno-
mic sequences of AIRE target (IVL and S100A8) and housekeeping genes (B2M,
HPRT1). Promoter (pr) and 3’ regions were tested in genomic regions. (C) An autoradio-
gram of the polyacrylamide gel from EMSA with indicated recombinant protein frag-
ments and *?P-labeled probe alone. The shifted complex is marked with an asterisk. (D)
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An ethidium bromide-stained agarose gel image showing EMSA with the indicated
recombinant protein fragments incubated with circular or linearized pcDNA3. The shifted
complexes are marked with asterisks. NC indicates reaction mixture without protein. (E)
HEK?293 cells were transfected with pcDNA3 (NC — negative control), pcAIRE (AIRE),
HSR/CARD+ or HSR/CARD+R113A/K114A together with pBL-IVL reporter plasmid,
and ChIP was performed with anti-Myc antibody. The data is shown as mean + SEM of
relative enrichment of AIRE-to-IgG from two experiments (NC = 1). (F) Immuno-
fluorescence analysis of HEK293 cells transfected with Myc-tagged AIRE and indicated
fragments. The cells were stained with DAPI (blue) and anti-Myc Alexa488 (green).

5.5. AIRE interacts with DNA-PK via PHD1 domain

Before extensive screening for AIRE interacting proteins (Abramson et al., 2010;
Gaetani et al., 2012), only few proteins had been shown to interact with AIRE.
One intriguing interacting partner emerged when we performed GST pull-down
in nuclear extract from monocytic THP-1 cells using GST-tagged AIRE PHDI
(Figure 12A). Three protein bands with approximate weight of 70, 80 and 250
kDa appeared when separated on SDS-PAGE and stained with Coomassie
(Figure 12B). The mass spectrometry analysis of corresponding bands excised
from the gel identified them as Ku70, Ku80 and DNA-PKcs (DNA-dependent
protein kinase, catalytic subunit), respectively (Study II Table 1). The full-length
AIRE was confirmed to interact with DNA-PKcs by co-immunoprecipitation
with anti-DNA-PKcs antibody in pcAIRE-transfected HEK293 cells (Study 11
Figure 2A). This interaction proved to be specific as other antibodies against
GST, GAPDH (glyceraldehyde 3-phosphate dehydrogenase) and RNA-binding
HuR (human antigen R) proteins were not able to precipitate AIRE. Anti-AIRE
antibody was used as a positive control, as AIRE forms homomultimers. To test
this interaction for DNA and RNA dependency, we repeated the co-immunopre-
cipitation experiment in the presence of ethidium bromide, RNaseA/T or MNase.
While ethidium bromide and RNase did not influence the binding strength,
micrococcal nuclease weakened the interaction (Study II Figure 2C), indicating
that DNA conformation and RNA presence is not necessary for this interaction;
however, the chromatin can mediate this interaction partly.

DNA-PK is expressed in most tissues (Moll et al., 1999). To assess whether
DNA-PK and AIRE interaction can occur in vivo, we measured DNA-PK expres-
sion level in murine thymic stromal cells. We isolated mTECs from murine thymi
based on the cell surface marker EpCAM and tested the expression of DNA-PK,
AIRE and two AIRE target genes (Figure 12C, D). DNA-PK was highly
expressed in mTECs together with AIRE (Figure 12D). The expression of IVL
and LOR was lower, but considerably enriched in mTECs compared to ¢cTECs
(Figure 12C).

While DNA-PK is well described in the DNA repair processes, it was initially
characterized in transcriptional complexes (Dvir et al., 1992; Jackson et al.,
1990), where its phosphorylation activity was associated with positive regulation
of transcription. We next demonstrated that the AIRE protein is phosphorylated
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by DNA-PK at threonine 68 and serine 156 and that replacing these amino acids
with alanines diminished AIRE-mediated activation (Study II Figure 7). While
pull-down via the PHD1 domain discovered DNA-PK as potential partner, its
possible role by phosphorylating residues in AIRE N-terminal part suggested
more extensive contact.
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Figure 12. AIRE PHD1 domain as well as full-length AIRE interacts with Ku70, Ku
80 and DNA-PKGcs. (A) Coomassie staining of purified GST-AIRE-PHDI1 and GST,
indicated by arrows. (B) Affinity purification of AIRE-PHDI1 binding proteins from THP-
1 nuclear extract. Three protein bands that specifically bound to AIRE PHDI and were
analyzed by MALDI-TOF are indicated by arrows. Input represents 5% of the amount of
nuclear extract used in the pull-down assay. (C, D) DNA-PK is expressed in mTECs. The
expression of DNA-PK, AIRE and AIRE target genes involucrin and loricrin was asses-
sed by qPCR in murine cTECs and mTECs. The relative expression levels are compared
to involucrin level in cTEC cell population (=1), the values (+ SEM) are mean of two
independent quantitative RT-PCR reactions both performed as triplicate measurements.

5.6. TOP2 inhibitor etoposide enhances
the expression of AIRE target genes

A more recent screening of AIRE partners determined many interacting proteins,
subdivided into four large groups of nuclear transport, chromatin structure, pre-
mRNA processing and transcription (Abramson et al., 2010). Among others, a
large complex centered on DNA-PK was described containing besides AIRE and
DNA-PK, Ku80, Ku70, PARP-1, H2A.X and TOP2A. These early-acting ele-
ments of the NHEJ DNA repair machinery were suggested to be recruited after
TOP2A generated DSB was stabilized by AIRE. As a subset of genes activated
by TOP2A inhibitor etoposide and AIRE overlapped tightly, the hypothesis that
AIRE acts similarly to TOP cleavage-stabilizing inhibitors was proposed
(Abramson et al., 2010).

To assess whether the effect of AIRE on gene expression may be due to its
action through DNA repair machinery, we next applied a total RNA-seq tech-
nique to describe in parallel the genes activated by AIRE and TOP2 inhibitor
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etoposide that prolongs DNA break existence. For the expression of AIRE, we
used doxycycline-inducible HEK293 cell line (AIRE-Tet) (Liiv et al., 2012). A
total RNA from four conditions, DMSO-treated AIRE-Tet cells as negative
control (Ctrl), AIRE-Tet cells induced with 1.5 uM doxycycline for 48 h (Dox),
2 uM etoposide for 24 h (Etop), or a combination of both (Dox+Etop) was se-
quenced. After AIRE induction, we detected the upregulation of 691 genes and
only one gene, encoding a long noncoding RNA SNORD3A (small nucleolar
RNA C/D box 3A), down-regulated (Figure 13B, upper panel). Thus, we ob-
served a strong activation by AIRE in HEK293 cells, where 99,9% of influenced
genes were upregulated.

The addition of etoposide to AIRE-positive cells increased further the number
of activated genes (6118); however, considerable fraction of down-regulated
genes appeared (2215) (Figure 13B, middle panel). When cells without AIRE
were treated with etoposide, almost equal parts of genes were up- and down
regulated (2452 and 1961, respectively) (Figure 13A, 13B, lower panel). Inte-
restingly, almost all genes activated by AIRE were also upregulated in AIRE plus
etoposide conditions (687 of 691, 99,4%) (Figure 13A, 13D). Simultaneously,
the higher upregulation of 691 AIRE target genes was achieved in AIRE plus
etoposide (Dox+Etop) cells compared to AIRE positive cells (Dox) (Figure 13E)
and the same set of genes did not show any change in expression when treated
with etoposide only (Etop) (Figure 13E). Supporting this observation, we noticed
that genes activated separately by AIRE (Dox) and etoposide (Etop) overlapped
very marginally (Figure 13D), indicating that AIRE and etoposide mode of action
is mechanistically different. Among other dissimilarities, we observed that the
initial expression level of AIRE activated genes was low (Figure 13B, upper
panel), while etoposide-influenced genes were characterized by diverse initial
expression (Figure 13B, lower panel). In summary, when AIRE positive cells
were treated with etoposide, the influence of AIRE prevailed with 73% of diffe-
rentially expressed (DE) genes being upregulated, of which 81% were initially
expressed at low level. In alignment with this, the tissue-specific genes were
enriched in AIRE positive and etoposide treated AIRE positive cells, while
etoposide-treated cells did not show any preference (Figure 13C). The distinct
profiles of gene expression changes in AIRE-positive cells (Figure 13B, upper
panel) and in etoposide treated cells (Figure 13B, lower panel) suggests that
AIRE function does not mimic that of TOP2 inhibitor.
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fold changes of differentially expressed (DE) genes across all conditions relative to Ctrl.
The text and color bar on the left show the division of genes between indicated conditions.
(B) Differential gene expression profiles. The colors and numbers depict DE genes with
an adjusted p < 0.1 and absolute log2-fold change > 1 (gray lines); n.s., not significant.
(C) The percentage and the number of tissue-specific (TS) and broadly expressed (not
TS) genes among the DE genes. The dashed line marks the percentage of TS genes in the
genome (34%). (D) The number of unique and overlapping upregulated genes in Dox-,
Etop-, and Dox+Etop-treated AIRE-Tet cells. (E) The distribution of the effect sizes of
the 691 AIRE-upregulated genes after Dox, Dox+Etop, or Etop treatment.

5.7. AIRE and etoposide induce alternative splicing in
subsets of genes different from differentially
expressed genes

The idea that AIRE can influence splicing to expand the scope of different protein
isoforms to be presented to maturing thymocytes seems plausible. Indeed, several
studies had demonstrated that AIRE enhances the production of spliced
transcripts by interacting with pre-mRNA processing proteins and co-localizing
with nuclear speckles-containing splicing machinery (Abramson et al., 2010;
Giraud et al., 2014; Oven et al., 2007). From our RNA-seq dataset, it revealed
that the number of genes featuring differential exon usage (DEU) following AIRE
induction was in approximately the same range (568 genes) with DE genes.
Adding etoposide influenced positively alternative splicing, as the number of
DEU genes increased in both Dox+Etop and Etop cells, but the increase was very
similar (1989 and 1850 DEU genes, respectively) (Figure 14A). Furthermore, a
large fraction of the DEU genes found in Dox cells overlapped with DEU genes
both in Dox+Etop and Etop cells (428 of 568 and 406 of 568, respectively)
(Figure 14A), demonstrating different behavior from what we have seen with DE
genes (Figure 13D). This suggests that the DEU genes are not synergistically
affected by AIRE and etoposide combination, and the effect on splicing is
functionally more similar between AIRE and etoposide the one on transcription.
Additionally, there was a very little overlap between the DE and DEU genes in
Dox samples (50 of 568 genes) (Figure 14B). The overlap was larger in
Dox+Etop (654 of 1989) and Etop (582 of 1580) cells (Figure 14B), but this was
mostly due to a greater number of DEU genes in these populations. In general,
the alternatively spliced genes tended to be highly expressed (Figure 14C) and
were less likely to represent tissue-specific genes as compared with AIRE target
genes (Study III supplemental Fig. 2B). However, it should be noted that the
initial low expression of AIRE target genes might hinder the analysis of alter-
native splicing, as the higher expression of the gene, the more potential material
for alternative splicing available. In summary, the influence of etoposide on
AIRE-mediated transcription and pre-mRNA splicing had different patterns.
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Figure 14. AIRE and etoposide induced differential exon usage (DEU) mainly in
non-DE genes. (A) The number of unique and overlapping DEU genes in Dox-, Etop-,
and Dox+Etop-treated AIRE-Tet cells. (B) The overlap between DE and DEU genes
under Dox, Dox+Etop, and Etop conditions. (C) Comparison of the initial expression in
negative control (Ctrl) of DE and DEU genes in indicated conditions. The y axis shows
the normalized expression level in fragments per kilobase of exon per million mapped
reads (FPKM).

5.8. AIRE target genes are organized in clusters

The early notification that AIRE-activated genes are organized in clusters (Der-
binski et al., 2005; Johnnidis et al., 2005) lead to the speculation that epigenetic
or spatial organization mechanisms could be involved in AIRE-mediated regu-
lation. Later, single cell sequencing revealed that in individual cell, the genes
forming the cluster are not activated simultaneously, but rather individual genes
from different clusters are induced in each cell (Meredith et al., 2015; Sansom et
al., 2014).

We tested whether DE genes in our conditions localize randomly in genome
or tend to accumulate in clusters. We characterized cluster formation by the
number of clusters, size (less or more than 5 genes), the total number of genes
combined into clusters and the probability that cluster is not generated by random
juxtaposition of genes in genome (-logjo of FDR-adjusted p-value). The highest
number of genes organized in clusters and the highest number of clusters with
tendency to longer clusters was observed within upregulated genes in Dox+Etop
condition (Figure 15). In total, 44% of DE genes that were induced in Dox+Etop
condition were in clusters (an average 4.7 genes per cluster). Among the down-
regulated genes in Dox+Etop cells, their tendency to cluster was much weaker
(Figure 15). The clusters in Dox cells, although shorter in length, were characte-
rized by higher p-values (Figure 15). Altogether, we observed highly significant
chromosomal clustering of 22% of AIRE-induced genes with an average of 4.5
genes per cluster.
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Figure 15. Clusters of closely located genes among the up- and downregulated genes
in each sample relative to the Ctrl. The y-axis represents the FDR-adjusted p-values of
clustering.

5.9. TOP2A silencing and AIRE HSR/CARD domain
disruption decrease target gene activation

We next used short-hairpin (sh)RNA to knock down TOP2A expression in AIRE-
Tet cells. The effect of gene transcription was significantly reduced in cells trans-
fected with a TOP2A-specific ShRNA (shTOP2A4) compared with the scrambled
control sShRNA (Scrambled) that retained the ability to enhance AIRE target gene
expression (Figure 16A). While almost all of the tested AIRE target genes
demonstrated reduced activation in the cells treated with shTOP2A in Dox and
Dox+Etop conditions, AIRE-independent gene PSMD4 showed lower expression
in Dox+Etop conditions only. These results indicate that AIRE target genes, but
also other genes are dependent on TOP2A function.

The HSR/CARD domain integrity was shown to be crucial for the AIRE pro-
tein homomultimerization as well as interaction with DNA (Study I) and other
proteins (Abramson and Goldfarb, 2016). Concordantly, wt AIRE, but not AIRE
with L28P mutation introduced into the HSR/CARD domain, interacted with
TOP2 (Figure 16B, 16C). The same mutation also prevented target gene activa-
tion with and without etoposide treatment (Figure 16D). Thus, these data indicate
that the integrity of HSR/CARD is important for the interaction with TOP2A,
DNA or other proteins in this complex and the disruption of these contacts
prevents the activation of AIRE target genes. The MNase treatment of lysates
prior to IP does not exclude the possibility of indirect contact between TOP2A
and AIRE through DNA and other proteins present in the mixture, as L28P
mutation in HSR/CARD domain hinders interaction with DNA (Study I) and
possibly other proteins.
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Figure 16. Knockdown of TOP2A reduces the activation of AIRE target genes, and
AIRE HSR/CARD domain mutation abolishes the AIRE-TOP2A interaction. (A)
The expression analysis of indicated AIRE-dependent genes and an AIRE-independent
PSMD4 gene in AIRE-Tet cells using qPCR after shRNA-mediated knockdown of
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TOP2A. (B) The analysis of the AIRE and TOP2A interaction in Ctrl, Dox, and
Dox+Etop AIRE-Tet cells by co-IP. (C) The co-IP of AIRE and TOP2A interaction in
HEK?293 cells stably expressing YFP, wt AIRE, or mutant AIRE (L28P) with or without
etoposide treatment. Anti-TOP2A and anti-IgG antibody as a negative control were used
for immunoprecipitation followed by Western blot with anti-TOP2A and anti-AIRE
antibodies. Input was used as a protein loading control. (D) The expression analysis of
indicated AIRE-dependent genes and an AIRE-independent gene PSMD4 in HEK293
cells stably expressing YFP, wt AIRE, or mutant AIRE (L28P). (A, D) LoglO-trans-
formed data points are shown as mean + SD (standard deviation) and are from three to
six independent experiments. Statistical significance was assessed by unpaired #-test
(*,p <0.05; ** p <0.01; *** p < 0.001).

5.10. TOP1 inhibition with DNA break formation
amplifies AIRE-mediated gene activation

TOPs resolve topological stress created by molecular processes requiring DNA
double-stranded helix unwinding. TOP1 creates transient single strand break
(SSB) that facilitates the tension relief by spinning one DNA strand around the
other, TOP2 generates double strand break and mediates the passage of one DNA
duplex through the other (Figure 3). Using different chemicals, it is possible to
inhibit catalytic activity of both types of TOP before DNA break formation,
leaving DNA structure intact, or after DNA cleavage, prolonging DNA break
existence. Thus, we next applied etoposide to inhibit TOP2, and camptothecin to
inhibit TOP1 after the brake formation, as well as merbarone for TOP2 and j-
lapachone for TOP1, to inhibit TOP catalytic activity without DNA lesion (Figure
17A). In accordance with the type of inhibition, we detected higher percentage of
cells with Br-dUTP-labeled breaks by flow cytometry in etoposide and campto-
thecin conditions; while merbarone and B-lapachone—treated cells were similar to
control (Figure 17B). In parallel with DSB or SSB formation, the activation of
AIRE target genes S10048 and CEACAMS increased with addition of TOP
poisons etoposide or camptothecin while merbarone and B-lapachone did not
influence these genes (Figure 17C).

This experiment demonstrates that rather the generation of single- or double-
strand breaks is important for AIRE-mediated activation than TOP specificity and
activity. Whether single-strand breaks can be transformed into double-strand
breaks in post-mitotic AIRE-positive cells in vivo and whether TOP1- and TOP2-
mediated breaks involve the same pathways associated with activation by AIRE
requires further investigation.
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Figure 17. AIRE-dependent gene expression relies on the DNA cleavage activity of
TOP2 or TOP1. (A) Schematic of the mechanisms of TOP1 and TOP2 inhibition by
etoposide (Etop), camptothecin (CPT), merbarone (Mer), and B-lapachone (B-lap). The
gray ellipses and the helix represent the TOP homodimer and the DNA molecule, respec-
tively. SSB, single-strand break; DSB, double-strand break. (B) Percentage of uninduced
(Ctrl) and induced (Dox) AIRE-Tet cells with DNA breaks after mock treatment with
DMSO, TOP2-specific (Etop and Mer), and TOP1-specific inhibitors (CPT and B-lap)
using Br-dUTP-labeled nicked DNA measured by FACS. The data are derived from three
independent experiments. Dashed lines connect experimental groups from the same
experiment. (C) The expression of the AIRE target genes S/0048 and CEACAMS and the
AIRE-independent gene PSMD4 after DMSO, Etop, CPT, Mer, and B-lap treatment in
Ctrl and Dox AIRE-Tet cells. Log10-transformed data (mean + SD) are from four to five
independent experiments. Unpaired #-test is performed relative to the mock (DMSO)
treatment separately in Ctrl and Dox conditions (*, p <0.05; **, p <0.01; *** p<0.001).
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6. DISCUSSION

6.1. AIRE ability to activate reporters without regulatory
sequences is in line with its universal capacity to
augment gene expression

Our first finding in this study was that AIRE is able to activate Luc reporters
without promoter sequences (Study ). This unusual ability of AIRE could be
interpreted as the capacity to efficiently use short cryptic sequences for transcrip-
tion activation or to push pre-formed initiation complexes outside gene promoters
into productive elongation (Venters and Pugh, 2013). That could also explain
described AIRE usage of alternative TSSs (Villasefior et al., 2008). Though, in
our total RNA-seq experiments we could not detect transcripts outside annotated
gene starts, which could be due to their unstable nature (Davis and Ares, 2006;
Thompson and Parker, 2006). The promoter strength is decisive for AIRE-
mediated activation. While reporters containing none or weak promoters, such as
endogenous target gene, are activated by AIRE (Study 1), strong promoters (SV40
and CMYV) are not subjected to AIRE influence (Giraud et al., 2014).

Our current (Study I) and many previous works (Mathis and Benoist, 2009;
Peterson et al., 2008) suggest that AIRE does not have any sequence specificity
for DNA binding, despite some reports claiming inclination for certain motifs
(Kumar et al., 2001; Purohit et al., 2005; Ruan et al., 2007). Both genomic se-
quences and reporter vectors could contain cryptic transcription initiation sites
(Lemp et al., 2012; Vopalensky et al., 2008) due to the indiscriminate nature of
eukaryotic transcription. Scanning for specific elements might not be useful as
Inr similar dinucleotide combinations could occur very frequently. Transcription
in the mammalian genome can be initiated at many loci, with productive tran-
scription being limited to certain functional product containing genes (Kapranov
et al., 2007). The biological significance of such pervasive transcription is not
completely understood (Jacquier, 2009), but could explain why we observe
reporter induction by AIRE with plasmids without any regulatory elements.

AIRE-induced promiscuous expression has been shown to have strong fea-
tures of stochasticity in thymic epithelial cells (Guerau-de-Arellano et al., 2008;
Jiang et al., 2005; Venanzi et al., 2008; Villasefior et al., 2008). However, euka-
ryotic gene expression is not deterministic in general (Blake et al., 2003; Elowitz
etal., 2002). Stochastic mRNA synthesis in genetically identical mammalian cell
population was demonstrated by counting individual molecules of RNAs pro-
duced from the reporter integrated in the genome of Chinese hamster ovary
(CHO) cells (Raj et al., 2006). Accordingly, it has been proposed that mRNAs
are synthesized in short but intensive transcription bursts with burst size regulated
by promoter type and burst frequency by enhancer (Haberle and Stark, 2018).
Modulating transcription burst frequency through enhancer is more prevalent
way to regulate the intensity of transcription (Fukaya et al., 2016). In light of this
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knowledge, AIRE seems to be a unique factor that has capacity to induce
stochastic pervasive background transcription potentially present in every cell.

The presence of intron can drastically increase the effectiveness of transcrip-
tion, for example, beta globin intron intensifies RNA production hundredfold in
plasmid reporter (Buchman and Berg, 1988). Alternative splicing and poly-
adenylation are the ways to expand the repertoire of isoforms, and presentation
of those different protein forms in the thymus can be crucial for avoiding auto-
immunity (Klein et al., 2000). Considering the interaction of AIRE with splicing
and RNA processing machinery (Abramson et al., 2010), we tested how the
presence of introns and poly(A) sequences influences AIRE-mediated transcrip-
tional activation. We found that AIRE can activate to similar extent intronless
plasmids and reporters containing histone stem-loops instead of poly(A) signal.
In our RNA-seq experiments, we found that AIRE enhanced alternative splicing
(Study III), but alternative exon usage was noted in a subset of genes different
from differentially expressed genes. While transcription and splicing are tightly
interconnected processes (Herzel et al., 2017; Kornblihtt et al., 2004) with
splicing taking place as soon as nascent transcript emerges and exon inclusion is
influenced by the speed of progressing Pol II (de la Mata et al., 2003), it is
intriguing to observe such division into two separate gene sets.

6.2. AIRE binding to DNA

We characterized the DNA-binding ability of AIRE protein mediated by extended
HSR/CARD+ domain (1-143 aa). Within this domain, mutations that disrupt the
integrity of HSR/CARD (1-100 aa) and mutations of amino acids 113-114 out-
side the HSR/CARD domain drastically reduced the binding (Study I). Although
amino acids 113-114 in AIRE protein were earlier described to be responsible for
nuclear transport (The Finnish-German APECED Consortium, 1997), their
mutations do not interfere with AIRE nuclear localization (Ilmarinen et al., 2006).
In other proteins, DNA-binding domain and NLS signal overlap has been
described, which could be evolutionarily beneficial, as DNA-binding proteins
should be transported into and kept in the nucleus to exert their functions
(Boulikas, 1994; Cokol et al., 2000).

Several studies have shown or suggested AIRE binding to DNA. The first
report about AIRE binding to DNA was published in 2001, when PHD1 with
potential leucine zipper was proposed to be responsible for AIRE dimerization
and DNA interaction (Kumar et al., 2001). In this study, AIRE monomers were
not able to bind oligonucleotides, but dimers and tetramers obtained by oxidation
and refolding method, usually applied to isolate protein aggregates from bacterial
inclusion bodies, showed preferential binding to GG in A/T rich environment
(Kumar et al., 2001). Albeit the binding to DNA was firstly attributed to PHD
zinc fingers, the function was later associated with SAND domain (Purohit et al.,
2005). Though, as in a more recent work, the mutations introduced into the
potential DNA-binding motif of SAND domain did not interrupt DNA binding, a
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strong interaction of AIRE with DNA was alternatively proposed to be mediated
via DNA-PK (Zumer et al., 2012). However, EMSA experiments shown here
(Study I) and by others (Koh et al., 2008) found AIRE binding to DNA to be
independent of DNA-PK or other proteins. Furthermore, EMSA experiments
demonstrated AIRE interaction with both reconstituted mononucleosomes and
the free DNA used to reconstitute them, but with the greater affinity towards
naked DNA (Koh et al., 2008). Importantly, the removal of PHD1, PHD2 or
SAND domains did not disrupt this binding (Koh et al., 2008), which is in line
with our results demonstrating that AIRE DNA binding is mediated by extended
HSR/CARD+ domain. Although initial transactivation experiments in 2000 were
conducted tethering of Gal4-AIRE fusion protein to reporter plasmids via Gal4-
binding domain, the phenomenon that AIRE was able to activate the same
plasmids even without Gal4 fragment was noticed (Bjorses et al., 2000; Pitkdnen
et al., 2000). While Gal4 tethering was still used in later experiments (Zumer et
al., 2011) to achieve stronger activation (up to hundredfold) (Bjorses et al., 2000),
our results confirm that AIRE is able to activate reporter genes efficiently (10-
30-fold), even without fused additional DNA binding domains (Study I).
Several studies have demonstrated that AIRE target genes are characterized
by low level of initial expression and repressive chromatin marks H3K27me3 and
H3K9me3 (Handel et al., 2018; Sansom et al., 2014) as well as lack of active
marker H3K4me3 (Koh et al., 2010; Org et al., 2008). In contrast, ChIP-on-ChIP
experiments showed that the strongest AIRE binding at TSS of genes with high
expression and high Pol II levels, however, the expression of these genes was not
influenced by AIRE (Giraud et al., 2012). These ChIP-on-ChIP results could
reflect the ubiquitous preferential binding of AIRE to accessible chromatin,
which is characteristic to many TFs (Lambert et al., 2018). The interaction with
accessible chromatin suggests that for the specific target gene activation, AIRE
requires additional factors, which are present at genes with low expression level,
or just indicates the inability of AIRE to enhance the expression of highly
expressed genes. Considering the reported capacity of AIRE to release paused
Pol II, the recirculation of transcription machinery on highly expressed genes
could be already so effective, that AIRE might not be able to increase it. In our
ChIP experiments, the full-length AIRE enrichment did not show differences
between AIRE target and tested housekeeping genes (Study I). This could be
because of differences in chromatin structure of HEK293 cells as compared with
mTECs, altered modification pattern of overexpressed transfected AIRE versus
endogenous AIRE, or relative insensitivity of qPCR-based analysis of ChIP
material. On the other hand, ChIP with extended HSR/CARD+ domain demon-
strated the highest binding to promoters of highly expressed genes and not near
target genes (Study I), which indicates that previously observed AIRE prefe-
rential binding to TSSs of highly expressed genes (Giraud et al., 2012) may also
reflect the capacity of AIRE to directly bind to DNA via HSR/CARD+ domain.
AIRE ability to favor paused Pol II into productive elongation was demon-
strated by applying specifically designed plasmids that differ in ability to recruit
and load Pol II at promoters and thus to induce initiation and/or elongation (Oven
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et al., 2007). This finding was supported by detecting on wide scale first exon
skewing of Aire target genes with more transcripts produced from the first exon
relative to the whole gene in Aire knock-out mice, thus demonstrating Pol II
promoter-proximal pausing in the absence of Aire (Giraud et al., 2012). However,
we could not detect increased Pol II CTD Ser2 modification accompanying the
transition from initiation to elongation stage on AIRE target genes in genomic
context (data not shown). Elevated levels of Pol II phosphorylated at Ser2,
especially near 3’-end, were reported on plasmid target when AIRE protein was
tethered by Gal4 (Zumer et al., 2011). We could detect high amount of AIRE
protein bound to naked plasmid DNA devoid of nucleosomes and histones, and
the ability of AIRE to activate reporters in these conditions (Study I). Interes-
tingly, the addition of etoposide did not enhance the expression of plasmid
reporters further (data not shown), indicating that additional DNA breaks created
by inhibiting TOPs and thereby increased amount of chromatin-free DNA may
own more importance in genomic context.

At first glance, AIRE deviates from traditional TFs, though, accumulating evi-
dence of eukaryotic transcription suggests that simple model of DNA recognition
motif dictating specific binding sites near the regulated genes may not be neces-
sarily the case for the majority of eukaryotic TFs (Lambert et al., 2018).

6.3. AIRE-mediated transcriptional activation involves
DNA damage repair machinery

In the current study, we identified AIRE interaction with DNA-PK, a protein
mainly associated with DNA damage repair (Study II). The functional signi-
ficance of AIRE interaction with DNA-PK has been intriguing question. Despite
the extensive studies on DNA-PK role in DNA repair, the first reports about the
DNA-PK protein described its involvement in transcription by phosphorylating
SP1 (Jackson et al., 1990) and paused RNA Pol II (Dvir et al., 1992). We demon-
strate here the ability of DNA-PK to phosphorylate AIRE at N-terminal amino
acids T68 and S156 and show that mutations of these amino acids to alanines
decrease the target gene activation (Study II). In subsequent work, inhibition of
DNA-PK catalytic activity with NU7441 did not suppress AIRE-mediated tran-
scriptional activation, invoking alternative hypothesis of DNA-PK requirement
for AIRE binding to DNA (Zumer et al., 2012). Later, thorough screening of
AIRE interacting proteins revealed several other proteins to be involved in DNA
damage repair processes, including helicases, TOPs and ribosyltransferases to
associate with AIRE (Abramson et al., 2010; Gaetani et al., 2012). Abramson et
al. proposed that AIRE mimics the action of etoposide by stabilizing TOP2A-
created breaks that activate DNA-PK and other DNA repair associated proteins.
Of note, this hypothesis was made because etoposide but no other DNA break-
inducing compounds, for instance, H,O,, demonstrated the activating effect on
AIRE target genes (Abramson et al., 2010).
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To test the hypothesis about similarity of AIRE and etoposide effects, we used
HEK293 cell line with inducible AIRE and studied the effects of etoposide, AIRE
and their co-influence in these cells. In whole transcriptome analysis with
doxycycline-inducible HEK293 cell line, we observed a strong activating effect
of AIRE with 691 genes upregulated and only one downregulated (Study III).
Predominant transcription activation was described earlier by comparison
mTECs of Aire-deficient and Aire wt mice, with a small fraction of genes down-
regulated (Meredith et al., 2015; Sansom et al., 2014). More downregulated genes
can be explained by prolonged presence of AIRE in the cells, AIRE effect on
mTEC differentiation or other pathways involved in mediating AIRE impact. In
contrast, recent report demonstrated AIRE repressive effect at chromatin accessi-
bility and transcriptional levels (Koh et al., 2018). Although we could observe
chromatin compaction at sites distant from AIRE target genes (Study III Figure
6A, 6B), we detected undeniable upregulating effect of AIRE on its target genes
in HEK293 cells.

We observed the enhancing effect of etoposide on AIRE target genes, in-
creasing the expression level and expanding the repertoire of activated genes
(Study III). We could not observe activation-augmenting effect of etoposide
when assaying for plasmid reporter transcription in AIRE-positive cells (data not
shown), implying that chromatin context is important for etoposide-mediated
gene expression changes. Interestingly, we ourselves could not detect the syner-
gistic effect of combining AIRE and etoposide when etoposide was applied
before and AIRE expression induced after that (data not shown). This highlights
the etoposide importance for AIRE-mediated activation in genomic landscape
and suggests that DSB are not important for AIRE recruitment. As AIRE-
dependent genes are embedded within relatively closed chromatin, it is possible
that etoposide capacity to stabilize DSBs in this context is more influential on
transcription rate than in case of plasmid where transcription machinery can
process relatively easily as soon as recruited.

Besides TOP2 inhibitor etoposide, we observed similar activating effect of
AIRE target genes when TOP1 inhibitor camptothecin was used while topoiso-
merase inhibitors that block TOP1 or TOP2 catalytic activities entirely without
DSB formation did not affect AIRE-induced gene expression activation (Study
IIT). This indicates that stabilization of either SSBs or DSBs or the prolonged
presence of TOP1 or TOP2 have positive effect on AIRE-mediated gene activa-
tion. Interestingly, TOP1 was shown to be involved in initial complex assembly
at superenhancers and enriched at H3K27ac rich distant sites, at the same time
TOP2A was accumulated at TSS and involved in subsequent transcriptional
events (Bansal et al., 2017). The same study found TOP inhibitors to have
repressive effect on genes upregulated by AIRE (Bansal et al., 2017), which was
seemingly in conflict with earlier findings of Abramson et a/ and ours (Study I1I;
Abramson et al., 2010). The differences between the studies could stem from the
way etoposide was introduced — adding to the cell culture medium or injecting
intraperitoneally into the mice for three days (Bansal et al., 2017).
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To our knowledge, no whole transcriptome screening was performed with
etoposide earlier, although individual targets are reported (Collins et al., 2001;
Tammaro et al., 2013). We observed a surprisingly large proportion of up-
regulated genes when uninduced HEK293 cells were treated with only etoposide
at low dose (2uM) (2452 genes activated (55,6 %) and 1961 downregulated (44,4
%)), unlikely to be attributed to secondary effects, such as stress response (Study
III). Considering that etoposide induces DSB formation, such large number of
activated genes was not expected. In RNA-seq experiments, we also detected a
considerable set of genes, where alternative splicing was influenced by etoposide.
Etoposide influence on alternative splicing was demonstrated in proteomic
analyses, where etoposide treatment of osteosarcoma cells evoked modifications
of proteins involved in RNA metabolism (Beli et al., 2012), including dephospho-
rylation of SRSF1 (Montecucco and Biamonti, 2013), leading to alternative
splicing of genes involved in the choice between pro- and anti-apoptotic path-
ways (Montecucco et al., 2015). Assessing thoroughly transcriptional and co-
transcriptional effects of topoisomerase inhibitors could bring new knowledge
and attenuate their usage in cancer therapies.

L28P mutation in HSR/CARD domain disrupts binding to plasmid DNA
(Study 1) as well as interaction with TOP2A (Study III). MNase treatment of
lysates before IP does not exclude the participation of DNA or other proteins
mediating AIRE-TOP2A interaction, as HSR/CARD domain is important for
oligomerization and copious contacts with other proteins and DNA (Study I;
Pitkénen et al., 2000). The potential order of complex formation between AIRE,
TOP2A and DNA is not defined, and initial event is not determined. However, in
a previous report, the treatment with DNA intercalator ethidium bromide
disrupted complex formation, suggesting that complexes are not pre-formed but
depend on DNA presence (Bansal et al., 2017). In our experiments, we observed
that MNase treatment, but not ethidium bromide, weakened AIRE—DNA-PK
complex formation (Study II).

6.4. Stochastic nature of AIRE-mediated activation

One of the first analysis of target gene expression at the single cell level revealed
a contrasting pattern of casein locus regulation in mTECs and mammary gland
epithelial cells (Derbinski et al., 2008). While tight co-expression of milk proteins
was observed in mammary gland cells, mTECs did not comply with the same
rules and rarely co-expressed the same set of genes in each individual cell. This
observation emphasized again the difference between stochastic nature of pro-
miscuous gene expression in mTECs and cell lineage-specific gene control. The
tendency to accumulate in clusters could reflect the maturation program of
mTECs, as gene clustering is also distinguishable in Aire-negative mTECHi cells,
although the number of clusters and genes per cluster are reduced (Derbinski et
al., 2005). We could observe clustering of AIRE target genes in HEK293 cells as
well (Study III), indicating that the feature is not exclusively inherent for mTECs.
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The propensity to form clusters could refer to AIRE ability to delineate transcrip-
tional boundaries, occupying superenhancers (Bansal et al., 2017) or interacting
with CTCF and other insulators. The formed cluster increases the probability of
expression and predisposes genes for transcription induction; however, the final
productive expression may be achieved by additional mechanisms with random
selectivity.

Single-cell RNA-seq identified microclusters co-occuring in very few cells,
suggesting these these cells developed from the common progenitor sharing same
epigenetic signatures (Meredith et al., 2015). The identified clusters contained
activated genes localized on different chromosomes, suggesting that inter-
chromosomal contacts in mTECs are more prevalent, than cis-interactions (Mere-
dith et al., 2015). Spatial organization could play critical role in gene expression
(Dixon et al., 2016; Vermunt et al., 2019). AIRE forms distinct speckles inside
the nuclei (Ramsey et al., 2002) and is shown to associate tightly with nuclear
matrix resulting in non-random localization of AIRE-responsive genes (Tao et
al., 2006). There are several possibilities to create various territories inside the
nucleus, starting from every chromosome occupying certain territory (Cremer
and Cremer, 2010) ending with diverse cis-regulatory elements including en-
hancers, silencers, insulators, tethering elements that provide boundaries and
scaffold for spatial architecture (Spitz and Furlong, 2012).

Despite differences in AIRE actions on plasmid target and in genomic context,
the in vitro studies with transfected AIRE in different cell types have provided
invaluable insights into AIRE functioning mechanisms. Although some results
are conflicting and not all of them are readily translatable to in vivo situations,
the pieces of AIRE transcriptional puzzle are coming together. Based on current
knowledge and our three studies, we propose a following model for AIRE action
as one option. First, when AIRE expression is activated, it localizes into the
nucleus and binds both at active and inactive genes. Direct binding of extended
HSR/CARD+ domain to DNA enables interaction with genes with less packed
chromatin, and repressive chromatin marks consolidate binding via PHD1 to
closed chromatin. AIRE binding is accompanied by recruitment of TOP proteins
that cleave DNA and by activation of DNA-PK and other DNA repair proteins.
As a result, AIRE gets phosphorylated, chromatin more relaxed, and interaction
with P-TEFb and BRD4 established via superenhancer contact, culminating in
Pol II pause-release and productive transcription. Many other interacting proteins
support these chromatin and spatial changes. While functionally the importance
of AIRE binding to inactive chromatin is more obvious, the rationale of inter-
action with active genes has yet to be explored. One option may be to increase
the number of splice variants, as we detected differential exon usage in the set of
genes with higher initial expression and different from DE genes. The group of
proteins interacting with AIRE and AIRE domains’ role could differ depending
whether AIRE is bound near highly expressed gene or in more silent genomic
context. These surroundings and partners may dictate if AIRE behaves as tran-
scriptional activator or rather modifies alternative splicing.
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Advanced technological methods, such as single cell chromatin immuno-
precipitation (Clark et al., 2016), proximity RNA-seq (Morf et al., 2017), high-
throughput chromosome conformation capture enabling detecting interchromo-
somal contacts (4C and beyond) (Simonis et al., 2006; Zhao et al., 2006) could
offer new insights on AIRE function inside the nucleus. Various reports have
indicated that AIRE takes advantage of numerous partner proteins in chromatin
recognition, protein interaction, DNA binding and topological organization to
achieve stochastic expression of genes in individual cells enabling promiscuous
expression in the population of mTECs. Delineating AIRE function promises
deeper apprehension not only on the fundamental processes of the immune
system but also on transcriptional mechanisms in the eukaryotic cell.
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7. CONCLUSIONS

1) AIRE can induce the expression from plasmid reporters in the presence or
absence of promoter, intron or polyadenylation sequences, indicating that
AIRE influence on gene expression occurs at transcriptional level and is not
restricted to particular regulatory elements.

2) N-terminal part of AIRE containing extended HSR/CARD+ domain (aa
1-143) has capacity to bind plasmid and genomic DNA in ChIP experiments.
Mutations in aa R113 and K114, originally attributed to NLS, disrupt the
binding to DNA, while transport to the nucleus is preserved, suggesting that
these aa together with HSR/CARD domain are responsible for AIRE binding
to DNA. Extended HSR/CARD+ domain binds DNA in EMSA without the
participation of other proteins, proposing that the binding to DNA is direct.
ChIP experiments demonstrate strong AIRE binding to plasmid DNA devoid
of nucleosomes. The capacity of extended HSR/ CARD+ to bind strongly to
plasmid and genomic DNA with higher enrichment near promoter areas of
highly expressed genes suggest that extended HSR/CARD+ is another impor-
tant determinant for locating AIRE to the chromatin besides the previously
reported interaction of AIRE PHD1 with nonmethylated histone H3.

3) AIRE interacts with proteins involved in DNA repair, including DNA-PK,
which demonstrates capacity to mediate phosphorylation of aa T68 and S156,
important for transcriptional activity of AIRE. The topoisomerase inhibitors,
including etoposide, that trap topoisomerase after DNA cleavage and prolong
DNA breaks, enhance AIRE-mediated transcription and expand the repertoire
of AIRE target genes. At the same time, the inhibitors blocking topoisomerase
enzymatic activity before the break formation did not exhibit this behavior,
indicating that DNA breaks contribute to AIRE-mediated transcriptional acti-
vation. The genes upregulated in the presence of AIRE together with etoposide
have features characteristic for AIRE target genes, including low initial
expression, tissue-specificity and accumulation into clusters. Accordingly,
topoisomerase 2A silencing by shRNA decreases activation of AIRE target
genes both with and without etoposide indicating that the presence of DNA
breaks or chromatin-free DNA has positive effect on AIRE ability to activate
the transcription. The L28P mutation in the HSR/CARD domain abolishes the
effect of AIRE-mediated activation in the presence and absence of etoposide,
indicating the importance of HSR/CARD domain integrity for oligomeri-
zation, AIRE DNA binding activity, and recruitment of other proteins, in-
cluding topoisomerases.
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SUMMARY IN ESTONIAN

DNA seondumise ja DNA katkete olulisus AIRE-vahendatud
transkriptsiooni aktivatsioonis

Immuunsiisteemi peamiseks iilesandeks on pakkuda adekvaatset kaitsefunkt-
siooni samal ajal viltides kahjulike reaktsioone iseenda vastu. Selleks peab
immuunsiisteem suutma eristada oma ja voorast. Valtimatuks vahendiks on siin
omandatud immuunsiisteemi rakud — olulisi effektorfunktsioone tiitvad B- ja T-
liimfotstiiidid, mille pinnal on avaldunud juhuslikult genereeritud struktuuriga
retseptorid, mis tagavad viga paljude erinevate molekulide dra tundmise. Uhelt
poolt voimaldab juhuslik retseptorite genereerimine tundmatute antigeenide dra
tundmist, kuid teiselt poolt on sel moel raske &ra hoida enda keha osiste vastast
autoimmuunreaktsiooni. Et viimast véltida, ldbivad liimfotsiiiidid enne vere-
ringesse sattumist keerulised kiipsemisprotsessid primaarsetes limfoidorganites,
mis T-rakkude puhul toimub tlitimuses ehk harknddrmes. Kaua aega ei saadud
aru, kuidas sobilike T-rakkude vilja valimine toimub. Siiski méirgati, et tlitimusel
on ebatavaline voime ekspresseerida viga paljusid valke, mis tdidavad spetsiifi-
lisi funktsioone teistes organites, nt. insuliin kdhunddrmes. Hiljem tehti kindlaks,
et see ongi vajalik organismile sobilike T-rakkude vélja valimiseks, sest need T-
rakud, mis tunnevad dra oma keha molekulid, suunatakse apoptoosi ja sel viisil
vilditakse autoreaktiivsete rakkude viljumist tiilimusest. Kéesolevaks ajaks on
ndidatud, et tliimusele iseloomuliku laia spektri geenide avaldumise eest on
vastutav AIRE (autoimmuunne regulaator) valk. AIRE olulisus avastati analiii-
sides peresid, mille litkkmetel véljendus harvaesinev autoimmuunhaigus APECED
(autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy), mille
pohilisteks tunnusteks on krooniline Candida infektsioon limaskestadel, korval-
kilpnddrme alatalitlus ja neerupealiste puudulikkus.

Organismis on AIRE avaldunud koige tugevamalt tlilimuse sési epiteeli-
rakkudes. Kuigi AIRE ekspressioon on kirjeldatud ka teistes immuunsiisteemi
rakkudes ja sugurakkudes, ei ole tema funktsionaalne roll seal nii domineeriv.
Rakusiseselt lokaliseerub AIRE valk peamiselt tuuma, kus ta moodustab ise-
loomuliku tdhnilise mustri. AIRE mdju transkriptsioonile on erinev kanooni-
listest transkriptsiooni faktoritest. AIRE poolt vahendatud geeniekspressioon on
nn avatud iseloomuga, st et AIRE mojul aktiveeritakse vidga paljud geenid, kus-
juures aktiveeritud geenide kogum sdltub raku tiitibist voi hiire tiivest. Samuti
esineb palju alternatiivsete transkriptsiooni start saitide kasutamist ja vermimis-
mehhanismide ignoreerimist. Lisaks on AIRE mirklaudgeenidele iseloomulik
algne madal ekspressiooni tase, repressiivsete kromatiinimarkerite olemasolu ja
koespetsiifilisus, mis tdhendab, et AIRE on voime aktiveerida geene, mis teistes
kudedes alluvad rangele kontrollile. Néiteks on kirjeldatud AIRE vdimet interak-
teeruda mittemetiileeritud liisiiniga histoon H3 neljandas positsioonis, mis on
oluline madalalt ekspresseerunud geenide tunnus. SeetSttu, vottes kokku need
ebatavalised jooned, ongi nimetatud AIRE poolset regulatsiooni tiilimuses avatud
geeniekspressiooniks.
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Antud doktoritdo eesmérk oli vilja selgitada mehhanisme, kuidas AIRE poolt
vahendatud geeniekspressiooni aktiveeriv efekt on saavutatav ning kas ja millised
geenide funktsionaalsed osad madravad AIRE mérklaudgeenide valikut. Selleks,
et kindlaks teha AIRE poolseks aktivatsiooniks vajalikud jérjestuselemendid,
konstrueerisime lutsiferaasi reporteri konstruktid, kus geeni aktiveerimiseks olu-
lised osad olid iihe kaupa voi eri kombinatsioonides vilja jaetud voi vahetatud.
Sellisel moel testisime AIRE teadaolevate marklaudgeenide, insuliini (/NS) ja
involukriini (/VL), promootori, introni ja poliladeniileerimissignaali olulisust
AIRE poolsele aktivatsioonile. Ullatavaks tulemuseks osutus, et HEK293 rakku-
desse transfekteeritud AIRE on voimeline aktiveerima reportereid, millel puu-
dusid médratletud promootorjarjestused. Kuigi introni olemasolu reporteris iildi-
selt tostis lutsiferaasi aktiivsuse taset, oli muutus reporteri avaldumises AIRE-
positiivsete ja negatiivsete rakkude vahel sarnane intronita plasmiidiga. Polii-
adeniileerimissignaali dra vahetamine histooni tiivi-ling jérjestusega ei tithistanud
samuti AIRE aktiveerimisefekti. Need tulemused viitavad, et AIRE-poolne moju
geenide avaldumisele toimub transkriptsiooni tasemel, kuid ei ole piiratud mérk-
laudgeenide promootorjirjestuste olemasoluga.

Lisaks sellele, et mitmed geenielemendid ei osutunud oluliseks AIRE-vahen-
datud aktivatsiooni jaoks plasmiidse matriitsi puhul, tiheldasime AIRE tugevat
seondumist plasmiidse DNA-ga kromatiini immunosadestamise (ChIP) katsetes.
AIRE seondumine plasmiidile oli kordades tugevam kui genoomsele DNA-le
ning ei soltunud teiste valkude olemasolust, kuna detekteerisime AIRE N-termi-
naalse domeeni ja DNA interaktsiooni ka EMSA (electrophoretic mobility shift
assay) katsetes. DNA seondumise eest vastutavad aminohapped arginiin 113 ja
liisiin 114 asusid N-terminaalses otsas ja nende muteerimine vdhendas AIRE
interaktsiooni DNA-ga ChIP analiilisis. Varasemalt oli aminohapetele R113 ja
K114 omistatud tuumalokalisatsiooni funktsioon, kuid meie ja teiste hilisemad t66d
on nédidanud, et nende aminohapete muteerimine rakutuuma transporti ei héiri.
Lisaks tdheldasime, et AIRE laiendatud HSR/CARD (homogeneously staining
region/caspase recruitment domain) domeen seondub tugevamini kui tdispikk
AIRE nii plasmiidse kui genoomse DNA-ga. Genoomse DNA puhul oli tdhel-
datav laiendatud HSR/CARD tugevam seondumine korgelt ekspresseerunud
geenide promootoraladele. On huvitav, et korgelt ekspresseerunud geenid ei ole
AIRE miérklaudgeenid, kuid nende promootoraladel DNA ei ole pakitud nukleo-
soomidesse ja sarnaneb seetdttu rohkem plasmiidsega, mis toendoliselt soo-
dustabki AIRE laiendatud HSR/CARD domeeni seondumist. Transkriptsiooni
aktivatsioonile negatiivset moju avaldavad punktmutatsioonid HSR/ CARD
domeenis takistasid ka AIRE seondumist plasmiidile, réhutades HSR/ CARD
terviklikkuse tédhtsust DNA-ga seondumisel.

Lisaks voimele aktiveerida palju geene, iseloomustab AIRE-t vdime interak-
teeruda paljude valkudega. Moned nendest valkudest on olnud ennustatavad
lahtudes AIRE funktsioonist, nditeks tuuma transpordis, RNA protsessingus ja
transkriptsioonis osalevad valgud. Teised seonduvad valgud ei sobi AIRE funkt-
siooniga nii loogiliselt. Uks huvitavamaid ja tugevamini interakteeruvaid AIRE
partnervalke, mis kéesolevas t60s leiti, on DNA-PK (DNA-dependent protein
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kinase), mis méngib olulist rolli DNA katkete parandamisel 1ébi fosforiileerimis-
aktiivsuse. Seos transkriptsiooni efektiivsuse ja DNA reparatsiooni vahel, kuigi
kirjeldatud varasemalt, ei ole funktsionaalselt Idpuni selge. DNA-PK moodustab
osa suuremast AIRE-ga interakteeruvast kompleksist, mille hulka kuuluvad ka
topoisomeraasid — ensiilimid, mis lahendavad DNA topoloogilist stressi ldbi
lithiajaliste iihe- ja kaheahelaliste DNA katkete tekke ja parandamise. Topoiso-
meraasid on olulised paljudes rakulistes protsessides, kaasa arvatud replikat-
sioonis ja rekombinatsioonis kuid nende osalus transkriptsioonis on vihem uuri-
tud. Hiired, kellel topoisomeraase kodeeritavad geenid on vilja liilitatud, ei ole
eluvdimelised.

Kéesolevas t60s néitasime, et topoisomeraaside inhibiitorid, sealhulgas eto-
posiid, mis toimivad péarast DNA Idikamisreaktsiooni fikseerides topoisomeraasi
DNA ahela kiilge ja takistades religatsiooni, tdstavad AIRE transkriptsioonilist
efekti suurendades nii aktiveeritud geenide arvu kui ka nende aktivatsiooni taset.
Selleks rakendasime kogu transkriptoomi sekveneerimist (RNA-seq), et hinnata
geenide ekspressiooni taset neljal erineval moel t6odeldud HEK293 rakuliinis,
kus AIRE ekspressioon on doksiitsikliiniga indutseeritav — indutseerimata rakud
(Ctrl), doksiitstikliiniga téodeldud ehk AIRE positiivsed rakud (Dox), etoposii-
diga t66deldud rakud (Etop) ja nii etoposiidi kui ka doksiitsiikliiniga t6ddeldud
rakud (Dox+Etop). Vaatamata etoposiidi varem kirjeldatud toksilisele efektile,
mirkasime tema tugevat transkriptsiooni aktiveerivat efekti AIRE positiivsetele
rakkudele: kui Dox rakkudes AIRE poolt oli aktiveeritud 691 geeni, siis etopo-
siidi ja AIRE kombinatsioon Dox+Etop rakkudes tostis aktiveeritud geenide arvu
6118-ni. Dox+Etop tingimustes {iles reguleeritud geenid omasid sarnaseid jooni
AIRE miérklaudgeenidega, kaasa arvatud madal algne ekspressiooni tase, koe-
spetsiifilisus ja klasterdumine. Kui Dox+Etop tiles reguleeritud geenikogumi sees
sisaldusid Dox tingimustes aktiveeritud geenid peaaegu tdielikult, siis AIRE
(Dox) ja etoposiidi (Etop) poolt eraldi aktiveeritud geenid kattusid vdga véhe.
Niisugune kditumismuster viitab, et kuigi etoposiid toetab efektiivselt AIRE-
vahendatud transkriptsiooni, siis funktsionaalselt on nende tegutsemisviisid eri-
nevad.

Nii etoposiidi kui ka AIRE juuresolekul mirkasime alternatiivselt splaissitud
geenide suuremat arvu vorreldes todtlemata rakkudega (Ctrl). Siiski, diferent-
seaalselt ekspresseerunud ja alternatiivselt splaissitud geenide kogumid erinesid,
vihjates et nii AIRE kui ka etoposiidi reguleerimismehhanismid on erinevad
transkriptsiooni ja splaissingu puhul ja ei toimi samadele transkriptidele.

Vorreldes erinevate tootlustega rakupopulatsioone, leidsime, et AIRE poolt
reguleeritud geenidele on omane klasterduda. Uhe raku sekveneerimistddd néi-
tavad et igas klastris saavad ainult liksikud geenid olla véimendunud AIRE-posi-
titvsetes mTEC-des, mis on erinev samade klastrite regulatsioonist teistes diffe-
rentseerunud kudedes, kus samasse klastrisse kuuluvad geenid saavad avalduda
samaaegselt. Siiski on teatud geenildigud, mille tdendosus ekspresseeruda on
suurem AIRE juuresolekul.

Kinnitamaks, et etoposiidi mojutab AIRE-vahendatud transkriptsiooni topo-
isomeraas 2 kaudu, inhibeerisime TOP2A produktsiooni shRNA-ga, mis viis
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AIRE mirklaudgeenide aktivatsiooni ndrgenemisele. Samuti hiiris etoposiidi
aktiveerivat efekti L28P mutatsiooni sisseviimine HSR/CARD domeeni, katkes-
tades TOP2A ja AIRE omavahelist vdi DNA seondumise kaudu toimuvat inter-
aktsiooni.

Kokkuvdttes néitasime kédesolevas doktoritdos AIRE vdimet aktiveerida ilma
geeni ekspressiooni kontrollitavate elementideta plamiidseid reportereid, s.o.
promootori, introni voi poliladeniileerimisjirjestuste dra jitmine ei mojutanud
negatiivselt AIRE-vahendatud transkriptsiooni aktivatsiooni. Samal ajal detek-
teerisime AIRE otsese seondumise DNA-ga, mis oli vahendatud aminohapete
arginiini 113 ja liisiini 114 kaudu ja vajas HSR/CARD domeeni terviklikkust.
Teiseks néitasime DNA parandamismehhanismide eest vastutavate valkude inter-
akteerumist AIRE-ga ja topoisomeraasi inhibiitorite positiivset mdju nii AIRE
poolt vahendavale kui AIRE-st soltumatule transkriptsioonile. Oleme veendunud,
et kdesolevas doktoritdos esitatud tulemused aitavad aru saada kuidas AIRE suu-
dab mojutada nii paljude geenide suhteliselt juhuliku iseloomuga avaldumist
tiilimuses. Kéesolev t66 on seega oluline nii immuunsiisteemi funktsioneerimise
seisukohalt kuid ka eukariiootse transkriptsiooni kontekstis.
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