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Autoimmune regulator (AIRE) directs the expression of otherwise tissue-restricted antigens (TRAs) in medullary thymic epithe-
lial cells, allowing their presentation to developing T cells, which leads to central tolerance. We addressed the conundrum of how
AIRE is recruited to these otherwise silent genes in cells. Our studies confirmed that interactions between AIRE and the unmodi-
fied histone H3K4 (H3K4me0) are important for targeting AIRE to the mouse insulin promoter in chromatin. By replacing its
H3K4me0-binding module with one that binds to the methylated H3K4me3, we redirected the mutant AIRE.ING protein to an
actively transcribed gene. Nevertheless, the mutant AIRE D297A protein, which could not bind to H3K4me0, still activated the
human insulin promoter on an episomal plasmid target. This targeting was due to DNA-dependent protein kinase (DNA-PK).
Thus, in cells that lacked the catalytic subunit of DNA-PK (DNA-PKcs), the assembly and activity of AIRE on DNA, whether in
chromatin or on episomal plasmids, was abrogated. However, by the heterologous tethering of AIRE to DNA, we could restore
its activity on a plasmid target in DNA-PKcs-negative cells. Importantly, mutations in the putative DNA-binding residues in its
SAND domain had no effect on the transcriptional effects of AIRE. Thus, AIRE is recruited to TRA genes in chromatin via coop-
erative interactions with H3K4me0 and DNA-PK.

The negative selection of developing T cells in the thymus is an
essential element of the mammalian immune system. In med-

ullary thymic epithelial cells (mTECs), the protein that governs
central tolerance is the autoimmune regulator (AIRE) (3, 26, 29,
39). Mutations in AIRE lead to a rare genetic autoimmunity called
the autoimmune-polyendocrinopathy-candidiasis-ectodermal
dystrophy (APECED), which affects mostly endocrine and exo-
crine organs, such as salivary, adrenal, thyroid, and parathyroid
glands, as well as the � cells of the pancreas (1, 13, 33). In mTECs,
AIRE activates the expression of otherwise silent tissue-restricted
antigen (TRA) genes, whose peptides are presented on major his-
tocompatibility complex class II (MHC-II) determinants to thy-
mocytes so that autoreactive T cells are eliminated (3, 26, 29, 39).

AIRE is a transcription factor (TF) of 57 kDa and contains 545
residues (13, 33). It forms oligomers that migrate as dimers,
tetramers, and higher order aggregates, which can exceed 670 kDa
(17). Thus, 12 or more AIRE proteins could be present in these
large complexes. However, the stoichiometry of the transcription-
ally active complex is unknown. From its N terminus, AIRE con-
tains a homogenous staining region (HSR); an Sp100, Aire-1,
NucP41/75, and DEAF-1 (SAND) domain, which has been sug-
gested to bind DNA; two plant homeodomains (PHD1 and
PHD2), of which PHD1 binds unmodified histone H3K4
(H3K4me0) and the catalytic subunit of DNA-dependent protein
kinase (DNA-PKcs); and finally a transcriptional activation do-
main (TAD), which binds the positive transcription elongation
factor b (P-TEFb) at its C terminus (24, 34, 40, 47). HSR and
SAND domains also form homo-oligomers (17, 18).

Whereas the trimethylated histone H3K4 (HeK4me3) marks
sites of active transcription, H3K4me0 is found at and near silent
genes (6, 43). Since DNA-PKcs can phosphorylate AIRE at threo-
nine and serine residues at positions 68 (T68) and 156 (S156), it
also interacts with the HSR and sequences N-terminal to the
SAND domain (28). The AIRE TAD recruits P-TEFb to RNA
polymerase II (RNAPII) (36, 47). Indeed, we observed previously

that unmodified RNAPII is already engaged at TRA promoters in
the absence of AIRE (36, 47). After its recruitment, P-TEFb phos-
phorylates negative transcription elongation factors and the C-
terminal domain of RNAPII, thus modifying transcription com-
plexes for the productive elongation and cotranscriptional
processing of nascent transcripts (38). On most TRA genes, pro-
cessing events, i.e., pre-mRNA splicing, rather than transcription
elongation per se predominate (2, 47).

However, the targeting of AIRE to TRA promoters remains
poorly understood, especially since only a small number of genes,
some of which are found in clusters, are activated in clones of
mTECs (9, 14, 20). Moreover, several studies suggested that inter-
actions between AIRE and H3K4me0 are not sufficient for this
recruitment. In knock in mice expressing the mutant AIRE pro-
tein defective in H3K4me0 binding, only low levels of TRA gene
expression were found, levels which were insufficient to induce
central tolerance in mice (23). A similar situation was observed
with DNA-PK, which also binds to AIRE. Again, low levels of
expression of TRA genes were observed in mTECs from bone
marrow-reconstituted SCID mice (2). Further proteomic analyses
revealed 45 candidate proteins for mediating effects of AIRE in
cells. They were divided into four groups, those involved with
nuclear transport, chromatin binding/structure, transcription,
and pre-mRNA processing (2). In the group of proteins involved
in transcription were topoisomerase II, poly(ADP-ribose) poly-
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merase 1 (PARP-1), and DNA-PK. The silencing of any of these
three proteins abrogated effects of AIRE on genes in chromatin,
but only DNA-PK was critical for this phenotype on episomal
plasmid targets (2).

We were intrigued by additional reports indicating multiple
roles for DNA-PK in transcription (16). Although its primary
function is in the repair of DNA double-strand breaks, in partic-
ular nonhomologous end joining (NHEJ), DNA-PK also binds
specific DNA sequences, TATA boxes, and single-stranded re-
gions of DNA, as well as those traversed by an elongating RNAPII
(16, 31). In these situations, topoisomerase II and PARP-1 un-
wind and cleave the DNA, which then binds DNA-PK and is
marked by the histone H2AX phosphorylated at serine 139
(�H2AX). Whereas its smaller subunits, Ku70 and Ku80, bind to
DNA, DNA-PKcs phosphorylates �H2AX as well as many TFs and
RNAPII itself (10). �H2AX marks DNA breaks (8). Near promot-
ers, they increase transcriptional activation by the steroid hor-
mone receptors AP-1 and USF-1 (21, 46). We reasoned that DNA-
PK, which is found ubiquitously on DNA and chromatin, might
also recruit AIRE to transcription units. Thus, we investigated the
ability of H3K4me0 and DNA-PK to recruit AIRE to TRA genes in
chromatin and on episomal plasmids.

MATERIALS AND METHODS
Cell lines. 293T and 293 human embryonic kidney cells were obtained
from the ATCC and cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and antibi-
otics. Mouse 1C6 mTECs were a kind gift from M. Kasai (National Insti-
tute of Infectious Diseases, Tokyo, Japan) (30) and were cultured in S-
MEM (Invitrogen) supplemented with 10% FBS (Invitrogen), 5 mM
Glutamax (Invitrogen), 0.2 �M �-mercaptoethanol (Invitrogen), 0.5
�g/ml hydrocortisone hemisuccinate (Sigma-Aldrich), and 1 mM so-
dium pyruvate (Invitrogen). Murine embryonic fibroblasts (MEFs) were
a kind gift from B. Chen (UT Southwestern Medical Center, Dallas, TX)
and were cultured in DMEM supplemented with 10% FBS and
antibiotics.

Plasmids. Myc.AIRE and GAL.AIRE were a kind gift from P. Peterson
(University of Tartu, Tartu, Estonia). hInsLuc was a kind gift from M.
German (UCSF, San Francisco, CA). G5Luc was generated by the restric-
tion ligation of the luciferase reporter gene in place of chloramphenicol
acetyltransferase (CAT) in G5CAT, which was described previously (22).
GST.PHD1 was constructed by inserting a PCR fragment encoding hu-
man AIRE PHD1 into the pGEX-6p-3 vector. AIRE.ING was generated by
swapping out the AIRE PHD1 for the PHD of ING2 (QuikChange II XL
site-directed mutagenesis kit; Stratagene) into the Myc.AIRE backbone
using PCR primers 5=-TTC CAT CCC TCC CCA GTG AGC CCC AGC
CTG CCG ACC TCC CCA TC-3= and 5=-TAG CTC CGG GGG CCT GGA
CAC CCT GTT GTA AGC CCT CTC-3=. The E296A, D297A, K243A,
K245A, and KKR-A mutations were generated in Myc.AIRE or
GST.PHD1 by PCR mutagenesis with a QuikChange II site-directed mu-
tagenesis kit (Stratagene).

RNA isolation by RT-qPCR. 1C6 cells or MEFs were harvested in
Trizol reagent (Invitrogen), and RNA was isolated according to the man-
ufacturer’s specifications. RNA was treated with DNase I (Invitrogen) and
reverse transcribed with Moloney murine leukemia virus reverse trans-
criptase (M-MLV-RT) (Invitrogen) and random primers. Levels of Ins2
mRNA were determined by quantitative PCR (qPCR) and normalized to
control �-actin or glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA. qPCRs were performed using SYBR green JumpStart Taq ready
mix for quantitative PCR (Sigma-Aldrich) on an Mx3005p (Stratagene).
Fold activation represents the ratio between the effector-activated mRNA
levels and the levels with empty vector, which were calculated using the

threshold cycle (��CT) method. Primer sequences are available upon
request.

Immunoprecipitation. 293T cells were transfected using calcium
phosphate and harvested after 24 h. They were resuspended in hypotonic
buffer (10 mM HEPES, pH 7.5, 1.5 mM MgCl2, 10 mM KCl, 5 mM EDTA,
0.05% NP-40) supplemented with protease inhibitor cocktail (Sigma-Al-
drich) and incubated on ice for 15 min. Cell lysates then were centrifuged
for 10 min at 1,000 � g (4°C), and supernatant was removed as completely
as possible and discarded. Nuclei were resuspended in nuclear lysis buffer
(20 mM HEPES, pH 7.5, 150 mM NaCl, 20 mM KCl, 5 mM CaCl2) sup-
plemented with protease inhibitor cocktail and incubated for 1 h on ice.
EDTA was added to a final concentration of 10 mM. Nuclear lysates were
centrifuged at maximum speed for 20 min to remove insoluble material,
and supernatants were used for immunoprecipitation. Two �g of anti-
bodies was added, the samples were incubated for 4 h at 4°C, protein A
and/or G Dynabeads (Invitrogen) were added, and samples were incu-
bated for an additional hour. Precipitates were washed at room tempera-
ture 4 times with cold phosphate-buffered saline (PBS) supplemented
with 0.05% NP-40 and protease inhibitor cocktail. Precipitated proteins
were eluted by the addition of 1� SDS-PAGE loading buffer and heated to
95°C for 5 min. Precipitates then were separated by SDS-PAGE, and pro-
teins were detected by Western blotting with specific antibodies.

ChIP. Chromatin immunoprecipitations (ChIPs) were performed as
described previously (36). Briefly, 1C6 or MEF cells were transfected using
Fugene 6 (Roche Diagnostics) according to the manufacturer’s instruc-
tions. A portion of the cells was used for Western blot analysis to deter-
mine comparable expression levels of AIRE proteins. Cross-linking was
performed with 1% formaldehyde at room temperature for 10 min and
stopped with 0.125 M glycine. Nuclei were isolated and sonicated to gen-
erate DNA fragments of 200 to 500 bp. The chromatin was precleared with
protein G agarose (GE Healthcare). Chromatin immunoprecipitations
were performed using 2 �g specific antibody or normal IgG. Precipitated
DNA was reverse cross-linked and treated with RNase A and proteinase K.
DNA then was purified by phenol-chloroform extraction. Levels of DNA
in the immunoprecipitates were detected by qPCR and normalized to
inputs.

GST pulldown. Hybrid glutathione S-transferase (GST)-PHD pro-
teins were expressed in Escherichia coli strain BL21(DE3) (Novagen). Pro-
teins were extracted with bacterial protein extraction reagents (B-PER)
(Pierce) supplemented with 150 mM NaCl, 1� protease inhibitor (Roche,
Indianapolis, IN), and 100 U of DNase I (Pierce) according to the manu-
facturer’s instructions. Glutathione-Sepharose beads (GE Healthcare,
Piscataway, NJ) were added to the bacterial lysate, diluted 2-fold with an
equal volume of chilled 1� PBS, incubated at 4°C with rotation for 4 h,
and washed 3 times with cold 1� PBS, and then GST proteins were eluted
with 30 mM glutathione and subjected to desalting using a Zeba desalting
column (Pierce). The purity of the eluted proteins was examined by the
Coomassie blue staining of SDS-PAGE. GST pulldown assays were per-
formed by incubating purified GST fusion proteins with purified calf thy-
mus histones (Sigma-Aldrich) in histone binding buffer (50 mM Tris-
HCl, pH 7.5, 0.5 mM EDTA, 1 M NaCl, 1% NP-40) supplemented with
1� protease inhibitor (Sigma-Aldrich) at 4°C overnight, adding glutathi-
one-Sepharose beads (GE Healthcare) to the reaction for an additional
hour, washing the beads three times in histone binding buffer, and eluting
bound proteins in 1� SDS sample buffer. Eluted proteins were resolved
by SDS-PAGE on a 4 to 20% gradient gel and analyzed by Western blot-
ting.

Luciferase assay. 1C6 mTECs or MEFs were transfected using Fugene
6 (Roche) to coexpress AIRE proteins, hInsLuc, and pRL-CMV (Pro-
mega). Cells were harvested after 24 h, and luciferase assays were per-
formed using the dual luciferase kit (Promega) according to the manufac-
turer’s instructions. Firefly luciferase readings of each sample were
normalized to Renilla luciferase readings to determine relative activity.
Averages were calculated from at least three separate transfections. Fold
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activation represents the ratio between the effector relative activity and the
activity of the reporter with the empty plasmid vector.

Antibodies. Anti-AIRE (ab13573 [Abcam] and sc-33188 [Santa Cruz
Biotechnology, Inc.]), anti-H3 (ab1791; Abcam), anti-H3K4Me3
(ab8580; Abcam), anti-HDAC1 (Santa Cruz Biotechnology, Inc.), anti-
DNA-PKcs (Ab-4; Thermo Scientific), anti-GST (Santa Cruz Biotechnol-
ogy, Inc.), anti-Ku80 (ab80592; Abcam), and anti-�H2AX (JBW301; Mil-
lipore) antibodies were used.

Inhibition of DNA-PKcs. HEK293T cells were transfected transiently
using Fugene 6 (Roche) to express AIRE or the empty plasmid vector.
Four h following transfection, the medium was changed to include 1 �M
DNA-PK inhibitor Nu7441 (Tocris Bioscience) or its solvent, dimethyl
sulfoxide (DMSO). After a total of 24 h of incubation, cells were harvested
and lysed in Trizol (Invitrogen), and aliquots were subjected to Western
blotting. RNA was isolated according to the manufacturer’s instructions
(Invitrogen). Residual contaminating DNA was removed with DNAfree
(Ambion) for 1 h. Two �g RNA was reverse transcribed using random
primers with M-MLV reverse transcriptase (Invitrogen). cDNA was used
for subsequent RT-qPCR amplification using Power SYBR green PCR
master mix (Applied Biosystems) and an Mx3005P qPCR system (Strat-
agene). All reactions were analyzed in triplicate. Fluorescent signals were
normalized to the ROX passive dye, which was included in the master mix.
Levels of KRT14 mRNA were determined with forward (5=-CAGTCCCT
ACTTCAAGACCATTGA-3=) and reverse (5=-ACTGTGGCTGTGAGAA
TCTTGTTC-3=) primers and normalized to those of GAPDH analyzed
with forward (5=-TCAAGTGGGGCGATGCTGGC-3=) and reverse (5=-T

GGGGGCATCAGCAGAGGGG-3=) primers in the same sample. The
same cells were analyzed for the autophosphorylation of DNA-PKcs after
the induction of double-strand DNA breaks. Cells were treated with 1 �M
etoposide (Sigma) or DMSO for an additional 1 h to induce DNA double-
strand breaks. They then were analyzed for changes in the autophosphor-
ylation of DNA-PKcs on the serine at position 2056 (S2056P) with a spe-
cific antibody (ab18192; Abcam) by Western blotting. Protein and
phosphorylation levels were visualized and quantified with an Odyssey
infrared imaging system (LI-COR).

RESULTS
Binding to histone H3 is required for AIRE to activate a TRA
gene in chromatin. To extend previous studies on interactions
between AIRE and H3K4me0, we first confirmed that a specific
mutation in PHD1 no longer associated with histone H3 (24, 34).
Wild-type (WT) and mutant GST.PHD1 chimeras were expressed
from E. coli and incubated with purified calf thymus histones. In
GST pulldowns, WT GST.AIRE and mutant GST.AIRE E296A,
but not GST.AIRE D297A, fusion proteins bound to histone H3
(Fig. 1a, lanes 1 to 4). This finding confirmed previous reports on
the failure of this aspartate-to-alanine mutation (positions 297
and 299 in human AIRE and mouse AIRE proteins, respectively)
to bind to H3K4me0. Using various peptides corresponding to
different modifications in the tail of histone H3, we also noted that

FIG 1 AIRE must bind histone H3 for its recruitment to a TRA gene in chromatin. (a) AIRE PHD1 binds to histone H3. WT and mutant GST.PHD1 fusion
proteins were incubated with purified histones. Immunoprecipitated proteins were analyzed by Western blotting with the indicated antibodies. Input GST fusion
proteins (10%) are presented in the lower panel. Western blotting of histone H3 is presented in the upper panel. (b) AIRE must bind H3 for its recruitment to
an endogenous TRA gene. ChIPs were performed with anti-AIRE antibodies from 1C6 mTECs expressing the empty plasmid vector (C), WT AIRE, or mutant
AIRE D297A (D297A) proteins. Binding to the mIns2 promoter is presented as fold enrichment above the level of the IgG control (AIRE/IgG). Expression levels
for AIRE proteins are presented below the bar graph. (c) AIRE must bind histone H3 to induce the expression of an endogenous TRA gene. mIns2 RNA levels
from WT AIRE and mutant AIRE D297A protein-expressing 1C6 mTECs are presented as fold activation above the level of the empty plasmid vector (C). Levels
of Ins2 RNA were normalized to those for GAPDH. (d) H3K4me3 is enriched at the GAPDH but not the mIns2 promoter. ChIPs were performed with anti-H3
(�H3) and anti-H3K4me3 (�H3K4me3) antibodies from 1C6 mTECs. Binding to promoter regions is presented as fold enrichment for specific antibodies above
the level of the IgG control (H3*/IgG). (e) Only the mutant AIRE.ING protein with PHD1 replaced with the PHD from ING2 is recruited to the GAPDH
promoter. ChIPs were performed with anti-AIRE antibodies (�AIRE) from 1C6 mTECs expressing the empty plasmid vector (C), WT AIRE, or mutant
AIRE.ING proteins. Binding to the GAPDH promoter is presented as fold enrichment above the level of the IgG control (AIRE/IgG). Expression levels for AIRE
proteins are presented below the bar graph. (f) The mutant AIRE.ING protein cannot induce the expression of an endogenous TRA gene. mIns2 RNA levels from
WT AIRE and mutant AIRE.ING protein-expressing 1C6 mTECs are presented as fold activation above the level of the empty plasmid vector (C). Levels of mIns2
RNA were normalized to those of GAPDH.
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AIRE binds to H3K4me0 almost exclusively (data not presented).
Armed with this knowledge, we also confirmed that the WT AIRE,
but not the mutant AIRE D297A protein binds to the mouse in-
sulin 2 (mIns2) promoter and activates its expression in chroma-
tin (Fig. 1b and c, lanes 1 to 3). Moreover, chromatin immuno-
precipitations (ChIPs) revealed that the WT AIRE binds to this
promoter 4-fold better and activates its expression 10-fold better
than its mutant AIRE D297A counterpart (Fig. 1b and c, compare
lanes 2 and 3). In these experiments, the mutant AIRE D297A
protein behaved no better than the empty plasmid vector control
(Fig. 1b and c, compare lanes 1 and 3).

We wanted to determine if we could redirect the targeting of
AIRE to a constitutively expressed gene by exchanging its PHD1
with that from another protein that is known to bind to
H3K4me3, which marks sites of active transcription (7, 37).
GAPDH is expressed constitutively at high levels in all cells, and as
presented in Fig. 1d (lanes 1 and 2), its promoter contains up to
3-fold less total histone H3 than the mIns2 promoter. In contrast,
whereas abundant H3K4me3 was found on the GAPDH pro-
moter, almost none was detected on the mIns2 promoter in 1C6
mTECs (Fig. 1c, compare lanes 3 and 4). Finally, ChIPs revealed
that the WT AIRE could not bind to the GAPDH promoter (Fig.
1e, lane 2). However, when we replaced PHD1 from AIRE with the
PHD from ING2 that binds H3K4me3, the mutant AIRE.ING
protein bound efficiently to the GAPDH promoter (Fig. 1e, lane
3). In addition, the WT AIRE, but not the mutant AIRE.ING,
protein could activate the mIn2 promoter in chromatin (Fig. 1f,
compare lanes 2 and 3). Since GAPDH is already expressed at high
levels, its expression did not change upon the addition of the mu-

tant AIRE.ING protein (data not presented). We conclude that the
binding between AIRE and H3K4me0 is essential for the targeting
of AIRE to relatively silent TRAs in mTECs, which activates their
expression. These findings complement those of others and indi-
cate that one can redirect AIRE to different genes by modifying its
recognition of specific histone modifications.

Mutant AIRE D297A protein, which does not bind to histone
H3, still activates a TRA promoter on an episomal plasmid tar-
get. Despite its targeting to H3K4me0, we and others found that
additional proteins and/or DNA-binding events must be involved
in the recruitment of AIRE to TRA genes. For example, the mutant
AIRE D299A protein still was able to activate TRA genes in
knock-in mice, albeit to levels that were insufficient for central
tolerance in the mouse (23). Others found that AIRE can bind to
DNA directly, rather promiscuously and primarily to purine-rich
sequences, via its SAND domain (25, 41).

To extend these findings, we asked if the mutant, PHD1-defec-
tive AIRE D297A protein could still activate a TRA promoter on
an episomal, nonreplicating plasmid target (hInsLuc). To this
end, we first determined that these plasmids contained relatively
little to no histone H3. As presented in Fig. 2a (compare lanes 1
and 2), the human insulin (hIns) promoter on a plasmid target
contained less than 10% of total histone H3 level of the mIns2 gene
in chromatin. Moreover, H3K4me3 was not abundant on either of
these two targets (Fig. 2a, compare lanes 3 and 4). We examined
the occupancy of the WT AIRE and mutant AIRE D297A proteins
on hInsLuc. To our surprise, both proteins bound to the hIns
promoter (Fig. 2b, lanes 3 and 4) and were able to activate hInsLuc
to a similar extent (Fig. 2c, compare lanes 2 and 3). These findings

FIG 2 Mutant AIRE protein, which does not bind histone H3, still activates a TRA promoter on a plasmid target. (a) The episomal, nonreplicating human insulin
plasmid target does not recruit histone H3. ChIPs were performed with anti-H3 (�H3) and anti-H3K4me3 (�H3K4me3) antibodies on the expressed hInsLuc
plasmid from 1C6 mTECs. The binding of histones to endogenous (mIns2) and plasmid (hInsLuc) promoter regions is presented as fold enrichment above the
level of the IgG control (specific antibodies/IgG). (b) The mutant AIRE protein, which does not bind histone H3, still binds a TRA promoter on a plasmid target.
ChIPs were performed with anti-AIRE antibodies (�AIRE) on the expressed hInsLuc plasmid from 1C6 mTECs that coexpressed the empty plasmid vector (C),
WT AIRE, or mutant AIRE D297A (D297A) protein. Binding to the hInsLuc promoter is presented as fold enrichment above the level of the IgG control
(AIRE/IgG). (c) AIRE does not need to bind to histone H3 to induce expression from a TRA promoter on a plasmid target. The relative luciferase activity of
hINSLuc for WT AIRE and mutant AIRE D297A proteins is presented as fold activation above the level of the empty plasmid vector (C).
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extend those of others and indicate clearly that AIRE can be re-
cruited to DNA in the absence of histone H3 and its binding to
H3K4me0. Thus, additional targeting mechanisms must operate
for AIRE to activate the expression of TRA genes in mTECs.

Mutations in the putative DNA-binding motif in the SAND
domain do not affect the activity of AIRE. The SAND domain in
AIRE has been implicated in DNA binding. However, the KDWK
motif that is required for this binding in other SAND domain-
containing proteins contains KNKA residues in AIRE (Fig. 3a) (4).
Nevertheless, the arginine after these four residues is conserved
among all of these proteins (Fig. 3a). To determine if these basic
residues are required for the recruitment of AIRE to plasmid tar-
gets, we replaced these residues singly and in combination with
alanine. We next investigated the activity of mutant AIRE K243A,
AIRE K245A, and AIRE KKR-A proteins on hInsLuc. As presented
in Fig. 3b (lanes 2 to 5), all KNKAR mutant AIRE proteins func-
tioned like their WT counterparts. These data indicate clearly that
the KNKAR residues in the SAND domain are not involved in the
targeting of AIRE to the hIns promoter. Thus, the putative SAND-
mediated and promiscuous binding to DNA can be excluded as
the mechanism for the recruitment of AIRE to TRA genes.

DNA-PKcs is required for the recruitment and activity of
AIRE in chromatin and on a plasmid target. To investigate the
possibility that additional proteins beside H3K4me0 are required
for the recruitment of AIRE to TRA genes, we noted that DNA-PK
was found to be essential for effects of AIRE in cells and in the
mouse (2, 28). DNA-PKcs was identified in a proteomic screen
with the GST.PHD1 chimera, and this binding was confirmed
with the entire protein in cells (28). Moreover, in mTECs from
bone marrow-reconstituted SCID mice, TRAs were expressed at
very low levels (2). Thus, we thought that DNA-PK, which has
been implicated in transcriptional effects of AIRE, was a good
candidate for targeting AIRE to DNA.

To examine the importance of DNA-PK in the function of
AIRE, we compared DNA-PKcs�/� and matched WT MEFs (45).
As presented in Fig. 4a, when expressed transiently, AIRE acti-
vated the mIns2 promoter in WT but not DNA-PKcs�/� MEFs
(Fig. 4a, compare lanes 2 and 4). In addition, AIRE could not
activate the hIns promoter on hInsLuc when this plasmid target

was cotransfected into DNA-PKcs�/� MEFs (Fig. 4b, compare
lanes 2 and 4). Finally, AIRE was not recruited to this hIns pro-
moter in DNA-PKcs�/� MEFs (Fig. 4c, compare lanes 2 and 4).
Importantly, we confirmed that AIRE was expressed to the same
extent in WT and DNA-PKcs�/� MEFs (Fig. 4b and c, top) and
that these cells did not express DNA-PKcs (Fig. 4b and c, middle),
whereas HDAC1 was expressed equivalently and was used as the
loading control (Fig. 4b, lower). Thus, DNA-PK is required for the
recruitment to and activity of AIRE on TRA genes, be it in chro-
matin or on episomal plasmids. We conclude that DNA-PK coop-
erates with H3K4me0 to recruit AIRE to TRA genes in chromatin.

The kinase activity of DNA-PKcs is not required for effects of
AIRE on an endogenous TRA gene. AIRE binds to DNA-PKcs,
which can phosphorylate it on T68 and S156 in vitro (28). Mutat-
ing each of these residues to alanine also reduced the activity of
AIRE on episomal plasmid targets in cells (28). Thus, we wanted to
know whether the kinase activity was required for the DNA-teth-
ering function of DNA-PK. To this end, we expressed AIRE in the
presence and absence of Nu7441, which is a potent inhibitor of
DNA-PKcs, in 293T cells (27). In these cells, we measured the
ability of AIRE to activate the expression from another endoge-
nous TRA gene, KRT14 (Fig. 5a) (2, 47). Indeed, AIRE increased
levels of KRT14 transcripts by 29- and 23-fold in WT and Nu7441-
treated cells, respectively (Fig. 5a, compare lanes 3 and 4). To
demonstrate that Nu7441 inhibited DNA-PKcs at these concen-
trations, we also examined the autophosphorylation of DNA-
PKcs on serine at position 2056 (S2056P), which can be detected
with phosphospecific antibodies (5, 11). To activate the kinase
activity of DNA-PKcs, we also treated 293T cells at the end of our
incubations for 1 h with etoposide, which induces DNA double-
strand breaks (32). As presented in Fig. 5b, etoposide increased
levels of S2056P only in cells that were not treated with Nu7441.
We conclude that its kinase activity is not required for effects of
DNA-PKcs on the function of AIRE.

Heterologous DNA tethering of AIRE restores its activity in
DNA-PKcs�/� MEFs. If DNA-PK is required only for the recruit-
ment of AIRE to TRA genes, then heterologous DNA tethering
should also restore AIRE activity in DNA-PKcs�/� MEFs. To this
end, we linked the Gal4 DNA-binding domain (DBD) to AIRE

FIG 3 Putative DNA-binding residues in the SAND domain are not required for the recruitment of AIRE to a TRA on a plasmid target. (a) Alignment of SAND
domain residues. Numbers above the sequences point to the KDWK DNA-binding motif (positions 243 to 247). (b) Residues required for the DNA binding of
other SAND domains are not required for AIRE to activate a TRA promoter on a plasmid target. Relative luciferase activity from hInsLuc for WT AIRE (WT) and
mutant AIRE (K243A, K245A, and KKR-A) proteins is presented as fold activation above the level of the empty plasmid vector (C). Expression levels for AIRE
proteins are presented below the bar graph.
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and expressed the Gal.AIRE chimera with a plasmid target that
contained 5 Gal4 DNA-binding sites (upstream activating se-
quences [UASs]) upstream of a minimal promoter, the luciferase
reporter gene, and the simian virus 40 (SV40) polyadenylation
signal (Fig. 5a). When these plasmid effectors and target were
cotransfected into cells, only the Gal.AIRE chimera was able to
activate G5Luc (Fig. 6b, lanes 3 and 6). WT AIRE protein had no
effect (Fig. 6b, lanes 2 and 5). Importantly, the Gal.AIRE fusion
protein activated G5Luc 18- and 10-fold in WT and DNA-
PKcs�/� MEFs, respectively (Fig. 6b, compare lanes 3 and 6). All
of these proteins were expressed in cells (Fig. 6b, lower). Thus,
heterologous DNA tethering rescued the recruitment to and ac-
tivity of AIRE on a plasmid target. Combined with results shown
in Fig. 4, we conclude that DNA-PK is required for the recruit-
ment of AIRE to TRA genes.

The role of DNA-PK and DNA breaks in the recruitment of
AIRE to TRA genes. Since H3K4me0 and DNA-PK recruit AIRE
to TRAs in chromatin and DNA-PK is required for this targeting
on episomal plasmids, we wanted to determine if they also inter-
acted with their appropriate targets on DNA. To this end, we per-
formed additional binding studies between AIRE and DNA-PKcs.

As presented in Fig. 7, lane 2, AIRE and DNA-PKcs always immu-
noprecipitated each other. In addition, our AIRE immunoprecipi-
tations revealed the presence of histone H3 and �H2AX by West-
ern blotting (Fig. 7, lane 2). This finding indicates that both
proteins also interact with their targets on DNA, AIRE with his-
tone H3 and DNA-PK with DNA breaks, which are marked by
�H2AX. Note that inputs of all proteins were equivalent (Fig. 7,
right, input). These binding studies reveal the targeting of AIRE to
TRA genes in chromatin, to H3K4me0 on inactive genes, and
DNA-PK at sites of DNA breaks.

DISCUSSION

In this study, we confirmed that the binding between PHD1 and
H3K4me0 is required to target AIRE to TRA genes in cells. Indeed,
replacing this PHD finger with one that interacts with H3K4me3
redirected the mutant AIRE.ING protein to an actively expressed
gene in cells. However, the mutant AIRE D297A protein, which
could not bind to a TRA gene in chromatin, still activated the hIns
promoter on an episomal plasmid, which contained only small
amounts of histone H3. This targeting depended on DNA-PK. In
DNA-PKcs�/� MEFs, AIRE did not bind to a TRA promoter in

FIG 4 DNA-PKcs is required to recruit AIRE to a TRA gene in chromatin and on a plasmid target. (a) AIRE does not activate mIns in cells lacking DNA-PKcs.
mIns2 RNA levels from WT AIRE protein-expressing WT or DNA-PKcs�/� MEFs are presented as fold activation above the level of the empty plasmid vector
(C). Levels of Ins2 RNA were normalized to those for GAPDH. (b) AIRE does not activate a TRA promoter on a plasmid target in cells lacking DNA-PKcs. The
relative luciferase activity of hInsLuc for WT AIRE protein-expressing WT or DNA-PKcs�/� MEFs is presented as fold activation above the level of the empty
plasmid vector (C). (c) AIRE requires DNA-PKcs to interact with a TRA promoter on a plasmid target. ChIPs were performed with anti-AIRE antibodies on
hInsLuc from WT or DNA-PKcs�/� MEFs coexpressing the WT AIRE protein or empty plasmid vector (C). Binding to hInsLuc is presented as fold enrichment
above the level of IgG. The expression of AIRE and DNA-PKcs proteins was confirmed by Western blotting and is presented below the bar graph.

FIG 5 Kinase activity of DNA-PKcs is not required for effects of AIRE in cells. (a) Catalytic activity of DNA-PKcs is dispensable for the AIRE-induced expression
of the KRT14 gene. KRT14 mRNA levels were analyzed in 293T cells, which transiently expressed AIRE or the empty plasmid vector in the presence or absence
of 1 �M Nu7441 (iDNA-PKcs). (b) Inhibition of DNA-PKcs prevents its autophosphorylation after the induction of double-strand DNA breaks. After the
standard incubation period, etoposide (ETO) was added for 1 h to 293T cells in the presence or absence of 1 �M Nu7441 (iDNA-PKcs). Levels of DNA-PKcs
autophosphorylated on serine at position 2056 (S2056P) were quantified relative to those of total DNA-PKcs and are presented in numbers below the panels.
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chromatin or on an episomal plasmid. It also did not activate
transcription from this DNA target. Nevertheless, via heterolo-
gous DNA tethering, the Gal.AIRE chimera was able to activate a
plasmid target with appropriate DNA-binding sites in these DNA-
PKcs�/� MEFs. Importantly, the kinase activity of DNA-PKcs was
not required for effects of AIRE on another endogenous TRA
gene, KRT14. We also confirmed that AIRE binds to DNA-PKcs in
cells. Moreover, this complex contained histone H3 as well as
�H2AX, which marks DNA breaks. We conclude that AIRE is
recruited to chromatin via H3K4me0 and DNA-PK, and that these

interactions account for the targeting of AIRE to TRA genes in
individual mTECs.

We used a variety of assays to confirm previous findings on
interactions between AIRE and H3K4me0 as well as DNA-PKcs.
Interestingly, these binding partners came out from two indepen-
dent proteomic screens and were confirmed by functional studies
(2, 28). H3K4me0 binds to PHD1 in AIRE (24, 34). DNA-PKcs,
which measures 450 kDa, binds to PHD1, HSR, and other se-
quences near the N terminus of AIRE (28). We found that AIRE
binds to H3K4me0 and DNA-PKcs. Thus, nonoverlapping sur-
faces are involved in these interactions, or individual AIRE pro-
teins in these higher order aggregates (up to 12 subunits) bind to
them individually to tether the entire complex (17). Importantly,
�H2AX was also present in this complex, which indicates that
DNA-PK binds to DNA breaks in TRA genes. In previous work, it
was also demonstrated that in the absence of H3K4me0 binding or
with the genetic inactivation of DNA-PKcs, transcriptional effects
of AIRE were diminished in cells and in the mouse (2, 23, 24).
However, some expression of TRA genes could still be demon-
strated in mTECs, which suggested that both of these binding
partners are required for optimal effects of AIRE. Our work con-
firms and extends these findings and reveals that these interactions
are indeed required for the recruitment of AIRE to TRA genes in
chromatin. We focused our analysis on the insulin and KRT14
genes, which are bona fide targets of AIRE in mouse and human
TECs and are induced by AIRE in somatic cells. Nevertheless, we
and others have found that what pertains to these TRA genes is
true for other AIRE-induced genes in cells and in the animal (2).

Thus, we and others addressed the targeting of AIRE to TRA
genes in mTECs. These cells contain low levels of DNA methyl-
ation, which means that promoters are more accessible to TFs
(44). Indeed, unmodified RNAPII is already present on all exam-
ined TRA genes (36, 47). H3K4me0 also predominates on or near

FIG 6 When AIRE is tethered heterologously to DNA, DNA-PKcs is not required for its activation of transcription. (a) Schematic representation of plasmid
effectors and targets. Plasmid effectors are given on the left. From the N terminus, domains of AIRE are the homogenously staining region (HSR); Sp100, Aire-1,
NucP41/75 and DEAF-1 (SAND) domain; and plant homeodomains 1 and 2 (PHD). The hybrid Gal.AIRE protein additionally contains the heterologous Gal4
DNA-binding domain (Gal). The plasmid target is presented on the right. G5Luc contains five GAL binding sites (UAS) and the TATA box (T) upstream of the
luciferase gene (Luc) and polyadenylation signal (pA). (b) Via heterologous DNA tethering, the Gal.AIRE chimera activates a plasmid reporter. The bar graph
presents relative luciferase activities of G5Luc in WT or DNA-PKcs�/� MEFs expressing WT AIRE or hybrid GAL.AIRE proteins as fold activation above the level
of the empty plasmid vector (C). The expression of AIRE and DNA-PKcs proteins was confirmed by Western blotting and is presented below the bar graph.

FIG 7 AIRE interacts with DNA-PKcs, histone H3, and �H2AX in cells. WT
AIRE protein interacts with DNA-PKcs, histone H3, and �H2AX. AIRE was
immunoprecipitated with anti-AIRE antibodies from cells expressing the
empty plasmid vector (C) or the WT AIRE protein (top 4 panels). DNA-PKcs
interacts with the WT AIRE protein in cells. DNA-PKcs was immunoprecipi-
tated with anti-DNA-PKcs antibodies. Western blotting was performed with
specific antibodies (bottom 2 panels). Analyzed proteins are indicated by ar-
rows. The Western blottings of inputs (2% cell lysate) are presented in panels
on the right, and immunoprecipitations (IP) are presented in the panels on the
left.
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these genes (35). With the help of topoisomerase II, DNA breaks
form, chromatin becomes more relaxed, and RNAPII elongates,
albeit poorly. These DNA breaks (12) attract PARP-1 and
DNA-PK (21, 46). DNA breaks are marked by �H2AX. Indeed,
mature mTECs from WT mice have 3- to 4-fold larger popula-
tions of cells expressing high levels of �H2AX than their AIRE�/�

littermates (2). H3K4me0 and DNA-PK recruit AIRE, which
brings P-TEFb to RNAPII (36, 47). P-TEFb modifies RNAPII for
the productive elongation and cotranscriptional processing of
TRA transcripts (38). Multiple P-TEFb molecules are required to
modify RNAPII, and thus the higher-order complexes of AIRE
would be ideally suited for such recruitment (17, 42). P-TEFb also
activates genes at a distance, thus conveying effects of transcrip-
tional enhancers (19, 42), which might well explain the observa-
tion that AIRE-responsive genes occur in clusters (15, 20).

The scenario proposed above is in keeping with recent findings
that the complex consisting of topoisomerase II, PARP-1, and
DNA-PK potentiates the transcriptional activation of a number of
genes in chromatin, e.g., those that respond to steroid hormone
receptors, AP-1 and USF-1 (21, 46). On episomal plasmids, which
contain little chromatin and abundant DNA breaks, DNA-PK is
already present at multiple sites and topoisomerase II and PARP-1
are not required for the transcriptional activation by AIRE. In the
organism, optimal effects of AIRE will then depend on levels of
H3K4me0, DNA breaks, DNA-PK, P-TEFb, and RNAPII at TRA
genes in individual mTECs. Stress, such as that which occurs with
DNA damage, will also release active P-TEFb from its inactive
complex (38). These processes are expected to be stochastic and to
target different TRA genes in individual mTECs. However, the
sum total of these events will ensure that sufficient TRA genes are
transcribed and expressed for the presentation of these self pep-
tides in the context of MHCII determinants to developing T cells.
Central tolerance will ensue, and the organism will be protected
against autoimmunity.
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