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The establishment and maintenance of immune tolerance re-
quires the successful detection and control of self-reactive T 
cells in the thymus and the periphery. In the thymus, med-
ullary thymic epithelial cells (mTECs) play a crucial role in 
this process, presenting a varied repertoire of antigens and 
thereby eliminating self-reactive T cells or driving them to 
a regulatory T cell fate (Derbinski et al., 2001; Malchow et 
al., 2013). Along with ubiquitous self-antigens, mTECs pres-
ent thousands of tissue-specific antigens (TSAs), and expres-
sion of many of these TSAs depends on the Autoimmune 
regulator (Aire) gene (Anderson et al., 2002). Humans and 
mice with mutations in Aire develop an organ-specific au-
toimmune syndrome, underscoring the critical role of Aire 
in immune tolerance (Aaltonen et al., 1997; Nagamine et al., 
1997; Anderson et al., 2002).

Interestingly, Aire expression is highly tissue restricted. It 
is expressed broadly early in embryogenesis but then restricted 
to a subset of mature mTECs and rare extrathymic Aire-ex-
pressing cells (eTACs), a DC-lineage–derived population 
present in secondary lymphoid tissues (Gardner et al., 2008, 
2013). Previous research has demonstrated the importance 
of a few TNF receptor superfamily members, particularly 
Tnfrsf11a (RANK), in the development and maintenance of 

Aire-expressing mTECs (Rossi et al., 2007; Akiyama et al., 
2008; Hikosaka et al., 2008; Khan et al., 2014). Likewise, non-
canonical NF-κB family members, which can be activated 
via RANK signaling, are also essential for the development 
of Aire-expressing mTECs (Heino et al., 2000; Zhu et al., 
2006). Despite this knowledge of factors that help promote 
expression of Aire, the DNA regulatory elements that help 
coordinate this process have not been clearly delineated. We 
sought to identify cis-regulatory elements (CREs) important 
for regulating Aire expression.

In vertebrates, gene regulation involves both proximal 
CREs—the promoter—and distal CREs, including enhancers 
and silencers. The sequences of such elements are often con-
served (Noonan and McCallion, 2010). In addition, several 
epigenetic markers, including p300 binding and the histone 
modification acetylated lysine 27 of histone 3 (H3K27ac), 
often mark active enhancers (Visel et al., 2009; Creyghton 
et al., 2010). Here, we searched for candidate Aire-regulat-
ing elements through the use of both sequence conservation 
and chromatin immunoprecipitation and high-throughput 
sequencing (ChIP-seq). This focused our investigation on a 
highly conserved region ∼3 kb upstream of Aire that is an 
NF-κB-responsive element and is essential for Aire expres-
sion and immune tolerance.

RES​ULTS AND DIS​CUSSI​ON
Identification of candidate Aire cis-regulatory elements
One challenge in identifying distal CREs for a particular gene 
is that they may be located tens or even hundreds of kilobases 
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away. Fortuitously, however, our previously generated Aire re-
porter (Adig) mouse greatly narrowed our search window. 
The Adig mouse shows faithful recapitulation of Aire ex-
pression by means of a bacterial artificial chromosome (BAC) 
transgene in which the RP-23 461E7 BAC was modified 
by replacement of several exons of Aire with an IGRP-GFP 
fusion protein (Fig.  1, A and B; Gardner et al., 2008). This 
indicated that the essential Aire cis-regulatory elements are 
located within the 180-kb span of this BAC.

We used the online tool mVista (Frazer et al., 2004; 
Loots and Ovcharenko, 2004) to align regions homologous 
to the Aire-recapitulating BAC from seven placental mam-
mals; the accompanying RankVista algorithm identified 
CNSs based on this alignment. We compared these CNSs to 
the nonexon conserved elements already identified by the 
PhastCons algorithm, which are publicly available through 
the UCSC Genome Browser (Fig. 1 C). Our attention was 
caught by the sole mVista-identified CNS to overlap with 
PhastCons elements, a region ∼3 kb upstream of Aire that we 
called Aire CNS1 (ACNS1).

Because H3K27ac is enriched at enhancers in the tissues 
in which the enhancers are active (Creyghton et al., 2010), we 
performed anti-H3K27ac ChIP-seq on highly purified GFP+ 
and GFP− mTECs sorted from the Adig (Aire-GFP reporter) 
mouse (Gardner et al., 2008). We also used the Th2-skewed 
T cell line D10 as a non-Aire-expressing control. In both 
mTEC subsets, but not D10 cells, H3K27ac was enriched 
near ACNS1 (Fig. 1 C). H3K27ac is similarly not enriched 
at this site in a diverse set of non-Aire-expressing tissues for 
which ChIP-seq data are publicly available (Fig. 1 C).

CNS1 is an NF-κB–responsive element
We next examined the sequence of ACNS1 and found it con-
tained two highly conserved putative NF-κB binding sites 
(Fig. 2 A). Using electrophoretic mobility shift assays (EMSAs), 
we found binding of p52-FLAG–transfected nuclear lysates to 
ACNS1 (Fig. 2 B). Abrogation of this shift by an excess of WT 
but not mutant ACNS1 probe and supershift in the presence 
of anti-FLAG antibody demonstrate the specificity of this in-
teraction. p52 is the active form of p100, encoded by Nfkb2, 
which is essential for the normal generation of Aire-express-
ing mTECs (Zhu et al., 2006). We then investigated whether 
ACNS1 can enhance transcription in an NF-κB-dependent 
manner. We inserted ACNS1 into a thymidine kinase minimal 
promoter (TK) β-galactosidase (β-gal) reporter plasmid and 
transfected this into 293T cells with or without p52 and RelB. 
We found substantial β-gal expression only when ACNS1 was 
present and p52 and RelB were co-transfected (Fig. 2 C). We 
also mutated each NF-κB–binding site alone or in combination 
and found that each site had an equal and approximately addi-
tive effect on reporter expression (Fig. 2 D). The finding that 
ACNS1 can act as an enhancer in response to transcription fac-
tors known to be critical in mTECs, together with its sequence 
conservation and the nearby H3K27ac accumulation, encour-
aged our hypothesis that ACNS1 regulates Aire expression.

A small region upstream of Aire can support  
Aire-recapitulating expression
We began in vivo functional assays by creating a small trans-
gene, consisting of ∼4.3 kb of sequence present immedi-
ately upstream of Aire, followed by an IGRP–GFP fusion 
protein cassette (the A4dig mouse; Fig. 3 A). We generated 
eight founders, six of which we analyzed at the F0 generation 
and two at F1 and later. We found four lines had variegated 
thymic GFP expression (the other four had no thymic GFP 
expression). Remarkably, in all four cases, this expression was 
restricted solely to Aire+ mTECs (Fig. 3, B and C). However, 
unlike in the BAC reporter mouse, only a minority of Aire+ 
mTECs were GFP+. In addition, there were no GFP+ eTACs 
in any of the A4dig lines (Fig. 3 D). The frequency of GFP+ 
cells did not significantly correlate with transgene copy num-
ber (unpublished data).

Although the frequency of reporter-expressing mTECs 
in these A4dig mice was far lower than that seen in our stan-
dard Adig reporter mouse, the MFI of GFP in GFP+ cells was 
similar (Fig. 3 B). This suggests a stochastic process in which 
robust transgene expression occurs once a particular regulatory 
threshold is cleared. This sort of specific, variegated expression 
has been observed in other transgenes—and, in fact, in en-
dogenous genes upon deletion of certain regulatory regions 
(Ronai et al., 1999). As such, we interpret the inconsistency 
of transgene expression in the A4dig mouse as indicating that 
the A4dig transgene lacks one or more important regulatory 
elements, located elsewhere in the Aire-recapitulating BAC, 
which normally stabilize expression. We were nevertheless 
struck by how this relatively small transgene was able to pro-
duce a highly specific pattern of expression, restricted even to 
the point of not being expressed in Aire− mTECs.

ACNS1 is necessary for Aire expression
We also investigated whether ACNS1 is required for Aire ex-
pression. To do so, we took advantage of the recently devel-
oped genome editing technology CRI​SPR-Cas9 (Ran et al., 
2013). A single guide RNA is usually sufficient to knock out 
a coding gene via a frameshift and the resulting premature 
stop codon. As noncoding functional elements are relatively 
more resistant to small alterations, we sought to delete all of 
ACNS1, as well as some flanking sequence (Fig. 4 A). Two 
guide RNAs and Cas9 mRNA were injected into fertilized 
B6 oocytes. The resulting pups were screened by PCR and 
Sanger sequenced. We found that approximately one in seven 
pups had the desired deletion, in each case in heterozygos-
ity (unpublished data).

In contrast to WT mice, in which ∼45% of mTECs are 
Aire+, in ACNS1−/− mice there is a complete absence of Aire+ 
mTECs (Fig. 4, B and D). Quantitative RT-PCR analysis of 
RNA from FACS-isolated mTECs showed a large decrease in 
expression of Aire (Fig. 4 E). We also observed far fewer Aire+ 
cells in lymph nodes (Fig. 4, G and H). Together, these results 
demonstrate that ACNS1 is essential for Aire expression in 
both the thymus and secondary lymphoid tissues.
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Figure 1.  Identification of candidate Aire cis-regulatory elements. (A) Schematic of Adig transgene: IGRP-GFP cassette replaces the coding portion 
of Aire exon 1, all of exon 2, and part of exon 3 in the RP23 461E7 BAC. (B) Immunofluorescent staining of GFP (green) and Aire (red) in frozen sections 
from Adig mice. Bars, 50 µm. (C) Alignment of conservation and ChIP-seq for the region spanned by the 461E7 BAC. The top three rows show unique reads 
from H3K27ac ChIP-seq of GFP+ and GFP− mTECs from Adig mice and the D10 T cell line. Below are selected H3K27ac ENC​ODE/LICR signal tracks, via UCSC 
Genome Browser: (top to bottom) brain, bone marrow, brown adipose tissue, heart, kidney, limb, liver, placenta, small intestine, spleen, testis, and thymus. 
These tracks, aligned to the mm9 genome, are juxtaposed here with H3K27ac reads aligned to mm10, as this 180-kb region differs between mm9 and mm10 
at a nucleotide. Below are PhastCons placental mammal track and the RepeatMasker track from UCSC Genome Browser, Refseq genes, conserved noncoding 
sequences (P < 0.01) identified using mVista, and nonexon PhastCons conserved elements. The expanded region below shows a particular mVista-identified 
CNS and three PhastCons elements and H3K27ac ChIP-seq. H3K27ac mTEC tracks are representative of three samples, each composed of pooled mTECs from 
6–12 mice, analyzed in the same ChIP-seq experiment as the D10 sample.
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In addition, we observed that a larger proportion of 
mTECs in ACNS1−/− mice are MHChi (Fig. 4 F). We also 
found that there were fewer cytokeratin 10 (K10)–expressing 
cells in the thymi of ACNS1−/− mice (Fig. 4 I). K10 expres-
sion is enriched in mature, post-Aire, involucrin+ mTECs 
(White et al., 2010). This result suggests that in the absence 
of ACNS1, maturation of mTECs from MHC-IIhi Aire+ to 
MHC-IIlo Aire− K10+ cells is impaired, a finding consistent 
with observation of this defect in Aire−/− mice (Wang et al., 
2012; and unpublished data). In contrast to these changes in 
mTEC subset frequencies, we did not see a difference in the 
frequency of cTECs in ACNS1−/− mice (unpublished data).

When screening the CRI​SPR-targeted pups, we no-
ticed one founder with a smaller, partially overlapping de-
letion that spares the conserved mVista-identified and 
overlapping PhastCons elements (Fig. 4 J). Mice homozygous 
for this ACNS1-adjacent deletion had the same frequency of 
Aire+ mTECs as WT mice (Fig.  4  K), implying that the 

essential regulatory region is smaller than the 269-bp region 
deleted in the ACNS1−/− mice.

CRI​SPR-Cas9–mediated genome editing carries the 
risk of undesired off-target mutations (Fu et al., 2013), raising 
the possibility that the observed phenotype is not a result of 
deletion of ACNS1. We took a few approaches to address this 
concern. First, analyses were performed on mice that were 
at least two generations removed from the founder. Given 
that mice used in breeding in each generation were chosen 
based on their ACNS1 genotype, it is unlikely that many of 
the analyzed ACNS1−/− mice would also be homozygous for 
another CRI​SPR-induced mutation unless it was strongly 
linked to ACNS1. Second, we found that mice homozygous 
for a second independently generated ACNS1 deletion, as 
well as compound heterozygotes bearing one copy of each of 
these two ACNS1 deletion alleles also lacked Aire+ mTECs 
(unpublished data). Finally, we crossed ACNS1+/− mice with 
traditionally targeted Aire+/− mice, in which deletion of exon 

Figure 2.  ACNS1 is an NF-κB-responsive element. (A) Comparison of consensus ACNS1 sequence to κB sequence motif. (B) EMSA using nuclear lysates 
from 293T cells transfected with p52-FLAG, incubated with biotinylated ACNS1 probe. Untagged WT and mutant probes (first, second, or both κB sites, 
respectively), and anti-FLAG antibody included in specified lanes. (C) Relative luminescence after chemiluminescent detection of β-gal in cellular lysates of 
293T cells 48 h after transfection with TK-β-gal or CNS1-TK-β-gal plasmid ± RelB-FLAG and p52-FLAG. (D) Relative luminescence after chemiluminescent 
detection of β-gal in cellular lysates of 293T cells, 48 h after transfection with RelB-FLAG and p52-FLAG and WT or mutated CNS1-TK-β-gal. In C and D, 
normalized for transfection efficiency using pRL-CMV. All data are representative of at least three independent experiments. Statistical analysis using Stu-
dent’s t test: ns, not significant; *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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2 of Aire leads to a premature stop codon (Anderson et al., 
2002), to generate compound heterozygous AireΔAC​NS1/Δexon2 
mice. Again, there were no Aire+ cells in these mice, which 
lacked ACNS1 on one chromosome and lacked exon 2 of Aire 
on the other chromosome (Fig. 4 L). Collectively, these re-
sults argue that deletion of ACNS1, and not an off-target mu-
tation, is responsible for the observed loss of Aire expression.

Loss of ACNS1 leads to spontaneous autoimmunity
Consistent with their lack of Aire expression, we observed 
that ACNS1−/− mice develop spontaneous autoimmu-
nity. Histological examination showed mononuclear infil-
trates in lacrimal and salivary glands and retinal destruction 
in ACNS1−/− mice (Fig.  5, A and B). Funduscopic exam-
ination similarly revealed retinopathy in 10–15-wk-old 

ACNS1−/− mice (Fig. 5 C). In the absence of Aire, decreased 
expression of TSAs allows for the escape of T cells specific 
for these antigens, leading to autoimmunity (DeVoss et al., 
2006). Quantitative RT-PCR of sorted mTECs revealed that 
ACNS1−/− mice showed substantially decreased expression of 
Aire-dependent, but not Aire-independent, TSAs (Fig. 4 E). 
Consistent with this decrease in TSA expression, ACNS1−/− 
mice show loss of tolerance to the Aire-dependent TSA 
IRBP (Rbp3); loss of thymic expression of this antigen in 
Aire−/− mice permits escape of IRBP-reactive T cells and 
leads to autoimmune retinitis (DeVoss et al., 2006). Specifi-
cally, after immunization with P2, an IRBP-derived peptide, 
ACNS1−/− mice had more P2-specific T cells compared with 
WT mice (Fig.  5 D). Also, at 10 wk of age, approximately 
one-third of ACNS1−/− mice had spontaneously generated 
autoantibodies against IRBP (Fig. 5 E), with an exact cor-
respondence between the presence of autoantibodies at 10 
wk of age and retinal damage, as determined by histology, 
at 14–16 wk of age. In sum, these results demonstrate that 
ACNS1−/− mice develop spontaneous autoimmunity in a 
similar pattern and penetrance to other Aire-deficient mice 
in the relatively autoimmune-resistant C57BL/6 background 
(Su et al., 2008; Hubert et al., 2009).

In conclusion, we have identified a DNA element es-
sential for immune tolerance, the first distal CRE known 
to regulate Aire. This element, ACNS1, is highly conserved 
across placental mammals. Consistent with its role in regu-
lating Aire, it is flanked by chromatin enriched in H3K27ac 
in mTECs, and deletion of endogenous ACNS1 led to abro-
gation of Aire expression, decreased TSA transcription, and 
spontaneous autoimmune disease.

In addition, ACNS1 is NF-κB responsive, suggesting that 
there may be a direct link between NF-κB and Aire expres-
sion through this regulatory element, building on previous re-
search on the role of noncanonical NF-κB in Aire-expressing 
mTECs. NF-κB is active in a variety of cell types, nearly all of 
which do not express Aire. Consequently, additional factors 
must be necessary for the induction of Aire expression. The 
identity of these additional factors and whether they bind at 
ACNS1 or elsewhere remain important and open questions. 
Furthermore, additional research is needed to identify other 
distal Aire CREs. We argue that the variegated GFP expres-
sion in mTECs of A4dig mice suggests that such additional 
elements do exist. Furthermore, the lack of GFP expression 
in eTACs of A4dig mice may reflect differences in the mech-
anism of cis-regulation of Aire in mTECs and eTACs.

Although on a population level, Aire induces the ex-
pression of thousands of genes, in a given cell only a lim-
ited set of these genes is induced, such that any given TSA 
is only expressed in a small percentage of mTECs (Pinto et 
al., 2013). It follows that the regulatory region of the A4dig 
transgene might be able to support sufficient expression of 
a given antigen to permit effective negative selection and 
thereby serve as the basis for targeted induction of anti-
gen-specific tolerance in vivo. 

Figure 3.  A small transgene is able to reproduce the cell type spec-
ificity of Aire expression. (A) Schematic of A4dig transgene: 4.3-kb re-
gion extending upstream from the translation start site of Aire followed 
by an IGRP-GFP cassette. (B) Flow cytometry of mTECs, showing frequency 
(%) of GFP+ cells in Adig, A4dig, and WT mice. (C) Immunofluorescent 
staining of frozen thymic sections, with staining for GFP (green) and Aire 
(red). Bars, 50 µm. (D) Flow cytometry of eTACs showing frequency (%) of 
GFP+ cells in Adig, A4dig, and WT mice. Data in B and D are representative 
of eight distinct A4dig founder lines analyzed across three experiments. 
Data in C are representative of two independent experiments with two to 
three mice per genotype.
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Figure 4.  ACNS1 is required for Aire expression. (A) Schematic of the CRI​SPR-Cas9–mediated germline deletion of ACNS1. Arrows show the sites 
targeted by guide RNAs. (B) Flow cytometry of mTECs, showing frequency (%) of Aire+ cells. Bar graph (right) shows mean ± SD frequencies of Aire+ cells 
among mTECs from WT, ACNS1+/−, and ACNS1−/− mice. (C) Gel electrophoresis of products from ACNS1 genotyping PCR. Broad upper band is consistently 
seen in heterozygotes. (D) Immunofluorescent staining for cytokeratin-5 (red) and Aire (green) in frozen thymic sections from WT and ACNS1−/− mice. Bars, 
50 µm. (E) Quantitative PCR analysis of Aire and select TSA genes, comparing RNA from WT and ACNS1−/− mTECs, showing mean ± SD (technical replicates), 
normalized to Actb. (F) Bar graph shows mean ± SD frequencies of MHChi cells among mTECs from WT, ACNS1+/−, and ACNS1−/− mice. (G) Immunofluores-
cent staining for Aire (green) with DAPI counterstain in frozen lymph node sections from WT and ACNS1−/− mice. Bars, 25 µm. Inset in WT image shows Aire+ 
cell indicated by arrowhead. (H) Graph summarizes the results in G, showing the number of Aire+ cells observed in 80 lymph node sections from WT and 
ACNS1−/− mice. (I) Immunofluorescent staining for cytokeratin-5 (green) and cytokeratin-10 (red) in frozen thymic sections from WT and ACNS1−/− mice. 
Bars, 250 µm. (J) Schematic showing ACNS1adjacent deletion and ACNS1 deletion. (K) Flow cytometry of mTECs, showing frequency (%) of Aire+ cells. Bar 
graph (right) shows mean ± SD frequencies of Aire+ cells among mTECs from WT and ACNS1adjacent−/− mice. (L) Flow cytometry of mTECs, showing fre-
quency (%) of Aire+ cells. Bar graph (right) shows mean ± SD frequencies of Aire+ cells among mTECs from WT and AireΔAC​NS1/Δexon2 (compound heterozygote) 
mice. Data in B, F, K, and L each summarize three independent experiments with one or more mice per group and totaling at least five mice per group. Data 
in E are representative of two independent experiments with three replicates each. Data in D and G are representative of two independent experiments with 
at least three mice per group. Data in I are representative of two independent experiments with at least two mice per group. B, K, and L were analyzed by 
Student’s t test, and H was analyzed by Garwood method of Poisson distribution confidence interval: ns, not significant; *, P < 0.05; and ****, P < 0.0001.
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Finally, our results here also imply that some patients 
may develop autoimmunity through a genetic defect whereby 
ACNS1 is deleted. Indeed, some patients with the clinical fea-
tures of APS1 have been described without identifiable coding 
mutations (Owen and Cheetham, 2009) and further investi-
gation of this particular noncoding element is warranted.

MAT​ERIALS AND MET​HODS
Mice.� C57BL/6.Adig mice were generated as previously 
described (Gardner et al., 2008). FVB.A4dig mice were 
generated by modification of the JDL​NL targeting construct 
used to generated Adig mice (Gardner et al., 2008). MluI and 
PvuI sites were inserted immediately upstream of the 5′ Aire 

homology region in JDL​NL using standard cloning methods. 
Then, a short homology region corresponding to mm9​:chr10​
:77510085​-77510611 (− strand) was cloned using PCR and 
inserted at the MluI site using InFusion (Takara Bio Inc.), 
adding a SalI site at the 3′ end. The resulting plasmid was 
linearized with SalI and underwent recombineering-based 
gap repair in which the plasmid was electroporated into heat-
induced SW105 bacteria already transformed with the Adig 
BAC, followed by kanamycin selection, and then plasmid 
isolation and sequencing. The resulting A4dig plasmid was 
isolated using Plasmid Maxi kit (QIA​GEN), digested with 
PvuI to separate the transgene (Fig. 3 A) from the plasmid 
backbone, purified by gel electrophoresis and QIAquick Gel 

Figure 5.  Mice lacking ACNS1 develop spontaneous autoimmunity. (A) Representative hematoxylin and eosin–stained retinal, salivary, and lacrimal 
sections from 14–16-wk-old WT and ACNS1−/− mice; arrows indicate mononuclear infiltrates. Bars, 100 µm. Graphs (right) show disease severity scoring for 
each tissue; each dot is a single mouse and short horizontal lines show the means. (B) Correlation of four manifestations of autoimmunity in a cohort of WT 
and ACNS1−/− mice. (C) Representative funduscopic images of retinas of 10–15-wk-old WT and ACNS1−/− mice. Graph summarizes the incidence of retinop-
athy in each genotype. (D) WT, ACNS1−/−, and Aire−/− mice, the last serving as a positive control, were immunized with the IRBP P2 peptide and lymph nodes 
and spleen harvested 9–10 d later for P2-I-Ab tetramer-based quantitation of P2-specific T cells. Each dot on the graph represents an individual mouse, the 
short horizontal lines show the means, and the dotted line represents the limit of detection. (E) Radioligand binding assay of anti-IRBP antibodies in sera 
collected from 10-wk-old WT and ACNS1−/− mice. Autoantibody index of 1 is defined using a sample with 367 µg/ml of polyclonal rabbit anti-IRBP antibody. 
Data in A are from two independent cohorts, each with six WT and six ACNS1−/− mice; B summarizes one of these cohorts. Data in C are pooled from several 
experiments, totaling 22 WT and 8 ACNS1−/− mice. Data in D are representative of two independent experiments, each with four WT, four ACNS1−/−, and 
two Aire−/− mice. Data in E are pooled from three experiments, totaling 7 WT and 11 ACNS1−/− mice. A and D were analyzed by Mann-Whitney rank-sum 
testing and C was analyzed by χ2 test: ns, not significant; *, P < 0.05; and ****, P < 0.0001.
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Extraction kit (QIA​GEN), followed by QIAquick PCR 
Purification kit (QIA​GEN), and injected into fertilized 
FVB/N oocytes by the UCSF Laboratory Animal Resource 
Center. C57BL/6.ACNS1−/− mice were created by CRI​
SPR-Cas9-mediated deletion in fertilized oocytes. More 
specifically, the online tool designed by the laboratory of F. 
Zhang (Massachusetts Institute of Technology, Cambridge, 
MA) was used to identify candidate guide RNA sequences 
with a low predicted incidence of off-target mutations. These 
candidates were cloned by a previously described method 
(Ran et al., 2013) into pX330-U6-Chimeric_BB-CBh-
hSpCas9, which was a gift from F. Zhang (plasmid #42230; 
Addgene). These candidate guide RNAs were then tested at 
the UCSF ES Cell Targeting Core by transfecting into ES 
cells and assessing cutting activity using Cel1-based surveyor 
assays. Guide RNAs and Cas9 mRNA were in vitro 
transcribed, isolated, and injected into cytoplasm of fertilized 
C57BL/6 oocytes at either 50 ng/µl Cas9 and 20 ng/µl each 
guide RNA or 25 ng/µl Cas9 and 10 ng/µl guide RNAs—
both resulted in pups with the desired deletion. All animals 
were housed and bred in specific pathogen–free conditions at 
UCSF. All experiments were approved by the Institutional 
Animal Care and Use Committee of UCSF.

ChIP-seq.� ChIP was performed as previously described (Seu-
mois et al., 2014). In brief, cells were fixed with 1% formalde-
hyde, washed, snap frozen, and stored at −80°C. Frozen 
samples were lysed and chromatin was sheared by sonication, 
using a Bioruptor (Diagenode) to yield 100–500 bp frag-
ments. Chromatin was diluted, incubated overnight with pro-
tein A–coated magnetic beads (Invitrogen) precoated with 
anti-H3K27ac antibody (Abcam; Ab4729). Beads underwent 
a series of washes. Chromatin was then eluted, treated with 
RNase and proteinase K, and purified by affinity column 
(Zymo Research). Whole-genome amplification of DNA was 
performed using WGA-SEQX (Sigma-Aldrich). Sequencing 
library was prepared and the samples were sequenced using 
Illumina Hi-Seq. Sequencing data were processed, mapped, 
and analyzed as previously described (Seumois et al., 2014). 
Data have been deposited in the Gene Expression Omnibus 
database under accession no. GSE74257. 

Quantitative PCR.� RNA was isolated from sorted mTECs 
using RNeasy Plus Micro kit (QIA​GEN) and reverse tran-
scribed using oligo-dT primers and the SuperScript III kit 
(Life Technologies). TaqMan gene expression assays (Applied 
Biosystems) were used for all targets. Quantitative PCR was 
performed using 7500 Fast Real-Time PCR System (Ap-
plied Biosystems). Transcript abundance was normalized to 
Actb and analyzed using the ΔΔCt method.

Electrophoretic mobility shift assay.� 293T cells were cul-
tured in high-glucose DMEM, 10% heat-inactivated FCS, 
and penicillin/streptomycin, at 37°C, 10% CO2. 293T cells 
were transfected with p52-FLAG using Trans-IT 293 (Mirus). 

After 24 h, cells were collected and nuclear extracts were pre-
pared using NE-PER kit (Thermo Fisher Scientific). Nuclear 
extract protein concentration was determined using BCA 
Protein Assay kit (Thermo Fisher Scientific). p52-FLAG 
pcDNA3 was a gift from S. Smale (University of Califor-
nia Los Angeles, Los Angeles, CA; Addgene plasmid #20019). 
EMSAs were performed using LightShift kit (Thermo Fisher 
Scientific). Binding reactions contained 5 µg of nuclear ex-
tract, 10 nM biotinylated probe, 2 µM unlabeled probe, and 1 µg 
anti-FLAG (M2 clone; Sigma-Aldrich). Binding reactions 
were electrophoresed on 6% DNA Retardation Gels (Invitro-
gen) and transferred to Biodyne B nylon membrane (Thermo 
Fisher Scientific). DNA was cross-linked using UV light and 
detected using the Chemiluminescent Nucleic Acid Detec-
tion Module (Thermo Fisher Scientific). Probes were ordered 
from IDT. Probe sequences were as follows: WT-CNS1-F: 
5′-(biotin)-AAT​TTTGG​ACTTT​CCATC​ACACG​TGGGG​
GTTTC​CGTGAC-3′, WT-CNS1-R: 5′-GTC​ACGGA​
AACCC​CCACG​TGTGA​TGGAA​AGTCC​AAAATT-3′, 
mut1-CNS1-F: 5′-AAT​TTCTC​ACTTT​CCATC​ACACG​
TGGGG​GTTTC​CGTGAC-3′, mut1-CNS1-R: 5′-GTC​
ACGGA​AACCC​CCACG​TGTGA​TGGAA​AGTGA​
GAAATT-3′, mut2-CNS1-F: 5′-AAT​TTTGG​ACTTT​
CCATC​ACACG​TCTCG​GTTTC​CGTGAC-3′, mut2-
CNS1-R: 5′-GTC​ACGGA​AACCG​AGACG​TGTGA​
TGGAA​AGTCC​AAAATT-3′, mut1+2-CNS1-F: 5′-
AAT​TTCTC​ACTTT​CCATC​ACACG​TCTCG​GTTTC​
CGTGAC-3′, and mut1+2-CNS1-R: 5′-GTC​ACGGA​
AACCG​AGACG​TGTGA​TGGAA​AGTGA​GAAATT-3′.

In vitro reporter assays.� TK-β-gal was a gift from B.L. Black 
(University of California San Francisco, San Francisco, CA). 
ACNS1 sequence (mm9, chr10​:77509283​-77509327) or 
ACNS1 with mutated kB sites (same mutations as in EMSA 
probes) was cloned into Kpn-linearized plasmid using 
standard cloning methods. p52-FLAG pcDNA3 was a gift 
from S. Smale (plasmid #20019; Addgene). RelB-FLAG 
pcDNA was also a gift from S. Smale (plasmid #20017; 
Addgene). pRL-CMV was purchased from Promega. 293T 
cells were cultured in high-glucose DMEM, 10% heat-
inactivated FCS, and penicillin/streptomycin, at 37°C, 10% 
CO2. 293T cells in 24-well-plates were transfected with 12.5 
ng pRL-CMV and 250 ng of β-gal, p52, and RelB plasmids 
using Trans-IT 293 (Mirus). After 48  h, cells were briefly 
washed and lysed per Renilla Luciferase Assay System 
(Promega). Samples were then aliquoted and analyzed for 
Renilla luciferase using Renilla Luciferase Assay System and 
for β-gal activity using Luminescent β-galactosidase Detection 
kit II (Takara Bio Inc.) and luminescence measured using 
Victor2 1420 Multilabel Counter (PerkinElmer). In each 
experiment, all conditions were performed in triplicate.

Flow cytometry.� mTECs and eTACs were isolated as pre-
viously described (Gardner et al., 2008). In brief, thymi or 
peripheral lymph nodes and spleens were isolated, minced, 
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and digested with DNase I and Liberase TM (Roche) before 
centrifugation on a gradient of Percoll PLUS (GE Health-
care). The enriched stromal cells were stained with the an-
tibodies against the surface markers indicated in the figure 
legends (BioLegend). For intracellular staining, cells were 
fixed using Foxp3 Staining Buffer kit (eBioscience) and 
stained with anti-Aire (clone 5H12; and eBioscience). Data 
were collected using an LSR​II flow cytometer (BD) and an-
alyzed using FAC​SDiva (BD) and FlowJo (Tree Star). Cell 
sorting was performed using a FACS Aria III (BD). mTECs 
were gated as DAPI−, CD45−, EpCAM+, MHC-II+, Ly51−, 
cTECs were gated as DAPI−, CD45−, EpCAM+, MHC-II+, 
Ly51+; and eTACs were gated as DAPI−, CD45int, MHC-
IIhi, EpCAM+, and CD86−.

IRBP P2 peptide immunization and tetramer analysis.� Mice 
were immunized with 100 µg P2 peptide (IRBP, aa 271–290), 
emulsified in complete Freund’s adjuvant, subcutaneously at 
the chest. Tetramer analysis was performed 9–10 d after im-
munization on pooled axillary and cervical lymph nodes and 
spleen using P2-I-Ab tetramer, as described previously (Tani-
guchi et al., 2012). The tetramer was generated by the Na-
tional Institutes of Health Tetramer Core Facility. Limit of 
detection was defined as the mean + 3 SD of the number of 
P2 tetramer-staining CD8+ T cells observed.

Immunofluorescence.� For data in Fig. 4  I, thymi were har-
vested, fixed in 2% PFA, dehydrated in 30% sucrose in PBS, 
embedded in OCT, and frozen. 25-µm sections were perme-
abilized in 0.3% Triton X-100, 0.2% BSA, and 0.1% sodium 
azide in PBS, blocked with BlockAid (Life Technologies), and 
stained by rabbit polyclonal to cytokeratin 10 (Abcam), goat 
anti–rabbit conjugated with A546 (Life Technologies), fixed 
with 0.5% PFA, and stained rabbit monoclonal against cyto-
keratin 5 directly conjugated to A488 (Abcam). Immunoflu-
orescent slides were imaged using SP5 confocal microscope 
(Leica). Images are maximum projections of 25-µm z-stacks. 
For other immunofluorescence data, thymi and lymph nodes 
were harvested and embedded into OCT media (Tissue-Tek) 
and frozen. 8-µm sections were fixed in 1:1 acetone/metha-
nol, blocked with 10% normal goat serum, and stained with 
antibodies against cytokeratin-5 (Abcam), GFP (Invitrogen), 
or Aire (clone 5H12; eBioscience), followed by goat second-
ary conjugated with A488 or A594 (Life Technologies). Im-
munofluorescent slides were imaged using an Axio Imager 
M2 widefield fluorescence microscope (Carl Zeiss) with 
CoolSnap HQ2 camera (Photometrics). Images were ana-
lyzed using ImageJ (National Institutes of Health).

Histology.� Eyes, lacrimal glands, and salivary glands were har-
vested and fixed overnight with formalin, transferred to 30% 
ethanol for 30 min, and stored long-term in 70% ethanol. 
Tissues were embedded in paraffin, sectioned, and stained 
with hematoxylin and eosin by the UCSF Mouse Pathology 
Core. Lacrimal and salivary glands were scored by an observer 

blinded to sample identity using the following criteria: 0, no 
infiltrate; 0.5, trace infiltrate; 1, minor infiltrate; 2, moderate 
infiltrate; 3, severe infiltrate; 4, complete tissue destruction. 
Retinas were scored by an observer blinded to sample iden-
tity using the following criteria: 0, no lesion; 1, loss of <50% 
of photoreceptor layer; 2, loss of >50% of photoreceptor layer; 
3, loss of >50% of photoreceptor layer and loss of <50% of 
the outer nuclear layer; 4, loss of >50% of photoreceptor layer 
and >50% of outer nuclear layer.

Radioligand binding assay.� Murine IRBP cDNA was in 
vitro transcribed and translated with [35S] labeling, and as-
says were performed as described (Shum et al., 2009). Au-
toantibody index was calculated as [cpm sample – cpm 
negative control]/[cpm positive standard – cpm negative 
control]. Polyclonal rabbit anti-IRBP (Proteintech) was used 
as the positive standard. Samples were positive if 3 SD above 
the mean for the WT mice.

Statistical analysis.� Statistical analysis was performed using 
Prism 6.0 (GraphPad Software). Tetramer analysis and histol-
ogy scoring were analyzed by Mann-Whitney rank-sum test-
ing, mTEC flow cytometry and in vitro reporter assays were 
analyzed by Student’s t test, retinopathy incidence was ana-
lyzed by χ2 test, and eTAC quantitation was analyzed by Gar-
wood method of Poisson distribution confidence interval 
calculation; Ns, not significant; *, P < 0.05; **, P < 0.01; ***, 
P < 0.001; and ****, P < 0.0001.
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