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The cis-Regulation of Aire Expression

Taylor N. LaFlam

Abstract

Immune self-tolerance, the absence of an immune response against the body, is an active
process involving several complementary mechanisms. The autoimmune regulator gene (Aire)
plays a critical role in this process by inducing the expression of a diverse set of tissue-specific
antigens (TSAs) in medullary thymic epithelial cells (nTECs). These TSAs are presented and
help eliminate or control self-reactive thymocytes. The expression of Aire is highly restricted,
occurring in adults only in mTECs and extrathymic Aire-expressing cells (eTACs), which are
found in secondary lymphoid tissues. How this specific pattern of expression is achieved has
remained unclear. Although RANK and non-canonical NF-xB signaling are known to be
important for the development and maintenance of Aire-expressing mTECs, the cis-regulation of
Aire is poorly understood. We aimed to discover distal cis-regulatory elements that control Aire.
Here, we identify a conserved DNA element that is essential for Aire expression. We find
enrichment of enhancer-associated histone marks near this element, which we call ACNS1 and
show to be NF-kB-responsive. We demonstrate that a 4.3-kb region, which includes ACNS1 and
the Aire promoter, is sufficient to recapitulate the cell-type specificity of Aire expression. We
show that ACNSL1 is essential for Aire expression in mTECs and eTACSs in vivo and is required
to prevent spontaneous autoimmunity. We also observe that Aire and Dnmt3l are co-expressed
and that ACNSL1 is necessary for thymic Dnmt3l expression. Finally, we present preliminary
evidence for additional Aire cis-regulatory elements. Together, these findings further our
understanding of the control of immune tolerance and may lead to improvements in the diagnosis

and treatment of autoimmune disease.
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Chapter 1: Immune Tolerance and Aire

I'NQOI ZEAYTON
"KNOW THYSELF"

-inscribed at the ancient Temple of Apollo at Delphi

Overview:

We begin with a brief discussion of immunity, focusing on how the immune system
distinguishes self from non-self and on general mechanisms of immune tolerance. We next
summarize previous research on the autoimmune regulator (Aire) gene, including its discovery,
role in immune tolerance, pattern of expression, and mechanisms of action. We close by

introducing the central topic of this dissertation, the transcriptional regulation of Aire.

Immunity:

Life is an ongoing struggle against disorder. Organisms face the never-ending challenges
of obtaining enough energy, avoiding or enduring environmental hazards, and finding a mate. To
this, add the difficulty of hostile neighbors.

Since soon after they arose, organisms have faced the threat of other living things seeking
to survive at their expense. When these attackers are large and try to kill quickly, we call them
predators; when they are small and seek to take life bit by bit, we call them parasites or
pathogens. Only those living things that evolved ways to recognize and combat these invaders

survived. Eventually, in some multicellular organisms, these systems also came to be used to



fight the dangers that arise within, eliminating dead and cancerous cells. Today, members of all
kingdoms of life are equipped with immunity in one form or another. These range from the
various tools bacteria use against bacteriophages—such as restriction enzymes to chop up
invading viral genomes (1)—to the elaborate network of cells and extracellular molecules found
in vertebrates (2). Given that recent research has revealed great complexity in the immune
systems of various phyla of invertebrates (3,4), the idea that mammals have the ne plus ultra of
immune systems is somewhat overstated. Nevertheless, the vertebrate immune system possesses
a particular DNA-rearranging mechanism that is both critical to immune function and
foundational to the profound biological need for the gene at the heart of this dissertation.

A critical aspect of immunity in all cases is the ability to distinguish the self from the
non-self, to know what to protect and what to reject. In vertebrates, such means of recognition
can be divided into two major groups, aligning with the separation of the immune system as a
whole into innate and adaptive immunity—a convenient if sometimes criticized framework (5).
Recognizing non-self in the innate immune system depends on use of invariant, germline-
encoded pattern recognition receptors (PRRs), which include the toll-like receptors, C-type lectin
receptors, NOD-like receptors, and RIG-I-like receptors (6). These receptors recognize
widespread, structurally conserved molecules, such as lipopolysaccharide, flagellin, and single-
stranded RNA. Collectively, these PRR ligands are traditionally called pathogen-associated
molecular patterns, though they would be more accurately described as simply microbe-
associated molecular patterns because they are not restricted to pathogenic organisms. Some of
these receptors also help direct the immune system to distressed, dying, or abnormal cells by
detecting what are termed damage-associated molecular patterns (7). The ubiquity and

conservation of microbe-associated molecular patterns allows a rather limited repertoire of PRRS



to be effective. An intricate network of factors regulates innate immunity, resulting in, for
example, appropriately differential responses to a pathogenic bacterium and a commensal
bacterium, each of which expresses components recognized by PRRs (8).

The innate immune system, equipped with these PRRs, acts as the first line of protection.
It begins with the epithelial barriers of the skin and mucosa. It includes a variety of
hematopoietic cells, including neutrophils, monocytes, macrophages, eosinophils, basophils,
dendritic cells (DCs), and natural killer (NK) cells. It also includes secreted proteins, such as
complement and a-defensins, which act to both detect and damage pathogens. The innate
immune system is able to successfully control many infections. Indeed, the importance of this
aspect of the innate immune system has been underlined by the discovery that certain
immunodeficiency syndromes are caused by mutations in genes encoding innate immunity
effector molecules. For example, defects in NADPH oxidase lead to chronic granulomatous
disease, which is characterized by severe, recurrent fungal and bacterial infections (9). Some
pathogens, however, are able to evade or overwhelm the innate immune system. As such, another
important role for the innate immune system is to initiate and guide the response of the adaptive
immune system. (The adaptive immune system can in turn stimulate and shape the innate
immune response.)

The adaptive immune system of jawed vertebrates (gnathostomes) includes two major
types of cells: B lymphocytes (or simply B cells) and T lymphocytes (T cells). Both cell lineages
are characterized by expression of antigen receptors, which are membrane-bound proteins
composed of immunoglobulin domains and whose expression depends on a process of somatic
DNA rearrangement called V(D)J recombination. These antigen receptors are called, intuitively

if uncreatively, the B cell receptor (BCR) and the T cell receptor (TCR). The lymphocytes of



jawless vertebrates (agnathans), such as the lamprey, also have antigen receptors, though they
evolved independently and are made up of leucine-rich-repeat domains assembled by a different
mechanism of DNA recombination (10). The presence of T- and B-like lymphocytes in both
jawed and jawless vertebrates indicates that these cell lineages preceded the evolution of antigen
receptors.

Each of these lineages has distinct roles. B cells are the agents of humoral immunity--that
is, immunity mediated by the actions of antibodies present in the fluids (i.e., humors) of the
body; antibodies are secreted forms of the BCR. T cells, in contrast, effect cell-mediated
immunity. This includes the actions of cytolytic (killer) T cells in eliminating damaged and
virally infected cells, as well as the actions of helper T cells, which facilitate the activities of
several types of immune cells, including B cells, other T cells, and macrophages. The defining
characteristics of the adaptive immune system are the antigen specificity of the response,
discussed more below, and the generation of immunologic memory, in which the adaptive
immune system reacts more quickly and robustly upon subsequent encounters with a given

antigen than occurred at the time of the initial infection (2).

Antigen receptors and immune tolerance:

The PRRs of the innate immune system can bind only a limited, consistent set of ligands.
In contrast, each lymphocyte has a unique antigen receptor, creating an enormous anticipatory
diversity of receptors that is capable of recognizing components of almost any pathogen. The
TCR, with certain limited exceptions, recognizes as its antigen a peptide loaded onto the
heterodimeric membrane-bound proteins called major histocompatibility complex I (MHC-1) and
MHC-I1I. In contrast, BCRs bind many classes of molecules, including carbohydrates, proteins,

lipids, and small molecules. Both the TCR and the BCR contain a variable region, which binds



the antigen, and a constant region, which anchors the receptor to the membrane and interacts
with co-receptor proteins. The antigen-binding component of both antigen receptors is a
heterodimer. In most T cells, the TCR consists of one TCRa chain and one TCR chain; there is
also a population of T cells expressing TCRy with TCRS. The BCR is a dimer of heterodimers,
each of which has an IgH chain and either an Igk or IgA chain.

A functional antigen receptor gene is created by a process of DNA rearrangement, called
V(D)J recombination, that occurs in developing lymphocytes (11,12). The variable region of
each antigen receptor gene is encoded by multiple gene segments: two gene segments, called V
and J, in Tcra, Tcrc, Igk, and 1gl; three gene segments, called V, D, and J, in Tcrb, Tcrd, and Igh.
In each of these loci, there are multiple slightly different copies of each of these gene segments.
In V(D)J recombination, double-strand breaks are made in the DNA, and the DNA is rearranged
such that one of each segment comes together to form an exon encoding an entire variable region.
This process provides three sources for antigen receptor diversity. The first is from all the
different possible combinations of V and J, or V and D and J, segments present in each locus.
For example, the human TCRB locus has 52 V segments, 2 D segments, and 13 J segments. The
second is from the dimerization of the receptor, wherein any given TCRa might be partnered
with any possible TCRp. Finally, the recombination involves error-prone end joining that usually
results in the deletion or insertion of a small number of nucleotides at the junction, further
increasing receptor diversity. The end result is that V(D)J recombination can yield any of
approximately 5 x 10" possible BCRs and 10 possible af TCRs in humans and similar
numbers in mice (2).

Having such a broad array of receptors leaves the immune system ready to specifically

recognize and respond to almost any threat and is essential for survival. Mutations that prevent



V(D)J recombination or other critical aspects of lymphocyte biology produce severe
immunodeficiencies that are invariably fatal without bone marrow transplantation (13). However,
the very diversity of antigen receptors presents a significant risk because there will inevitably be
receptors specific for self-antigens. The presence of self-reactive lymphocytes can in turn result
in autoimmunity (14,15). A variety of overlapping safeguards are present to control this risk
without rendering the adaptive immune system so constrained as to prevent it from effectively
fighting infection. One such checkpoint occurs at the binding of the TCR to its antigen. T cell
activation begins with interaction between a T cell and an antigen-presenting cell (APC), such as
a DC, that is displaying both the cognate antigen (i.e., the antigen recognized by the TCR) on its
surface and additional costimulatory molecules, such as CD28. If only the cognate antigen is
present, the T cell will not become activated (16). In order for there to be adequate expression of
costimulatory molecules, the APC must itself be activated. The stimulus to adopt an activated
state involves the PRRs discussed above. Although this requirement for costimulation serves as
an important regulator of T cell responses, additional mechanisms are also necessary.

The mechanisms by which immune tolerance is established and maintained can be
divided into central tolerance, which occurs at the site of lymphocyte development, and
peripheral tolerance, which occurs elsewhere in the body (16,17). With regards to T cell
tolerance, which will be the primary concern of this dissertation, central tolerance refers to
processes occurring in the thymus. The two checkpoints that developing T cells must clear after
undergoing recombination to form a TCR are positive selection and negative selection (18).
Positive selection refers to the need for the T cell to bind with at least low affinity to some
peptide (any peptide) presented by cortical thymic epithelial cells (cTECs) in the thymic cortex.

Thymocytes whose TCRs fail to bind adequately lack critical survival signals and apoptose; they



are said to die by neglect. Cells that pass positive selection continue to mature and proceed to the
medulla. There, they remain for a few days, interacting with numerous medullary thymic
epithelial cells (nTECs) and DCs. If a given cell's TCR recognizes a self-antigen strongly, it will
die, which is termed negative selection. If it recognizes a self-antigen moderately, but not
strongly enough to be driven to die, it can develop into a regulatory T cell. T cells can also adopt
a regulatory T cell identity after leaving the thymus (19). Regulatory T cells act to control
immune responses and prevent autoimmunity through multiple mechanisms (20).

Although negative selection had been hypothesized for decades, the first definitive
evidence for clonal deletion of developing self-reactive T cells came less than 30 years ago. In
1987, Kappler and colleagues observed that mice that express the MHC-II molecule I-E, in
comparison to mice that do not express I-E, have significantly fewer mature thymocytes and
peripheral T cells bearing a TCRp V region associated with reactivity to I-E (21). The following
year, another group reported deletion of double positive (CD4" CD8") thymocytes in male mice
transgenic for a TCR that recognizes H-Y, which is expressed only in males (22). Once it was
recognized that strong binding to an antigen in the thymus leads to deletion, it was hypothesized
that T cells recognizing ubiquitous or thymic antigens would be negatively selected in the
thymus whereas cells with reactivity to peripheral antigens would be controlled outside of the
thymus. Unexpectedly, however, it was noted that numerous genes that would not be predicted to
be transcribed in the thymus given their narrow pattern of expression, such as insulin or
desmoglein 1b, were being expressed within the thymus (23,24). This expression of a wide
variety of these tissue-specific antigens (TSAS) has been termed promiscuous gene expression.

Further investigation revealed that this gene expression was concentrated in mTECs (25). While



expression of TSAs by mTECs was being discovered, the study of a rare genetic disorder led to

the identification of an important agent in this promiscuous gene expression.

The autoimmune regulator (Aire) gene:

Beginning in the middle of the 20th century, sporadic case reports emerged describing
rare children with both hypoparathyroidism and Addison's disease (adrenal insufficiency) (26,27).
In time, this disease was recognized to be an autosomal recessive organ-specific autoimmune
disorder (28), which was called autoimmune polyendocrine syndrome type 1 (APS1, also called
autoimmune polyglandular syndrome type 1 or autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy [APECED]). Generally, diagnosis requires the presence of at least two of
hypoparathyroidism, adrenocortical insufficiency, and mucocutaneous candidiasis (29). The first
sign of disease, most often candidiasis, typically occurs in early childhood. As they age, patients
frequently develop additional manifestations, such as ovarian failure, diabetes mellitus, vitiligo,
and pernicious anemia (Table 1.1). Autoantibodies are prevalent in APS1 patients, including
anti-cytokine antibodies. A majority of patients have anti-IL-17A, anti-IL-17F, and anti-1L22
antibodies, which are suspected to underlie their increased susceptibility to candidiasis. Anti-type
| interferon antibodies, particularly against IFN-o and IFN-02, are present so consistently as to
be considered diagnostic (30). Due to founder effects, there are elevated rates of APS1 in several
populations, particularly Finns, Sardinians, and Iranian Jews (31).

By 1994, linkage analysis of 14 Finnish families had narrowed the location of the
mutation responsible for APS1 to an approximately 500-kb region at chromosome 21¢22.3 (32).
A positional cloning approach culminated three years later with two groups publishing
simultaneous papers, both of which described a novel gene, which they called autoimmune

regulator (AIRE). Patients with APS1 but not related controls had homozygous or compound



Table 1.1. Clinical manifestations of APS1
Modified from (29).

Manifestation Prevalence at | Prevalence at
age 10 yrs (%) | age 40 yrs (%)

Candidiasis 83 100
Hypoparathyroidism 65 87

Adrenal insufficiency 40 81

Ovarian failure 69

Alopecia 16 39

Vitiligo 9 31

Testicular failure 28

Pernicious anemia 3 28

Severe obstipation 10 26

Diabetes mellitus 3 23
Keratoconjunctivitis 18 22

Chronic diarrhea 13 22
Hypothyroidism 1 21

Hepatitis 12 18

Rash with fever 12 15

In addition, 77% of patients show enamel hypoplasia (33).

APS1 patients are also predisposed to developing oral squamous cell carcinoma (34).



heterozygous mutations in the gene (34,35). Since then, numerous mutations have been
identified in AIRE in APS1 patients, located throughout the gene (36,37). Soon after AIRE was
cloned, the murine orthologue, Aire, was identified on chromosome 10 and found to have
substantial conservation with the human gene (38-40). Both human and murine AIRE consist of
14 exons, encoding a 57-kDa protein of 545 amino acids in humans and a 59-kDa protein of 552
amino acids in mice. The human and murine proteins share 73% sequence identity and 76%
sequence similarity (38).

In both papers identifying AIRE, the authors noted the presence of two PHD-type zinc
finger domains and hypothesized that Aire acts as a transcriptional regulator (34,35). Further
analysis revealed that Aire contains a domain known to be DNA-binding in other proteins (41)
and that Aire localizes to non-PML dots in the nucleus (42,43), strengthening this hypothesis.
The critical step in deciphering the function of Aire, however, was creating and characterizing an
Aire-deficient mouse. Targeted deletion of exon 2 of Aire led to organ-specific autoimmunity
reminiscent of APS1, with autoantibodies against and infiltrates in multiple organs, most
consistently the retina and salivary gland (44). Another targeted knockout, in which a mutation
created a stop codon in exon 6, also resulted in organ-specific autoimmunity, though the affected
tissues differed somewhat (45). In fact, the heterogeneity of APS1 is echoed in mice by the
finding that there are significant differences in the severity and pattern of disease in different
genetic backgrounds. C57BL/6 mice are relatively resistant to disease, developing non-fatal
lacrimal, retinal, and salivary inflammation, whereas NOD mice are affected in more tissues and
die by several months of age (46).

Critically, it was found that the autoimmune phenotype of Aire”” mice required that Aire

be deficient in the thymic stroma, not hematopoietic cells. Microarray-based global expression
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analysis of mTECs revealed that Aire-deficient cells had decreased expression of many TSAs
(44). This defect in promiscuous gene expression in the absence of Aire creates holes in the
repertoire of antigens presented in the thymus, allowing the escape of T cells that would
normally be negatively selected (47,48). In many cases, organ-specific autoimmunity can be
pinpointed to loss of specific antigens in the thymus, including IRBP for retinitis (49), Obpla for
dacryoadenitis (50), mucin 6 for gastritis (51), and vomeromodulin for interstitial lung disease
(52). Wholesale loss of antigen expression is not necessary for disease development, however. In
heterozygosity, a dominant-negative mutation of Aire, also seen in some APS1 patients, leads to
substantially decreased but not absent TSA expression; these mice still develop autoimmune
disease, albeit with some differences from the Aire” mice (53). Indeed, even more mild
reductions in Aire activity lead to increased escape of self-reactive T cells in mice (54).
Furthermore, reduced thymic expression of the acetylcholine receptor and insulin in humans has
been linked to increased risks of developing myasthenia gravis and diabetes, respectively (55,56).
Aire-expressing mTECs are also involved in inducing self-reactive T cells to become regulatory
T cells (57,58). Both negative selection of and regulatory T cell generation from T cells specific
for TSAs occurs through both direct interactions with mTECs and indirectly via DCs that cross-

present antigens from mTECs (59,60).

Tissue distribution of Aire expression:

In the first decade after its discovery, a number of groups used various techniques,
including Northern blots, reverse transcription polymerase chain reaction (RT-PCR), in situ
hybridization, and immunohistochemistry and immunofluorescence with anti-Aire antibodies, to
assess expression of AIRE in both human and murine tissues (34,35,38,43,61-67) (Table S1.1).

Collectively, these finding were disparate and at times outright contradictory. The primary point
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of consensus, however, was that Aire is expressed in the thymus, particularly (and probably
exclusively) in a subset of mMTECSs. Several markers can be used to identify mTECs. These cells
are CD45", EpCAM’, and MHC-II". cTECs are Ly51" whereas mTECs are Ly51". mTECs can in
turn be divided into MHC-11" and MHC-1I"" populations, making up approximately 30% and
70% of mTECs, respectively, in young adult mice. The majority of these MHC-1I" mTECs are
Aire”. Studies of mTEC ontogeny and experiments involving BrdU pulse-chase and fetal thymic
organ cultures (FTOCs) revealed that mTECs begin as MHC-11" and then mature to become
MHC-1I" Aire” followed by MHC-1I" Aire* (68-70). Upregulation of CD80 and CD86 mirrors
the increase in MHC-I11. Aire" mTECs were originally thought to be a terminally differentiated
cell, but a few groups found evidence that there was a post-Aire mTEC (71,72). An inducible
Aire-Cre lineage-tracing mouse definitively revealed this post-Aire population, indicating that at
least some Aire” mTECs downregulate first Aire and then MHC-11 while retaining some TSA
expression (73).

In 2008, in the wake of a pair of contradictory papers (66,67), it was unclear whether Aire
was expressed in lymph node stromal cells. The issue was clarified using a transgenic reporter
mouse in which an IGRP-GFP fusion protein was expressed in place of Aire in an Aire-
containing bacterial artificial chromosome (BAC). The GFP expression generally recapitulated
Aire expression in the thymus—nearly all Aire” cells were GFP*™ while most GFP* cells were
Aire”, a discrepancy we attribute to GFP having a longer half-life. This reporter mouse proved to
be useful in detecting Aire in the periphery. A tissue survey involving immunofluorescent
staining for GFP found almost all tissues to be devoid of GFP. Rare GFP™ cells, however, were
present in the spleen and lymph nodes (74). These GFP™ cells, which were confirmed to be Aire*

by immunofluorescence and named extra-thymic Aire-expressing cells (eTACS), are also present
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in human secondary lymphoid tissues (75). Like mTECs, eTACs express a large number of
TSAs in an Aire-dependent fashion and help control self-reactive T cells. Aire-expressing cells
therefore play a role in both central and peripheral tolerance (Figure 1.1). Interestingly, Aire
induces distinct sets of TSAs in these two cell types. eTACs were originally classified as stromal
cells, like mTECs, because they express low levels of CD45 and are radioresistant. Upon further
investigation, however, it became clear that these cells are actually of hematopoietic origin and
are a previously unidentified cell type within the conventional DC lineage (75).

Aire is expressed in both testes and early in development. Using a monoclonal anti-Aire
antibody, Aire was observed in some spermatogonia and spermatocytes (but not spermatids or
Sertoli cells). There, Aire did not control TSA expression. In Aire” mice, however, an early
wave of germ cell apoptosis in the testis proceeds abnormally (76). The discovery that Aire is
expressed in early embryogenesis occurred after the Matsumoto group was surprised to discover
global GFP expression in Aire-Cre x loxP-STOP-loxP-eGFP mice. Using RT-PCR and an Aire
GFP reporter, they found that Aire is expressed throughout early development: at the 2-cell-stage,
in the blastocyst, in about half of embryonic stem (ES) cells, and in the epiblast at embryonic day
6.5 (E6.5). They also observed AIRE transcript in human ES cells (77). The role of Aire in early
embryogenesis is wholly unknown, though the absence of obvious developmental defects in
Aire” mice suggests that its functions at that stage are at least largely redundant.

In summary, Aire has an unusual and highly restricted pattern of expression: mTECs,
eTACs, some developing sperm, and early in embryogenesis. Nearly all study has focused on its

role in the first two cell types, where it promotes TSA expression and thereby immune tolerance.
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Figure 1.1. The role of Aire in T-cell tolerance.

(A) Expression of Aire in mTECs leads to induction of a diverse set of TSAs, which are
displayed on MHC-1 and -I1, where they are bound by the TCRs of self-reactive, cognate T cells.
(B) Maintenance of T-cell immune tolerance involves mechanisms in both the thymus and the
periphery. In both settings, Aire-expressing cells present a diverse array of TSAs. In the thymus,
mTECs drive self-reactive thymocytes towards cell death or a regulatory T cell fate. In
secondary lymphoid tissues, eTACs induce anergy or cell death in self-reactive T cells.
Regulatory T cells are also an essential component of peripheral tolerance. Tconv means

conventional T cell; Treg means regulatory T cell.
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Molecular mechanisms of Aire:

The mechanism by which Aire drives TSA expression remains an active area of research.
The Aire protein contains four major domains and several smaller motifs (78). The first 100 or so
amino acids of the protein make up an HSR domain, first identified in the Sp100 protein (79).
(All amino acid spans given here are for human Aire; domains are of very similar size and
spacing in murine Aire.) Subsequent re-analysis of this domain revealed it to be a type of CARD
domain based on predicted structure (80). Aire has been found to multimerize using this domain
(81). Immediately following the HSR domain is a bipartite nuclear localization sequence (NLS)
spanning amino acids 110-133 and a second NLS spanning amino acids 155-167 (82). Amino
acids 189-280 make up a SAND (Sp100, Aire, NucP41/75, Deafl) domain. The SAND domain
is often involved in direct DNA binding; however, a four-residue motif critical to DNA binding
in other SAND domain-containing proteins is not present in Aire. As such, it was hypothesized
that in Aire this domain might be involved in protein-protein interactions. Recently, this
hypothesis was affirmed by the finding that the SAND domain of Aire interacts with Atf7ip,
which, in complex with MBD1, targets Aire to regions with methylated CpGs (83). There are
two PHD domains, at amino acids 299-340 (PHD1) and amino acids 434-475 (PHD2), separated
by a proline-rich region. PHD1 allows Aire to bind to unmethylated lysine 4 of histone 3
(H3K4me0), which is thought to help target Aire to repressed genes and is crucial for its function
(84,85). The PHD2 domain does not mediate chromatin binding, but its deletion instead leads to
decreased interaction with certain other protein partners of Aire and diminished TSA induction
(86). Aire also contains four LXXLL motifs, scattered throughout the protein.

Some early studies hypothesized that Aire is a transcription factor. In vitro experiments

found evidence for sequence-specific DNA binding by Aire (87) and transcriptional
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transactivation by the two PHD domains (81). Chromatin immunoprecipitation (ChlP) followed
by PCR suggested that Aire binds at the promoters of Aire-dependent TSAs (88). However,
another study found that Aire interacts with DNA in a non-sequence-specific fashion (85) and a
yeast one-hybrid screen performed several years ago by Kellsey Johannes of the Anderson lab
failed to find any sequences to be preferentially bound by Aire (data not shown). Moreover, the
tremendous diversity of the genes whose thymic expression depends on Aire, and the variegated
expression of these genes, is inconsistent with Aire acting as a traditional transcription factor,
though it certainly affects transcription of numerous genes.

Analyses focused on identifying the protein partners of Aire have found evidence that
Aire enhances target gene expression via both transcriptional elongation and pre-mRNA
processing pathways. Anti-Aire co-immunoprecipitation followed by mass spectrometry using
cultured cells expressing ectopic Aire resulted in the identification of dozens of Aire binding
partners, which can be grouped into four categories: nuclear transport, chromatin binding,
transcription, and pre-mRNA processing (89). A number of these factors are known to be
involved in transcriptional elongation, including the DNA-PK-containing complex, and DNA-
PK-deficient mTECs have defective TSA expression. Furthermore, Aire promotes TOP2a-
initiated double-strand breaks, which can help support more efficient transcription by relaxing
DNA (89). Also, in vitro assays have found that Aire can induce transcriptional elongation but
not initiation, via binding and recruitment of the elongation factor P-TEFb (90). More recently,
microarray analysis (with multiple probes per gene) showed that RNA polymerase 11 (Polll)
stalled 50-100 bp from the transcriptional start site of Aire-activated genes in Aire-deficient
MTECs, whereas when Aire was present Polll was able to proceed (91). Aire also interacts with

a number of different splicing factors and, for at least some TSAs, there appears to be a
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substantial decrease in spliced but not unspliced transcripts in the absence of Aire (89,92). In
addition, Aire and some microRNAs also appear to cooperate to induce promiscuous gene
expression (93).

Two groups have presented evidence that the activity of Aire is modulated by post-
translational modifications. Phosphorylation of Aire by DNA-PK appears to be necessary for
normal induction of gene expression by Aire (94). In addition, Aire can be acetylated by p300 at
several sites in the NLS and SAND domain; Aire with mutations that mimic this acetylation has
reduced transactivation activity in vitro (95). Conversely, a recent paper finds that the
deacetylase Sirtl is highly expressed in Aire” mTECs, and expression of Aire-dependent TSAs is
markedly reduced in mice lacking Sirt1 in the thymic stroma (96).

Intriguingly, ectopic Aire expression is sufficient to induce TSA expression in cells such
as 293T cells, which lack other factors characteristic of mTECs and eTACs. However, the
precise set of genes regulated by Aire is greatly affected by the other factors present in the cell,
such that mTECs, eTACs, 293T, and pancreatic beta cells (the latter two expressing ectopic Aire)
show only a modestly overlapping set of Aire-induced genes (74,83,97). In mTECs, there is a
large pool of Aire-independent TSAs in addition to the numerous Aire-dependent TSAs (98).
Although as a population, mTECs express thousands of TSA genes, in any given Aire-expressing
cell only a fraction of these genes are transcribed, in an apparently stochastic manner (99,100).
This expression, however, is not completely random. The TSAs expressed by a given cell exhibit

clustering, wherein certain sets of TSAs are typically expressed together (101).

The regulation of Aire expression:
Aire is expressed in a very limited set of tissues, with expression in mTECs and eTACs

being most prominent. The expression of a gene can be regulated at multiple levels: the rate of
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transcription, RNA processing, mRNA stability, and the rate of translation. Post-translational
means of controlling protein activity include proteasomal degradation; proteolytic cleavage;
activating or inhibitory post-translational modifications such as phosphorylation, acetylation, or
ubiquitination; binding of activating or inhibitory protein partners; and localization to a particular
cell compartment. There are no reports of dynamic changes in Aire activity in vivo independent
of changes in transcript levels, suggesting that Aire expression is regulated primarily at the
transcriptional level. Historically, it was thought that the most prevalent point of regulation was
at transcriptional initiation (102). In recent years, however, it has become clear that control of
transcriptional elongation is very important, particularly for many developmentally regulated
genes (103).

Transcription is regulated by the interactions of various trans-acting regulatory factors—
such as proteins and long noncoding RNAs—and cis-regulatory (DNA) elements (102). Classes
of protein trans-acting factors include general transcription factors, activators, and coactivators.
The cis-regulatory elements (CRES) can be divided into promoters, each of which contains a core
promoter and proximal promoter elements, and distal CREs. General transcription factors are the
essential elements of the transcriptional machinery and include Polll and associated proteins
such as TFIIA, TFIIB, and TFIID. These assemble at the core promoter, which defines the
transcriptional start site, to form the pre-initiation complex (PIC). Only a very low level of
transcription can be supported by the PIC alone. However, transcription is greatly increased by
the addition of activators. An activator protein generally consists of both a DNA-binding domain,
which allows it to bind in a sequence-specific fashion to one of the proximal promoter elements,
and a separate activation domain that allows it to stimulate transcription. Activators can stimulate

transcription through a variety of mechanisms, including increasing PIC formation, promoting
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transcriptional initiation, promoting transcriptional elongation, or modifying chromatin.
Activators include members of the Hox, Ets, and POU protein families, among others.
Coactivators, the third class of trans elements, do not bind DNA directly. Rather, they rely on
protein-protein interactions to gather at the promoter, where they modulate activator activity.

Distal CREs are generally classified as enhancers, silencers, insulators, and locus control
regions (LCRs). Much like proximal promoter elements, enhancers bind activators (and in turn
coactivators) that act to increase transcription. Classically, enhancers are defined as being able to
heighten transcription independent of the position or orientation of the enhancer. Some
enhancers are located very far, even hundreds of kb, from their target gene. They are thought to
act through a DNA looping mechanism which allows direct contact between the complex of
proteins bound to the enhancer and the proteins at the promoter. Silencers are basically the
opposite of enhancers, binding repressor proteins that act to decrease transcription. Insulators act
to prevent the transcription status of genes in one region from spreading to those in the adjacent
region. CTCF is classically associated with insulators. Finally, LCRs are groups of distal CREs
that are able to produce the tissue-specific physiological levels of expression of a gene cluster.
By definition, they act in a position-independent, copy-number-dependent manner. Well-
characterized LCRs include the CD2, Th2, and -globin LCRs.

Cell-type-specific expression of genes relies on combinatorial, synergistic activation by
trans elements. Any single transcription factor involved in driving a particular gene might be
expressed in many tissues, but the full set of activators and coactivators necessary to support
transcription of a given gene are only present in the specific tissue in which the gene is expressed.

The expression pattern of Aire is highly unusual, restricted to a small number of cell

types that are nevertheless members of vastly different lineages, including undifferentiated
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embryonic cells, hematopoietic cells, differentiated non-hematopoietic somatic cells, and germ
cells. Ectopic expression of Aire results in substantial changes in gene expression, and there is
some evidence that Aire itself can stimulate apoptosis (104,105). This, together with the harmful
effects of Aire deficiency, suggests that achieving appropriate expression of Aire is critical. To
this point, however, relatively little is known about how Aire transcription is regulated.

The most expansive body of work touching on this regulation has been a collection of
studies connecting TNF receptor superfamily signaling and non-canonical NF-xB to the
development of Aire-expressing mTECs. The development of mTECs requires cross-talk with
RANKL (Tnfrsf11)-expressing hematopoietic cells, namely lymphoid tissue inducer cells and Y3
T cell progenitors during fetal development (70,106) and positively selected thymocytes after
birth (107,108). In RANK (Tnfrsf11a)-deficient mice, there are fewer mTECs and a more-or-less
complete loss of Aire® mTECs (70,109). Conversely, the addition of exogenous RANKL to
FTOCs leads to increased numbers of mTECs (MHC-11'°, MHC-1I", and Aire"). In addition,
mice deficient in OPG (Tnfrsf11b), a secreted RANKL-binding protein, have enlarged thymic
medullae and more mTECs, including more Aire® mTECs (107). Furthermore, administration of
anti-RANK antibody in mice results in depletion of mTECs, particularly Aire® mTECs (110).
Fellow TNFRSF member CD40 is also expressed by mTECs and appears to cooperate with
RANK. Although loss or exogenous stimulation of CD40 has only a modest impact on mTEC
frequency—somewhat more impact on immature than mature mTECs—deletion or stimulation
of both RANK and CD40 has a greater effect than manipulating RANK alone (107,111,112). A
third TNFRSF member, LTBR, is also expressed by mTECs and plays a role in mTEC

development (71,112-114).
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NF-kB is a family of transcription factors that consists of Rela (p65), Relb, Rel (c-Rel),
Nfkbl (p105/p50), and Nfkb2 (p100/p52). They play an important role in inflammation and
immunity, among other processes (115). They form various dimers that can bind kB sites and,
usually, drive transcription. Normally, NF-kB members are kept out of the nucleus by various
inhibitory proteins. Activation of NF-kB can be broadly divided into two pathways, the
canonical (or classical) and the non-canonical (or alternative). In the stereotypical canonical
pathway, degradation of IkB proteins upon phosphorylation by IKK leads to nuclear
translocation of p50/p65 dimers. In contrast, in the stereotypical non-canonical pathway,
induction of proteolytic processing of p100 to p52 leads to nuclear translocation of p52/RelB
dimers (116). A number of studies have identified a role for non-canonical NF-«kB in mTEC
biology. Mice with global deletion of Relb have disrupted thymic architecture and lack Aire”
mTECs (109,117). In FTOCs, RANK stimulation induces Relb and leads to Relb-dependent
increases in mTECs (111). Similarly, thymi from Nfkb2-deficient mice have decreased Aire and
TSA expression and develop autoimmunity affecting various organs that can be transferred by
thymic transplant (118). The NF-kB signaling pathway members NIK and TRAF6 have also
been implicated in RANK-dependent Relb induction and Aire-expressing mTEC development
(111,112,119,120).

Investigation of cis-regulatory elements controlling Aire has been limited to a few studies
performed by the Peterson group. They used in vitro assays with various AIRE promoter
luciferase constructs to identify a basal promoter that begins somewhere between position -350
and -248 relative to the translation start site; a TATA box is at -162 and the transcriptional start
site is at -128. Mutant analysis and elecrophoretic mobility shift assays (EMSAS) suggest that

there are AP-1, NF-Y, Spl, and two Ets proximal promoter elements (121,122). Like many
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promoters, the proximal human AIRE promoter is a CpG island (the murine Aire promoter falls a
little short of the definition of a CpG island), methylation of which is generally associated with
an absence of expression. This region is scantly methylated in mTECs, consistent with it being
permissive for Aire expression. However, the region is also unmethylated in several other tissues
in which Aire is not expressed, indicating that although perhaps demethylation of this region is
required for Aire expression, it is but one requirement (123).

Although these studies provide important insights, a number of questions regarding the
transcriptional regulation of Aire remain. It is not known the degree to which the loss of Aire”
cells in mice with defects in non-canonical NF-«B reflects a direct role for NF-«B in driving Aire
transcription versus an indirect role in which NF-xB supports maturation of mTECs to the point
that other factors become expressed that do directly drive Aire expression. It is unclear what
additional factors regulate Aire in trans. It is unknown whether there is a common set of
transcription factors and CREs that induce Aire in all cell types in which it is expressed or
whether some or all of these elements are unique to a particular cell type.

We approached our study of the transcriptional regulation of Aire by focusing on
identifying distal CREs that govern Aire expression. In so doing, we sought to increase our
understanding of immune regulation, to facilitate future studies of Aire regulation in trans by
finding candidate transcription factor binding sites, and to aid in the diagnosis of APS1 by
finding sites in which noncoding mutations might disrupt Aire expression and lead to disease. In
the following chapters, we describe a novel CRE that is necessary for Aire expression, identify
an unexpected additional role for this CRE, and present evidence for additional Aire regulatory

regions.
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Conclusion:

The immune system is essential to identify and eliminate pathogens and neoplastic cells.
An essential component of this system are the antigen-receptor cells of the adaptive immune
system. The very mechanism that provides each T and B cell with a unique receptor, however,
also leads to the generation of a substantial number of potentially self-reactive cells,
necessitating an active process to preserve immune self-tolerance. Critical to this immune
tolerance is the Aire gene. In both humans and mice, Aire is expressed in a subset of mTECs and
eTACs, where it induces the expression of a diverse array of TSAs, supporting elimination and
control of self-reactive T cells. The regulation of Aire expression is poorly understood, though it
is known that RANK and non-canonical NF-kB signaling are important for the development and
maintenance of Aire-expressing mTECs. We focused on identifying distal Aire CREs, none of
which were previously known. In subsequent chapters, we present new findings on the cis-

regulation of Aire.
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Table S1.1. Selected published findings on AIRE expression

Reference | Species | Methods Findings

(34) Human | NB Strong bands in thymus, pancreas, and adrenal cortex;
weak bands in spleen, LN, PBMC, fetal liver, thyroid and
testis

(35) Human | NB Strong bands in thymus and LNs; faint bands in appendix
and fetal liver

(43) Human | IHC Strong staining in Hassall's corpuscles in thymus; moderate
staining in mTECs; also present in splenic red pulp and
PBMCs

(61) Human | ISH; Expressed in medulla, LN medulla and paracortex, spleen,

IHC and fetal liver. Also observed that 90% of thymic Aire”
cells were cytokeratin® and MHC-11" and that 20% were
CD80*/CD86"

(62) Human | RT-PCR Highest expression in mTECs, followed by whole thymus
and LNs, still lower in PBMCs, spleen, and purified CD14
cells

(38) Mouse | NB; NB: Thymus

RT-PCR RT-PCR: Consistently in E11 fetuses, spleens, ES cells,
ISH and often in lungs
ISH: In mouse embryo, detected from E14.5 in small
number of cells in thymic medulla

(63) Mouse | NB; NB: not detected

RT-PCR RT-PCR: Highest in thymus, next highest in ovary, lower
still in lung, testis, kidney, adrenal, thyroid, and heart

(64) Mouse | RT-PCR Detected by all three in thymus, spleen, LNs, and brain;

ISH, numerous other tissues detected by one or two of the
IHC methods
(65) Mouse | RT-PCR RT-PCR: high in thymus, moderate in spleen and testis,
ISH, and low in several other tissues;
IHC ISH: only in thymic medulla
IHC: mTECs, other thymic cells, LNs, spleen,
lymphocytes, and various other tissues
In fetus, thymic expression from E14.5; fetal liver
expression at E14.5 that declines with time

(66) Mouse | RT-PCR Highest expression in thymus, followed by LNs, followed
by spleen; in LNs, much higher in CD45" fraction than
CD45"

(67) Mouse | FC, FC: almost all thymic CD45” MHC-11™ Ly51" cells

IF IF: scattered cells in medulla and cortico-medullary
RT-PCR junction of thymus; not present in LNs or spleen

RT-PCR: By far highest in CD45" cells in thymus; weakly
in thymic and splenic DCs

NB: Northern blot; IHC: immunohistochemistry; ISH: in situ hybridization; RT-PCR: reverse
transcription polymerase chain reaction; FC: flow cytometry; LN: lymph node
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Chapter 2: Identification of an Aire-regulating cis-regulatory element

required for immune tolerance

“The true method of knowledge is experiment...”

-William Blake, in "All Religions Are One"

Overview:

Aire plays an essential role in establishing immune tolerance by inducing the expression
of a diverse set of TSAs in mTECs. In post-embryonic mice, Aire expression is highly restricted,
but how this pattern of expression is achieved is unclear. It is known that non-canonical NF-xB
stimulated by RANK is essential for the development and maintenance of Aire-expressing
MTECs, but the cis-regulation of Aire is poorly understood. We aimed to identify distal cis-
regulatory elements (CRES) governing Aire expression. We located a highly conserved candidate
Aire CRE, ACNSL, that is flanked in mTECs by enhancer-associated histone marks. We show
that this element is NF-kB-responsive. We also identify a 4.3-kb region that is sufficient to
reproduce the cell-type specificity of Aire. We show ACNSL1 is required for Aire expression in
both mTECs and eTACs. Finally, we observe that loss of ACNS1 leads to spontaneous

autoimmunity.

Introduction:
The establishment and maintenance of immune tolerance requires the successful

detection and control of self-reactive T cells (17). In the thymus, mTECs play a crucial role in
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this process, presenting a varied repertoire of antigens, causing the negative selection of high-
affinity self-reactive thymocytes and driving those with more moderate affinities to a regulatory
T cell fate (25,47,48,57,58). mTECs express and display thousands of TSAs, some of which are
Aire-independent and some of which are Aire-dependent, thereby largely reproducing within the
thymus the antigenic profile of the peripheral self (25,44). Aire also induces a significantly
different set of TSAs in eTACs, a rare CD45™, MHC-1I", EpCAM®, CD86, CD11c"
hematopoietic cell that develops from the conventional DC lineage and is present in secondary
lymphoid tissues; these cells likewise can tolerize self-reactive T cells (74,75). People with
mutations in AIRE develop the autosomal recessive organ-specific autoimmune disorder, APS1,
highlighting the physiologic importance of this gene (34,35). Aire-deficient mice also develop
spontaneous organ-specific autoimmunity (44,45).

As discussed in Chapter 1, Aire itself has an unusual and restricted pattern of expression.
It is most prominently expressed in mTECs and eTACs, as noted above; it is also present in a
subset of developing spermatocytes (76) and early in embryogenesis (77). Ectopic Aire
introduced into cells as disparate as pancreatic beta cells and 293T cells induces expression of
large numbers of genes (83,89,97), illustrating the importance of not only ensuring appropriate
initiation of Aire expression but also preventing inappropriate activation. Previous research has
demonstrated the importance of RANK and CDA40 signaling to the development and maintenance
of Aire-expressing mTECs (70,107,111) and RANKL blockade is sufficient to deplete these cells
in vivo (110). In addition, various elements of the non-canonical NF-kB pathway, which can be
activated by RANK or CDA40, have been found to be essential for the development of Aire-

expressing mTECs (109,111,117-120). The AIRE promoter has also been characterized in vitro
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(121,222). Still, much about the regulation of Aire expression remains to be determined,
including the identity of any distal CREs.

Gene expression can be controlled through modulation of multiple processes, including
transcription, transcript processing, translation, and protein degradation. Although there does
appear to be a role for post-translation modifications in shaping the level of Aire activity (94-96),
it seems that the predominant mechanism of regulating Aire is transcriptional: we have not
observed Aire transcription without corresponding protein expression. In addition, various
reporter constructs, both transgenic and knock-in, appear to faithfully recapitulate Aire
expression (74,75,77,124). That recapitulation suggests transcription is the dominant point of
Aire regulation because such transgenes would be expected to be transcribed similarly to Aire but
would not be expected to undergo any subsequent regulatory steps in common with Aire.

Transcriptional regulation itself is a complicated dance, involving both trans-acting
regulatory elements—DNA-associated molecules such as transcription factors—and CREs—
DNA regions on the same chromosome as the gene. These CREs are divided into those that are
proximal to the transcription start site and make up the promoter and those that are distal, from 1
kb to as much as 1 Mb away (125). Classes of distal CREs include enhancers, which increase
transcription; silencers, which decrease transcription; and insulators, which block the spread of a
particular set of genomic conditions, such as active transcription and heterochromatin.
Collectively, these distal CREs, found scattered throughout introns and intergenic regions—more
densely in gene-rich regions—appear to make up at least several percent of the genome,
exceeding the amount of sequence that encodes proteins (126).

Although definitively determining that a region is a distal CRE requires experimental

evidence of function, several methods have been found to be reasonably successful at predicting
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CREs. One approach is to look for conserved non-coding sequences (CNSs), which takes
advantage of the fact that CREs, like protein-coding genes, are subject to purifying selection,
which tends to stabilize the sequence, relative to the drift observed in non-functional sequence.
Purifying selection occurs because mutations more often have a negative effect than a positive
effect on the organism’s fitness (127). Consequently, conserved areas are enriched for functional
elements (128), though even between relatively phylogenetically close species, such as humans
and mice, a large proportion (perhaps half) of functional elements are not conserved (129,130).
Thus, analysis of sequence conservation is a useful but imperfect tool.

Another widely used method for identifying candidate CREs is ChlIP-seq against histone
modifications or other DNA-binding proteins associated with enhancers (127,131).
Monomethylated lysine 4 of histone 3 (H3K4mel) is frequently present at enhancers. H3K27ac
is an even more useful marker, as it tends to be present at enhancers only in the tissues in which
the enhancer is active (132). The acetyltransferase p300 is also frequently found at enhancers
(133). It has also recently been observed that active enhancers are frequently the site of
transcription (134). Finally, the recently developed assay for transposase-accessible chromatin
using sequencing (ATAC-seq) permits DNase | hypersensitivity-like mapping of open chromatin
but with finer mapping and using many fewer cells (135).

We chose to use sequence conservation analysis and ChIP-seq against H3K27ac to
identify candidate Aire CREs. We identified a promising candidate a few kb from Aire and found
it was NF-kB-responsive. We proceeded to functional assays and determined that this element is

required for Aire expression and immune self-tolerance.
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Results and Discussion:
Identification of candidate Aire cis-regulatory elements

Distal CREs, by definition, are located some distance from the promoters of genes that
they control. Enhancers have been identified up to 1 Mb from their target gene (125). Although
CREs are usually a fair bit closer than that, the possibility that they may be so far away makes
for a rather daunting search in the absence of any additional guiding information. Fortuitously,
an Aire reporter mouse we generated several years ago allowed us to narrow our search to a
smaller region. The Adig (Aire-driven IGRP-GFP) reporter mouse was created by injection of a
modified BAC into a fertilized oocyte. The BAC, RP23-461E7, is from a BAC library created
from genomic DNA pooled from three female, C57BL/6J mice (136). This BAC contains an
approximately 180 kb insert that is roughly centered on Aire. Additional genes contained in this
BAC are Icosl, Dnmt3l, Pfkl, 1810043G02Rik, and part of Trpm2. In the Adig construct, genomic
sequence beginning with the coding sequence of Aire in exon 1 and extending partway into exon
3 was replaced with a reporter cassette consisting of a B-globin intron, an IGRP (G6pc2)-GFP
fusion gene, and an SV40 poly A sequence ((74) and Fig. 2.1A).

Analysis of GFP expression in this transgenic mouse revealed faithful recapitulation of
Aire expression in mTECs and eTACs ((74) and Fig. 2.1B). More specifically, approximately
95% of Aire” cells are GFP™ whereas approximately 75% of GFP" cells are Aire* (74). We
hypothesize that this discrepancy is due to a greater half-life of IGRP-GFP compared to Aire,
such that GFP lingers in post-Aire cells. This same 461E7 BAC has also served as the backbone
of additional Aire-recapitulating transgenes, including an Aire-Cre and an Aire-DTR (73). This
recapitulation of Aire expression strongly suggests that all essential CREs governing Aire are

within the 180-kb span contained within the BAC (as well as implying that there is not an
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essential CRE in the first two introns of Aire). Going forward, we focused our search on this
genomic region.

We began by using two complementary approaches to identify conserved non-coding
sequences in this region. The first was the online sequence alignment tool mVista (137). In this
tool, we aligned regions homologous to the 461E7 BAC, drawn from seven disparate placental
mammals (Table S2.1), using the LAGAN global alignment algorithm (138) followed by the
RankVista algorithm (139) to identify conserved regions based on this alignment. The analysis
was restricted to placental mammals because of incomplete synteny between Aire-flanking
regions when comparing placental mammals with other vertebrates. Aire resides within a large
block of synteny among placental mammals. For example, in comparing mice and humans, the
region of synteny extends approximately 2.5 Mb in one direction from Aire and 500 kb in the
other direction. In contrast, Aire was flanked by different genes in at least one direction when
comparing placental mammals to marsupials, monotremes, and other more distant vertebrates.
We anticipated that the lack of conserved genes surrounding Aire when comparing other
vertebrates to placental mammals would hinder genome alignment.

We used the Ensembl genome browser to examine the flanking genes of Aire in a variety
of vertebrate species whose genomes have been sequenced, in order to deduce the phylogeny of
the genomic environment of Aire (Figure S2.1A). In determining the Aire-flanking region
phylogeny, we noted that it appears that in the ancestral jawed vertebrate, Aire was adjacent to
the ancestor of the four members of the Sp100 family. Similarities between the structure of Aire
and Sp100 have long been noted (41); Aire and Sp100 proteins share certain protein domains,
including the SAND domain and PHD-like domain (Figure S2.1B). We hypothesize that Aire

arose as a gene duplication of the ancestral Sp100. In addition, we note that Aire is found in all
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Figure 2.1. Identification of candidate Aire cis-regulatory elements.

(A) Schematic of the Adig transgene, in which an 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 for GFP (green) and Aire (red) in frozen thymic and splenic sections
from Adig mice. Scale bars are 50 um. (C) Alignment of conservation and ChlIP-seq data for the
region spanned by the 461E7 BAC (mm10, chr10:77961078-78140698). The upper 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 tracks (signal tracks, dense setting) of
ENCODE/LICR, publicly available on the UCSC genome browser; from top to bottom: brain,
bone marrow, brown adipose tissue, heart, ES-Bruce4, kidney, limb, liver, placenta, small
intestine, spleen, testis, and thymus. (These tracks were aligned to the mm9 mouse genome but
are here aligned with H3K27ac reads generated and aligned to mm10, as this 180-kb region
differs between mm9 and mm10 by a single nucleotide.) Below that, the PhastCons placental
mammal track and the RepeatMasker track of the UCSC Genome Browser; Refseq genes;
conserved noncoding sequences (p<0.01) identified using mVista; and non-exon PhastCons
conserved elements. The expanded region below shows the overlap of a particular mVista-
identified CNS and three PhastCons elements along with H3K27ac ChlP-seq. Depicted H3K27ac

tracks of mTECs are representative of three analyzed samples each.
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jawed but not jawless vertebrates, indicating that the advent of Aire coincides, at least generally,
with the evolution of V(D)J-recombination-generated antigen-receptor lymphocytes.

The mVista analysis of the seven placental mammal sequences identified eight conserved
non-coding sequences in the 180-kb region (p < 0.01) (Table S2.2). We complemented this
analysis by comparing these CNSs to the non-exon conserved elements already identified by the
PhastCons algorithm (140), which is publicly available through the UCSC Genome Browser
(Figure 2.1C). Our attention was caught by a location at which an mVISTA-identified element
and a PhastCons element overlap. We called this site Aire CNS1 (ACNS1). (There are three
levels of PhastCons analysis: euarchontoglires, placental mammals, and vertebrates. These
particular overlapping PhastCons elements are present all three tracks.)

In order to investigate further the possibility that ACNSL1 is an active enhancer in mTECs,
as well as to identify candidate enhancers that may not be conserved, we decided to take a non-
biased genome-wide approach by performing ChlP-seq against H3K27ac. There have been
several recent efforts to comprehensively identify CREs in a variety of human and mouse tissues
(141-144). These publicly available data sets are a valuable resource. However, none of them
includes an Aire-expressing tissue, limiting their utility in identifying Aire CREs. (A number of
them include thymus, but since the vast majority of cells in the thymus are thymocytes, the
epigenetics of rarer thymic epithelial cells are masked.) We sorted GFP* and GFP" mTECs from
the Adig (Aire-GFP reporter) mouse (Figure S2.2A and B). Most GFP* mTECs also express
Aire; most of the rest have probably only recently downregulated Aire (73). In contrast, the GFP”
MTECs are a more diverse population, consisting of both immature mTECs that have not yet
expressed Aire and mTECs that previously expressed Aire. We anticipated that this diversity

might make it difficult to interpret differences in ChIP-seq data between the two mTEC subsets
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that we sorted, so we also used the Th2-skewed D10 T cell line as a non-Aire-expressing control.
In light of the relatively small numbers of mTECs that we were able to isolate (on the order of
100,000 cells), we used a ChlP-seq approach that has been shown to work with as few as 10,000
T cells (145).

The graph of unique reads over the 461E7 BAC region revealed substantial enrichment of
H3K27ac near but not immediately at ACNS1 (Figure 2.1C). Genome-wide analysis has shown
that the H3K27ac peaks are typically offset from the CRE itself (i.e., where the transcription
factors bind) by a few hundred base pairs (143). No other locations within the Aire-recapitulating
region showed consistent enrichment for this modification. In contrast to mTECs, D10 cells did
not have H3K27ac enrichment near ACNS1. We also examined a number of publicly available
H3K27ac analyses created as part of the ENCODE consortium (Figure 2.1C). These assays,
performed on a number of non-Aire-expressing tissues, similarly do not show enrichment of
H3K27ac near ACNSL1, consistent with the possibility that ACNS1 is an enhancer active in
MTECs but few other tissues. The one ENCODE sample that does show H3K27ac enrichment
near ACNSL1 is the ES cell line ES-Bruce4. Aire is known to be expressed early in embryonic
development and in transcribed in some, though not all, ES cell lines (77). Interestingly, the
accompanying RNA-seq track for these particular ES cells does not show transcription of Aire,
but does show transcription of Dnmt3l (data not shown). In Chapter 3, we consider the
similarities in the expression and regulation of these two genes.

We also initially performed ChlP-seq against H3K4me2, both as a means of optimizing
the ChlP-seq protocol on mTECs using an antibody that the Rao lab had worked with
extensively and because H3K4mez2 is also enriched at enhancers, though with less specificity for

the tissues in which the enhancer is actually active compared to H3K27ac (146,147). Although
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the results were not as striking as the H3K27ac data, there is also enrichment of H3K4me2 near
ACNS1 (Figure S2.3). Based on the presence of these modifications near ACNS1 in mTECs but
not in other tissues, we hypothesized that ACNS1 is an Aire enhancer. One caveat to this
interpretation is that this mark was present in both GFP* and GFP~ mTECs. One possible
explanation for this discrepancy is that ACNS1 regulates a gene aside from Aire. Another
possibility, however, is that this simply reflects retention of the H3K27ac mark in the aftermath

of Aire expression in the post-Aire mTECs that constitute a sizable portion of the GFP" subset.

ACNSL is an NF-xB-responsive element

We examined the sequence of ACNS1 to look for putative transcription factor binding
sites. We observed two well-conserved candidate NF-kB binding sites (Figure 2.2A). This was
particularly striking in light of the already established role for non-canonical NF-xB in mTEC
development and maintenance (107,109,117,118). In order to determine whether NF-xB can
actually bind these candidate kB sites, we performed electrophoretic mobility shift assays
(EMSASs). We observed a large shift in biotinylated ACNS1 probe after incubation with nuclear
lysates from p52-FLAG-transfected 293T cells (Figure 2.2B). We used p52 because this protein
can bind DNA as homodimers and was previously implicated in mTEC biology (118). This shift
could be almost completely abrogated by a 200-fold excess of untagged ACNS1 probe but not by
an excess of probe in which the kB sites were mutated. In addition, the inclusion of anti-FLAG
antibody in the binding reaction led to a supershift. Together, these results indicate specific
binding by p52 to the kB sites of ACNSI.

We then assayed the ability of ACNS1 to act as an enhancer in an NF-kB-dependent
manner. We inserted ACNS1 into a thymidine kinase minimal promoter (TK)-beta-galactosidase

reporter plasmid. Co-transfection of ACNS1-TK-beta-gal, p52-FLAG, and RelB-FLAG resulted
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in high amounts of beta-galactosidase expression, whereas there was little transcription when
ACNS1 was not present or when p52 and RelB were not transfected (Figure 2.2C). Like p52,
RelB is important for Aire-expressing mTECs (117). We also mutated each NF-kB binding site
alone or in combination and found that each site has an equal and approximately additive effect

on reporter expression (Figure 2.2D).

A small region upstream of Aire can recapitulate Aire cell-type specificity

One traditional method of testing a DNA sequence for enhancer function is to clone the
sequence into a reporter vector, use it to make a transgenic mouse, and screen the mouse for
reporter expression (128). We did not attempt to assay the small ACNSL1 region in isolation in
this manner. However, we did create two small transgenes that had the Aire promoter and
additional upstream sequence, including ACNSL. In our initial attempt, the included sequence
ran from within the 5° UTR of Aire to approximately 100 bp distal to ACNS1 (Figure S2.4A).
Three Eaig (extended Aire promoter IGRP-GFP) founder mice were born and analyzed.
Immunofluorescent staining of frozen thymic and splenic sections showed no GFP expression in
any of these founders (Figure S2.4B and C). Since we only assayed this limited number of
founder lines, we cannot say with confidence that this transgene is completely unable to
recapitulate Aire expression; we can say, however, that it is not consistently able to do so.

We followed up on this by using a slightly larger transgene that extended 1.2 kb beyond
ACNS1. We called this transgene A4dig (Aire 4.3-kb-driven IGRP-GFP) (Figure 2.3A). Eight
founder lines were generated. Flow cytometric analysis of mTECs showed no GFP expression in
four of these lines; in the other four, however, approximately 2% of mTECs expressed GFP
(Figure 2.3B and Figure S2.5A). Remarkably, expression of GFP was limited to the MHC-11""

Aire” subset of mTECs (Figure 2.3B and C). None of these mice expressed GFP in eTACs
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Figure 2.2: ACNS1 is an NF-kB-responsive element.

(A) Comparison of consensus ACNS1 sequence to kB sequence motif. (B) Electrophoretic
mobility shift assay using nuclear lysates from 293T cells transfected with p52-FLAG, incubated
with biotinylated murine ACNSL1 probe. Untagged WT and mutant probes (altered first, second,
or both kB sites, respectively) at 200-fold excess to biotinylated probe, and anti-FLAG antibody
included in lanes as specified. (C) Relative luminescence after chemiluminescent detection of
beta-galactosidase in cellular lysates of 293T cells, 48 hours after transfection with TK-beta-gal
or ACNS1-TK-beta-gal plasmid + RelB-FLAG and p52-FLAG. (D) Relative luminescence after
chemiluminescent detection of beta-galactosidase in cellular lysates of 293T cells, 48 hours after
transfection with RelB-FLAG and p52-FLAG and WT or mutant ACNS1-TK-beta-gal. In (C)
and (D), normalized for transfection efficiency using pRL-CMV. All data are representative of at
least three independent experiments. Data in (C) and (D) analyzed by Student’s t-test. ns denotes

not significant, * for p < 0.05, ** for p < 0.01, and **** for p < 0.0001.
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(Figure 2.3D and Figure S2.5B). Together, these results argue that this small transgene contains
all critical elements to regulate the thymic cell-type specificity of Aire expression, albeit in only
a minority of cells. As is typical with non-targeted transgenesis, the founders showed a wide
range of transgene copy number (from one to 22). There was a trend toward correlation between
the frequency of GFP-expressing mTECs and the transgene copy number, but the relationship
was not statistically significant (Figure S2.5C). The median fluorescence intensity of GFP in
GFP™ cells of the A4dig mice was lower than that of Adig mice but not dramatically so; it is not
as though the A4dig GFP" cells are all just barely past the threshold to be considered GFP”
(Figure S2.5A and D). As such, the infrequency of GFP" cells does not seem to simply be a case
of an intrinsically low-expressing transgene causing many cells to have a small increase in GFP
signal such that a few are now just within the GFP gate. In fact, the specific, variegated
expression seen with A4dig has been observed in other transgenes and in endogenous genes upon
deletion of certain regulatory regions (148). We hypothesize that the inconsistency of transgene
expression in the Addig mouse compared to the Adig mouse is due to A4dig lacking an important
regulatory element located elsewhere in the Aire-recapitulating BAC, which normally helps
stabilize expression. Despite the variegated expression, however, we were nevertheless struck by
how this relatively small transgene was able to replicate a highly specific pattern of expression,
restricted even to the point of not being present in Aire' mTECSs.

Two smaller transgenic Aire reporters have been published: one in which Cre was
flanked by 23 kb from upstream of Aire plus 11 kb from downstream of Aire (149). This Aire-
Cre mouse did not show evidence of activation early in embryogenesis, in contrast to the Aire-
Cre created using the RP23-461E7 BAC (77). Another, smaller, transgene used just 6.3 kb of

upstream sequence (almost the entire sequence between Aire and Dnmt3l) to drive SV40 large T
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antigen, with the goal of creating an immortalized Aire-expressing TEC cell line (150). These
transgenic mice developed extremely hyperplastic thymi, leading to death in young adulthood
when the thymi became so large that they interfered with breathing. The authors of this study do
not report that the mice had enlarged lymph nodes. This suggests that the 6.3-kb region is
sufficient to drive expression in mTECs but not be enough to drive expression in eTACs.
However, there are a number of alternatives to this interpretation. It may be that the large T
antigen drives more proliferation in mTECs than eTACs at a given level of expression.
Alternatively, in line with Aire expression being lower in eTACs, the construct may be expressed
at a lower level in eTACs than mTECs such that, especially given that eTACs are rarer than
MTECs, the effect of T antigen in the periphery takes longer to become grossly apparent.

Together, the various patterns of expression of these different transgenes suggest that
Aire is regulated by multiple distal CREs. The absence of embryonic Cre activity in the 23-11
construct suggests that a regulatory element needed for embryonic but not adult expression is
somewhere in the more distal parts of the BAC: in the region extending from -23 kb to -97 kb or
the region extending from +11 kb (after stop codon) to +70 kb. The lack of eTAC expression
with the A4dig construct, along with the results of the 6.3-kb construct, similarly suggests that a
CRE is located outside of this small region that is essential for expression in eTACs. This eTAC
CRE could be the same or different from the putative embryonic CRE. Finally, the variegated
expression in mTECs of Addig mice suggests there may be another element outside of the 4.3-kb
region that affects thymic Aire expression.

In conclusion, a small transgene including 4.3 kb of Aire upstream sequence is able to
create a highly specific pattern of expression, restricted even to the point of not being present in

non-Aire-expressing mTECs.
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Figure 2.3. A small transgene is able to reproduce the cell-type specificity of Aire expression.
(A) Schematic of the A4ddig transgene, in which a 4.3-kb region extending upstream from the
translation start site of Aire precedes an IGRP-GFP cassette. (B) Flow cytometry plots of
mTECs, gated as DAPI", CD45, EpCAM*, MHC-II*, Ly51", showing frequency (%) of GFP*
cells in Adig, representative A4dig, and WT mice. (C) Immunofluorescent staining for GFP
(green) and Aiire (red) in frozen thymic sections from Adig and A4dig mice. Scale bars are 50 pm.
(D) Flow cytometry plots of eTACs, gated as DAPI', CD45™, MHC-II", EpCAM®, CD86,
showing frequency (%) of GFP" cells in Adig, representative 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 totaling four mice of

each genotype.
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ACNSL1 is necessary for Aire expression

After exploring the sufficiency of the 4.3-kb region, which includes ACNS1, we
investigated the converse by determining whether ACNSL is necessary for Aire expression. We
began by deleting a 45-bp section of ACNSL1, containing all three PhastCons elements and both
kB sites, from the Aire reporter BAC and generating a new transgenic mouse line, 4digAACNSI
(Figure S2.6A). We observed no expression of GFP in either the mTECs or eTACs of
AdigAACNSI mice (Figure S2.6B and C). We also crossed them to NOD 8.3 TCR transgenic
mice. This TCR is specific for a peptide in IGRP (the "i" in Adig, encoded by G6pc2). Whereas
there was nearly complete negative selection of 8.3-expressing thymocytes in (B6XxNOD)F1
Adig™ 8.3" mice, there was no decrease in 8.3 cells in (FVBXNOD)F1 AdigdACNSI™ 8.3" mice
(Fig. S2.6D), indicating that the transgene is not being expressed. The critical caveat in
interpreting these results is that only a single founder mouse was generated, so it is possible that
the lack of reporter expression is due not to an intrinsic defect in the transgene but is instead
because the transgene is located in a transcriptionally repressive location.

Nevertheless, we were encouraged enough by these results to pursue germline deletion of
endogenous ACNS1. To do so, we took advantage of the recently developed genome editing
technology CRISPR-Cas9 (151,152). This technology, derived from a means of viral defense
present in many prokaryotes, allows targeted induction of a double-strand break using the Cas9
nuclease and a guide RNA complementary to the site to be targeted. Error-prone non-
homologous end joining of these double-strand breaks frequently results in indel formation. In
addition, it is possible to introduce specific point mutations or new sequences, such as a loxP site

or reporter construct, by including an oligonucleotide to introduce this change through
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homology-directed repair (153), a process that can be facilitated by use of a modified Cas9 that
acts as a nickase (154).

Introduction of an indel using a single guide RNA is efficient for knocking out protein-
coding genes. Since enhancers are relatively more resistant to small alterations, however, we
decided to delete all of ACNS1, as well as some flanking sequence, using two guide RNAs
simultaneously, one targeting upstream and one targeting downstream. We designed eight
candidate guide sequences using the online tool created by the Zhang lab (Figure S2.7A). This
tool (www.crispr.mit.edu) allowed us to select sequences predicted to have a lower likelihood of
generating off-target mutations because there are fewer sequences elsewhere in the genome with
only minor differences in insensitive positions of the guide RNA. We cloned the guide RNA
sequences into the pX330 CRISPR-Cas9 plasmid (155,156). The UCSF ES Cell Targeting Core
tested each of these guide RNAs for cutting efficiency in ES cells (Figure S2.7B). The two most
efficient guide RNAs were injected with Cas9 mRNA into the cytoplasm of fertilized C57BL/6
oocytes. The resulting pups were screened by PCR and Sanger sequenced (Figure S2.7C). We
identified seven mice with the desired deletion, in each case in heterozygosity, which was a
success rate of approximately one in seven (Figure S2.7D). We performed our subsequent
analyses on descendents of an arbitrarily chosen founder, with the exception of some analyses of
compound heterozygotes from crosses of this line and another founder line, as discussed below.

We observed that whereas approximately 45% of mTECs are Aire” in a WT mouse,
ACNS1™" mice lacked Aire* mTECs (Figure 2.4B). Inmunofluorescent staining of frozen thymic
sections confirmed these findings, showing none of the characteristic speckled nuclear staining
of Aire in ACNS1” mice (Figure 2.4C). Quantitative RT-PCR analysis of RNA from FACS-

isolated mTECs showed that Aire transcript was also greatly reduced (Figure 2.4D). We noticed
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an average of 39% (Figure 2.4A); when we also included WT and ACNS1*" mice that were part
of the experiments investigating two forms of compound heterozygous mouse, described below,
this decrease in Aire” cells was statistically significant (Figure S2.8A). We also observed
reduced Aire signal in those mTECs that were Aire" in ACNS1"" mice (Figure S2.8B) and a
trend toward decreased Aire transcript, as determined by quantitative RT-PCR (Figure S2.8C).

We also observed that there are fewer MHC-11" mTECs in ACNS1” mice (Figure
S2.8D). We also see fewer of these cells in Aire” mice (data not shown). We have previously

observed that a substantial component of the MHC-11"

MTEC subset consists of post-Aire cells
(73), and preliminary data suggest that Aire” mice have fewer post-Aire cells (data not shown).
One possible explanation for the decreased number of MHC-11'° mTECs in ACNS1”" mice, then,
is that there are fewer post-Aire cells because of a partial developmental block in the mTECs of
these mice due to their failure to express Aire.

We also found by immunofluorescent staining that there is a large reduction in Aire”
cells in the lymph nodes of ACNS1” mice (Figure 2.4E and F). We are following up on some
equivocal quantitative RT-PCR comparing Aire expression in sorted eTACs from WT and
ACNS1” mice. We are also seeking to optimize flow cytometric detection of Aire in eTACs, in
order to confirm this finding by a more rigorously quantitative method.

In the course of generating ACNS1™ mice, we identified a founder with a smaller,
partially overlapping deletion that spares ACNSL1 itself (Figure 2.4G). In homozygosity, this
ACNS1adjacent deletion allele results in no change in the frequency of Aire" mTECs (Figure
2.4H). This suggests that the essential Aire-regulating element is even smaller than 269-bp

region absent in the ACNS1” mouse, which is consistent with the lack of expression from the

Aire reporter BAC from which we deleted just 45 bp of ACNSL.
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Analyses of CRISPR-Cas9-mediated genome editing have demonstrated the risk of
undesired off-target mutations (157), raising the risk that the observed phenotype is not due to
the deletion of ACNS1 but a cryptic mutation elsewhere. However, we have found several pieces
of evidence that together strongly support the interpretation that this loss of Aire expression is
specifically due to deletion of ACNSL1. 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 selected for ACNS1 genotype, the likelihood of the analyzed ACNS1” mice also being
homozygous for a different causative mutation is quite low unless this mutation is strongly
linked to ACNS1. We also found that ACNS1” compound heterozygote mice, containing one
allele derived from each of two different founders, also lacked Aire® mTECs (Figure S2.8E). In
addition, we crossed ACNS1*" mice to Aire”” mice. The resulting compound heterozygote mice,
with missing ACNS1 on one chromosome and exon 2 of Aire on the other, also showed a loss of
Aire expression (Figure 2.41). Together, these results indicate that the phenotype seen in
ACNS1™" mice is due to the deletion of ACNS1, not an unobserved off-target mutation. The Aire,
ACNS1 compound heterozygote results further suggest that ACNS1 has a direct role in
controlling Aire transcription, rather than acting indirectly by regulating a different gene that in
turn is essential for Aire.

The finding that ACNS1 regulates Aire gives new significance to the finding that ACNS1
is an NF-kB-responsive element (Figure 2.2). Previous research connecting non-canonical NF-
kB to the development of Aire-expressing mTECs was unable to distinguish the degree to which
this reflected a direct role for NF-xB in promoting Aire expression versus an indirect role in
which NF-kB is required for mTEC maturation to the state at which other factors become

expressed that directly drive Aire. The observation that ACNS1 responds to NF-kB provides
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Figure 2.4. ACNSL1 is required for Aire expression.

(A) Schematic of the CRISPR-Cas9-mediated germline deletion of ACNS1. Arrows show the
sites targeted by the two simultaneously injected guide RNAs. (B) Flow cytometry plots of
mTECs, gated as DAPI", CD45", EpCAM®, MHC-1I", Ly51", showing frequency (%) of Aire*
cells. Bar graph (right) shows mean * SD frequencies of Aire” cells among mTECs from WT,
ACNS1*" and ACNS1” mice. (C) Immunofluorescent staining for cytokeratin-5 (red) and Aire
(green) in frozen thymic sections from WT and ACNS1” mice. Scale bars are 50 um. (D)
Quantitative PCR analysis of Aire and various TSA genes, comparing RNA from WT and
ACNS1” mTECs, showing mean = SD (technical replicates), normalized to Actb. (E)
Immunofluorescent staining for Aire (green) with DAPI counterstain in frozen lymph node
sections from WT and ACNS1” mice. Scale bars are 25 pm. Arrowhead indicates nuclear Aire
staining. (F) Graph summarizes the results in (E), showing the number of Aire* cells observed in
80 lymph node sections each from WT and ACNS1” mice. (G) Schematic showing location of
ACNS1ladjacent deletion relative to ACNSL1 deletion. (H) Flow cytometry plots of mTECs, gated
as in (B), showing frequency (%) of Aire” cells. Bar graph (right) shows mean + SD frequencies
of Aire” cells among mTECs from WT and ACNSladjacent” mice. (I) Flow cytometry plots of
mTECs, gated as in (B), showing frequency (%) of Aire” cells. Bar graph (right) shows mean +
SD frequencies of Aire* cells among mTECs from WT and Aire”” ACNS1*" (compound
heterozygote) mice. Data in (B), (G), and (1) summarize three independent experiments
containing one or more mice within each group and totaling at least five mice per group. Data in
(C), (E), and (F) are representative of two independent experiments of at least three mice per
group. Data in (B), (H), and (I) analyzed by Student’s t-test; data in (F) analyzed by Garwood
method of Poisson distribution confidence interval calculation. ns denotes not significant and

**** for p < 0.0001.
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Figure 2.4
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evidence for a direct role for NF-«xB in turning on Aire. Thus far, however, it has proven to be
challenging to directly observe NF-«kB binding at ACNSI1 in Aire-expressing cells. There is no
widely available TEC cell line that expresses endogenous Aire. In addition, due to technical
challenges, we have not successfully performed anti-NF-kB ChIP on mTECs. As such, the

mechanism by which CNS1 regulates Aire remains an important open question.

Loss of CNS1 leads to spontaneous autoimmunity

Aire acts to prevent autoimmunity by inducing TSA expression, which in turn permits
successful deletion and control of self-reactive thymocytes. We followed up on the finding that
ACNS1” is essential for Aire expression by analyzing the expression of several TSA genes. We
found substantially reduced expression of Aire-dependent TSAs but not Aire-independent TSAS
in MTECs from ACNS1” mice (Figure 2.4D). In Aire” mice, it has been shown that loss of
particular TSAs can be sufficient for specific organ-specific autoimmunity. For example, the loss
of IRBP (Rbp3) expression leads to retinal disease (49). Given the substantial reduction in Aire-
dependent TSA expression in ACNS1” mice, we hypothesized that these mice would develop
autoimmune disease.

We examined ACNS1”" mice for manifestations of autoimmunity often observed in Aire-
deficient mice on the C57BL/6 background: retinopathy, salivary gland disease (sialadenitis),
and lacrimal gland disease (dacryoadenitis) (44,46). We began by looking for evidence of the
escape of self-reactive T cells by immunizing mice with the P2 peptide of IRBP. T cells specific
for this peptide undergo Aire-dependent negative selection (158). Ten days after immunization,
we quantitated P2-1-A® tetramer-specific T cells in draining lymph nodes and spleen by flow

cytometry. We observed a significant increase in the number of these cells in ACNS1” mice
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compared to WT mice, to a level comparable to that seen in Aire” mice (Figure 2.5A). These
results are consistent with a defect in negative selection in ACNS1™”" mice.

Consistent with this defect in negative selection, ACNS1™ mice developed spontaneous
autoimmune disease. Approximately 20 percent of assayed mice had anti-IRBP autoantibodies at
10 weeks of age (Fig. 2.5B). Fundoscopic examination of 10- to 15-week-old ACNS1” mice
showed a similar incidence of inflammation-associated retinal disease (Figure 2.5C). Finally,
histologic examination of approximately 15-week-old ACNS1” mice frequently revealed
significant immune infiltrates in their salivary and lacrimal glands and retinal destruction (Figure
2.5D). In summary, we find that the deletion of ACNS1 results in a pattern of spontaneous

autoimmunity akin to that previously observed in the traditionally targeted Aire-deficient mouse.

Conclusion:

In summary, we have identified a cis-regulatory element that governs Aire expression,
and, consequently, is essential for immune self-tolerance. This element, ACNS1, is conserved
across placental mammals. Consistent with its role in regulating Aire, it is flanked by chromatin
enriched for the enhancer-associated histone modification H3K27ac. Deletion of endogenous
ACNSL led to a loss of Aire expression in both the thymus and the periphery. ACNS1” mTECs
showed decreased expression of Aire-dependent TSAs. Mice lacking ACNS1 showed escape of
self-reactive T cells from the thymus and spontaneously developed several manifestations of
autoimmune disease. In addition, ACNSL1 is NF-kB-responsive, providing the first evidence for a
direct role for non-canonical NF-«xB in Aire-expressing mTECSs.

NF-xB is active in a variety of cell types, nearly all of which do not express Aire.
Consequently, additional factors must also be necessary for the induction of Aire expression. The

identity of these additional factors and whether they bind at ACNS1 or elsewhere within the
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Figure 2.5. Mice lacking ACNSL1 develop spontaneous autoimmunity.

(A) WT, ACNS1”, and Aire” mice, the last serving as a positive control, were immunized with
the IRBP P2 peptide. Draining lymph nodes and spleen were harvested 9-10 d later for P2-1-A°
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. (B) Radioligand binding assay of anti-IRBP antibodies in sera collected from 10-wk-
old WT and ACNS1” mice. Autoantibody index of 1 is defined by a sample with 367 pg/ml of
polyclonal rabbit anti-IRBP antibody. (C) Representative fundoscopic images of retinas of 10- to
15-wk-old WT and ACNS1” mice. Graph summarizes the incidence of retinopathy in each
genotype. (D) Representative hematoxylin- and eosin-stained retinal, salivary, and lacrimal
sections from 14- to 16-wk-old WT and ACNS1” mice; arrows indicate mononuclear infiltrates.
Scale bars are 100 um. Graphs (right) show retinal degeneration scores and infiltrate scores of
salivary and lacrimal glands; each dot is a single mouse and short horizontal lines show the
means. (E) Correlation of four manifestations of autoimmunity in a cohort of WT and ACNS1™
mice. Data in (A) are representative of two independent experiments. Data in (B) are pooled
from two experiments; WT, n=7; ACNS1” n=8. Data in (C) are pooled from several
experiments; WT, n=22, ACNS1”", n=8. Data in (D) and (E) are from one cohort of 6 WT and 6
ACNS1” mice. Data in (A) and (D) analyzed by Mann-Whitney test; data in (C) analyzed by

chi-square test. ns denotes not significant, * for p < 0.05 and ** for p < 0.01.

52



Figure

>

10000

1000

=
(=]
o

-
o

# P2-specific T cells

Lacrimal

2.5

(o]

Autoantibody index

C WT ACNS1-- Retinopathy
. 100
L 80 p=0.0644
- <
8 60
5
5 40
<
- 20
Se0eeoe LT T 0
W'T ACN'S1'/' WT ACNS1--
Retina Salivary Lacrimal
gland gland
4 E 4 *
g =0.0606
g 3 n o 3 p=- o 3 TT1]
c 3 8
o o @
w2 . e 2 2 2 LT
@ 4 g
c = =
:)-)w 1 £ 1 '] €1
o —— .
oo o 0 oo - ¥ T
WT ACNS1-- WT ACNS1-- WT ACNS1--
WT ACNS1--
Lacrimal
inf Itrates @ @ @ '
Salivary
inf Itrates @ @ 6 6
Retinopathy @ @ @ ‘
Anti-IRBP

53

autoantibodies



4.3-kb A4dig region remain important and unresolved questions. Moreover, additional research is
needed to determine whether there are other distal Aire cis-regulatory elements. The variegated
GFP expression in mTECs of A4dig mice suggests that additional elements do exist. In addition,
the lack of GFP expression in eTACs of A4dig mice may reflect differences in the mechanism of
cis-regulation of Aire in mTECs and eTACSs, a topic that merits further investigation.

Although on a population level Aire induces the expression of thousands of genes, in an
individual cell its effect is limited and stochastic, such that any given TSA is only expressed in a
minority of mTECs (101). 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 antigen-specific tolerance in vivo. Finally,
these results imply that some individuals may develop autoimmune disease due to deletion of
ACNSLI. Indeed, certain patients with clinical features of APS1 have been identified who lack
mutations in the coding sequence of AIRE, and further investigation into the role of ACNSL1 in

human health is warranted.

Materials and Methods:
Mice. C57BL/6.Adig mice were generated as described (74). NOD.8.3 mice (159) were a gift from
Jeff Bluestone. C57BL/6.Aire” mice were generated as described (44).

FVB.Eaig mice were generated by modification of the JDLNL targeting construct used to
generate Adig mice (74). First, Pvul and Mlul sites were inserted immediately upstream of the 5' Aire
homology region of JDLNL using standard cloning methods. Then, additional homology sequence
corresponding to mm9:chr10:77508148-77509503 was cloned using PCR and inserted into the Mlul site.
The resulting Eaig plasmid was isolated using Plasmid Maxi Kit (Qiagen), digested with Pvul to separate

the transgene (Fig. 2.4A) from the plasmid backbone, purified by gel electrophoresis, Qiaquick Gel
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Extraction Kit (Qiagen), followed by Qiaquick PCR Purification Kit (Qiagen), and injected into fertilized
FVB/N oocytes by Helen Lu of the UCSF LARC Transgenic Mouse Core.

FVB.A4dig mice were generated by modification of the Eaig construct. A short homology region
corresponding to mm9:chr10:77510085-77510611 (- strand) was cloned using PCR and inserted at the
Mlul site using InFusion (Clontech), adding a Sall site at the 3* end. The resulting plasmid was linearized
with Sall and underwent recombineering-based gap repair in which the plasmid was electroporated into
heat-induced SW105 bacteria (Biological Resources Branch, NCI at Frederick) already transformed with
the 461E7 BAC, followed by kanamycin selection, and plasmid isolation and sequencing. The resulting
A4dig plasmid was isolated using Plasmid Maxi Kit (Qiagen), digested with Pvul to separate the
transgene (Fig. 2.5A) from the plasmid backbone, purified by gel electrophoresis, Quiquick Gel
Extraction Kit (Qiagen), followed by Qiaquick PCR Purification Kit (Qiagen), and injected into fertilized
FVB/N oocytes by Helen Lu of the UCSF Laboratory Animal Resource Center (LARC).

FVB.AdighACNSI mice were also made by BAC recombineering. A 45-bp region
(corresponding to mm9:chr10:77509287-77509323) encompassing most of ACNS1 was deleted from the
Eaig plasmid by a PCR-mediated deletion method (160) and linearized plasmid was transformed into
heat-induced EL350 bacteria (a gift from Jeroen Roose) already transformed with the 461E7 BAC,
selected with kanamycin, and arabinose treated to induce Cre, causing NeoR excision. The BAC was
isolated using Nucleobond BAC 100 kit (Macherey-Nagel) and injected into fertilized FVB/N oocytes by
the UCSF LARC Transgenic Mouse Core.

C57BL/6.ACNS1™ mice were created by CRISPR-Cas9-mediated deletion in fertilized oocytes.
More specifically, the online tool designed by lab of Feng Zhang at MIT (www.crispr.mit.edu) was used
to identify candidate guide RNA sequences with a low predicted incidence of off-target mutations. These
candidates were cloned by the method described in (156) into pX330-U6-Chimeric_BB-CBh-hSpCas9,
which was a gift from Feng Zhang (Addgene plasmid #42230). These candidate guide RNAs were then
tested by Chong Park and colleagues at the UCSF ES Cell Targeting Core by transfecting into ES cells

and cutting activity assessed using Cell-based surveyor assay. Guide RNAs and Cas9 mRNA were in
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vitro transcribed (Promega), isolated, and injected into cytoplasm of fertilized B6 oocytes at either 50
ng/pl Cas9 and 20 ng/ul each sgRNA or 25 ng/pl Cas9 and 10 ng/ul sgRNA—Dboth 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.

ChlP-seq. ChIP was performed as described in (145). Briefly, sorted cells were fixed with 1%
formaldehyde, 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 fragments. Chromatin was
diluted, incubated overnight with protein A-coated magnetic beads (Invitrogen) pre-coated with anti-
H3K27ac (Abcam, Ab4729, lot GR167929-1) or H3K4me2 (Abcam, clone Y47). 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). Sequencing library was prepared and the samples were sequenced using Illumina Hi-Seq.
Sequences were filtered, aligned, and unique reads selected by the La Jolla Institute for Allergy and
Immunology bioinformatics core, using the Cufflinks (161), followed by peak identification using MACS

(162).

Quantitative PCR. RNA was isolated from sorted mTECs using RNeasy Plus Micro Kit (Qiagen) and
reverse transcribed using oligo-dT primers and the SuperScript 111 Kit (Life Technologies). TagMan gene
expression assays (Applied Biosystems) were used for all targets. Quantitative PCR was performed using
7500 Fast Real-Time PCR System (Applied Biosystems). Transcript abundance was normalized to Actb

and analyzed using the AACt method.

Electrophoretic mobility shift assay. 293T cells were cultured in high-glucose DMEM, 10% heat-
inactivated FCS, and penicillin/streptomycin, at 37 °C, 10% CO,. 293T cells were transfected with p52-

FLAG using Trans-IT 293 (Mirus). After 24 hours, cells were collected, and nuclear extracts prepared
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using NE-PER Kit (Thermo Scientific). Nuclear extract protein concentration was determined using BCA
Protein Assay Kit (Thermo Scientific). p52-FLAG pcDNA3 was a gift from Stephen Smale (Addgene
plasmid #20019). EMSAs were performed using LightShift Kit (Thermo Scientific). Binding reactions
contained 5 pg of nuclear extract, 10 nM biotinylated probe, 2 UM unlabeled probe, and 1 pg anti-FLAG
(M2 clone, Sigma). Binding reactions were electrophoresed on 6% DNA Retardation Gels (Invitrogen)
and transferred to Biodyne B nylon membrane (Thermo Scientific). DNA was cross-linked using UV
light, and detected using the Chemiluminescent Nucleic Acid Detection Module (Thermo Scientific).
Probes were ordered from IDT. Probes sequences were as follows:

WT-CNS1-F: 5°- (biotin)-AATTTTGGACTTTCCATCACACGTGGGGGTTTCCGTGALC,
WT-CNS1-R: 5’- GTCACGGAAACCCCCACGTGTGATGGAAAGTCCAAAATT,

mutl-CNS1-F: 5°- AATTTCTCACTTTCCATCACACGTGGGGGTTTCCGTGAC,

mutl-CNS1-R: 5’- GTCACGGAAACCCCCACGTGTGATGGAAAGTGAGAAATT,

mut2-CNS1-F: 5°- AATTTTGGACTTTCCATCACACGTCTCGGTTTCCGTGAC,
mut2-CNS1-R: 5’- GTCACGGAAACCGAGACGTGTGATGGAAAGTCCAAAATT,
mutl+2-CNS1-F: 5’- AATTTCTCACTTTCCATCACACGTCTCGGTTTCCGTGAC, and

mutl+2-CNS1-R: 5’- GTCACGGAAACCGAGACGTGTGATGGAAAGTGAGAAATT.

In vitro reporter assays. TK-beta-gal was a gift from Brian L. Black. 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 pcDNAS3 was a gift from
Stephen Smale (Addgene plasmid #20019). RelB-FLAG pcDNA was a gift from Stephen Smale
(Addgene plasmid 20017). 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% CO,. 293T cells
in 24-well plates were transfected with 12.5 pg pRL-CMV and 250 pg of (ACNS1)-TK-beta-gal, p52,
and RelB plasmids using Trans-IT 293 (Mirus). After 48 hours, cells were briefly washed and lysed using

Renilla Luciferase Assay System (Promega). Samples were then aliquoted and analyzed for Renilla
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luciferase using Renilla Luciferase Assay System and for beta-galactosidase activity using Luminescent
Beta-galactosidase Detection Kit 11 (Clontech). Luminescence was measured using Victor’ 1420

Multilabel Counter (PerkinElmer). In each experiment, all conditions were performed in triplicate.

Flow cytometry. TECs and eTACs were isolated as previously described (74). Briefly, thymi or
peripheral lymph nodes and spleens were isolated, minced, and digested with DNase | and Liberase TM
(Roche) before centrifugation on gradient of Percoll PLUS (GE Healthcare). The enriched stromal cells
were stained with the antibodies 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, eBioscience). Data were collected using an LSRII flow cytometry (BD) and
analyzed using FACSDiva (BD) and FlowJo (TreeStar). Cell sorting was performed using a FACS Aria

111 (BD).

IRBP P2 peptide immunization and tetramer analysis. Mice were immunized with 100 pg P2 peptide
(IRBP, aa 271-290), emulsified in complete Freund’s adjuvant, subcutaneously at the chest. Tetramer
analysis was performed 9-10 d after immunization on pooled axillary and cervical lymph nodes and
spleen using P2-1-A° tetramer, as previously described (158). The tetramer was generated by the NIH
Tetramer Core Facility. The limit of detection was defined as 3 SD above the mean number of P2

tetramer-staining CD8+ T cells observed.

Immunofluorescence. Thymi and lymph nodes were harvested and embedded into OCT media (Tissue-
Tek) and frozen. 8-um sections were fixed in 1:1 acetone:methanol, blocked with 10% normal goat serum,
and stained for cytokeratin-5 (Abcam), GFP (Invitrogen), or Aire (eBioscience, clone 5H12), followed by
goat secondary conjugated with A488 or A594 (Invitrogen). Immunofluorescent slides were imaged using
Axio Imager M2 widefield fluorescence microscope (Zeiss) with CoolSnap HQ2 camera (Photometrics).

Images were analyzed using ImageJ (NIH).
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Histology. Eyes, lacrimal glands, and salivary glands were harvested and fixed overnight with 10%
formalin, transferred to 30% ethanol for 30 minutes, 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. Tissues were scored by an observed blinded to sample identity using the following criteria: Retinas:
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 a minority of the outer nuclear layer; 4: loss of >50% of
photoreceptor layer and >50% of outer nuclear layer. Lacrimal and salivary glands: 0, no infiltrate; 0.5

trace infiltrate; 1: minor infiltrate; 2: moderate infiltrate; 3: severe infiltrate; 4: complete tissue destruction.

Radioligand binding assay. Murine IRBP cDNA was in vitro transcribed and translated with [*S]
labeling using TNT Quick-Coupled Transcription/Translation Kit (Promega) and assays performed as
described (52). Each well was loaded with 20,000 cpm of labeled protein. Polyclonal rabbit anti-IRBP
(Proteintech, 14352-1-AP) was used as the positive standard. Autoantibody index was calculated as [cpm
sample — cpm negative control] / [cpm positive standard — cpm negative 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 histology scoring were analyzed by Mann-Whitney rank-sum testing, mTEC flow cytometry
and in vitro reporter assays were analyzed by Student’s t test, retinopathy incidence was analyzed by chi-
square test, and eTAC quantitation was analyzed by Garwood method of Poisson distribution confidence
interval calculation. ns denotes not significant, * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and

**** for p < 0.0001.
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Supplemental Data:

Table S2.1. Sequences aligned and compared in mVista conservation analysis.

Species Sequence

Bos taurus (cow) bosTau6, chrl:145622665-145829200
Canis lupus familiaris (dog) canFam2, chr31:40378450-40553800
Equus caballus (horse) equCab2, chr26:39415250-39592500
Homo sapiens (human) hg19, chr21:45573763-45787110
Loxodonta africana (African elephant) loxAfr3, scaffold_67:11282750-11459800
Mus musculus (house mouse) mm9, chrl0:77423776-77603325

Myotis lucifugus (little brown bat) myoLuc2, GL430058:304000-484000
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Table S2.2. RankVista-identified conserved noncoding sequences in RP23-461E7 BAC

p-value <0.01.

Start coordinate | End coordinate | Length p-value Annotation

(mm?9, chrl0) (mm9, chrl0) (bp)

77469790 77469883 94 0.004 ACNS4, Pfkl intron 1

77499541 77499689 149 0.006 ACNS2, Aire intron 8

77509267 77509327 61 3.4E-6 ACNSL, intergenic, Aire &
Dnmt3lI

77514377 77514442 66 0.00093 ACNS3, Dnmt3l intron 3

77552190 77552330 141 7.9E-5 ACNSS, intergenic, Icosl
and D10Jhu81e

77555547 77555661 115 4.8E-6 ACNSS, intergenic, Icosl
and D10Jhu81e

77567645 77567755 111 0.01 ACNS?7, intergenic, Icosl
and D10Jhu81e

77567982 77568071 90 0.0028 ACNSS, intergenic, Icosl

and D10Jhu81e
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Figure S2.1. Phylogeny of AIRE-flanking regions and protein sequence similarities suggest
Aire and Sp100 family resulted from gene duplication.

(A) Each color represents a particular syntenic region. Legend shows list of representative genes
from each region, using the name of the human orthologue. The graph depicts relative
phylogenetic relationships, but the length of each arm does not correspond to the degree of
genomic difference or time since last common ancestor. (B) Comparison of protein domains in

Aire and Sp140 orthologues from various vertebrates.
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Figure S2.1
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Figure S2.2. FACS of mTECs for ChlP-seq.

(A) Fluorescence-assisted cell sorting gating strategy for obtaining GFP™ and GFP* mTECs for
ChlIP-seq. A typical experiment involved thymi pooled from 6-12 Adig mice yielding 150,000 to
250,000 GFP* and 100,000 to 200,000 GFP" cells. (B) A small number of sorted cells from a
representative sort were analyzed for purity. The way in which the very small portion of GFP"
sorted cells were loaded is suspicious for carry-over from the pre-sorted sample being the source

of much of the high proportion of CD45" EpCAM " in the GFP™ purity check.
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Figure S2.2
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Figure S2.3. Enrichment of H3K4me2 and H3K27ac near ACNS1 in Aire-expressing cells.

Alignment of ChlP-seq results for the region spanned by the 461E7 BAC. Upper rows show
unique reads from H3K27ac ChlP-seq of GFP™ and GFP" mTECs from Adig mice (performed in
triplicate) and D10 cells and lower rows show unique reads from H3K4me2 ChlP-seq of GFP”

and GFP" mTECs from Adig mice (performed in triplicate).
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Figure S2.4. A transgene including 3 kb of sequence upstream of Aire was not expressed.

(A) Schematic of the Eaig (extended Aire-promoter-driven IGRP-GFP) transgene, modified from
the Adig reporter construct. (B) Immunofluorescent staining for GFP (green) and Aire (red), in
frozen thymic sections from Adig, Eaig, and WT mice. (C) Immunofluorescent staining for GFP
(green) and Aire (red) in frozen splenic sections from Adig and Eaig mice. Arrows indicate

nuclear Aire staining.
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Figure S2.5. The small reporter transgene, A4ddig, recapitulates Aire expression in mTECs
in half of founder lines.

(A) Flow cytometry of mTECs, gated as CD45 , EpCAM®, MHC-II*, Ly51", showing the
frequency (%) of GFP" cells (left) and the frequency (%) of Aire™ cells among these GFP”
MTECs (right), in Adig, all A4dig lines, and WT mice. (B) Flow cytometry of eTACs, gated as
CD45™, MHC-1I", EpCAM*, CD86", showing the frequency (%) of GFP* cells in the same mice
as (A). (C) Median fluorescence intensity of GFP among GFP* cells in Adig and A4dig mice.
(D) Plot correlating transgene copy number, determined by quantitative PCR, to the frequency of

GFP" cells among mTECs. Data were gathered over three experiments. .
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Figure S2.6. Aire reporter BAC lacking ACNS1 is not expressed.

(A) Schematic of AdigdACNS]I transgene, showing how plasmid was used to modify 461E7
BAC by recombineering. (B) Flow cytometry of mTECs, gated as CD45, EpCAM*, MHC-II",
Ly51", showing MHC-11 x Aire subset gating and the frequency (%) of GFP™ cells among Aire”
MTECs of WT, Adig, and AdigAACNSI mice. Graph (below) summarizes data from three
independent experiments; each dot is one mouse; short horizontal lines are means. (C) Flow
cytometry of eTACs, gated as CD45™, MHC-II", EpCAM*, CD86", showing (right) the
frequency (%) of GFP™ cells among eTACs of WT, Adig, and Adig44ACNSI mice. Graph (below)
summarizes data from three independent experiments; each dot is one mouse; short horizontal
lines are means. (D) Flow cytometric tetramer analysis of CD4 SP thymocytes, gated as DAPI-,
CD4+, CD8-, showing histograms of 8.3 TCR-specific tetramer-binding cells and. irrelevant

tetramer-binding cells in WT, Adig, and Adig4AACNS1 mice.
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Figure S2.7. CRISPR-Cas9-mediated deletion of ACNS1.

(A) Schematic of ACNS1 locus, with PhastCons elements and mVista-identified CNS labeled.
Arrows indicate locations of candidate guide RNAs. Stars mark guide RNAs ultimately used to
create ACNS1” mouse. (B) Surveyor assay of ES cells transfected with Cas9 construct that
included one of the guide RNAs specified in (A). + and - indicate positive and negative control
lanes, respectively. Performed by UCSF ES Cell Targeting Core. (C) Representative gel
electrophoresis of products of ACNS1 genotyping PCR. (D) Table summarizing the ACNS1-

targeting CRISPR-Cas9 injection conditions and results.
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Figure S2.8. Additional effects of ACNS1 deletion on mTECSs.

(A) Graph summarizes flow cytometry results of frequency (%) of Aire” cells among mTECs,
gated as CD45", EpCAM*, MHC-II*, Ly51", of WT and ACNS1*" mice. (B) Graph summarizes
median fluorescence intensity of Aire, normalized within each experiment to that of WT mice, in
Aire" mTECs, gated as CD45", EpCAM®, MHC-I1*, Ly51", of WT and ACNS1*" mice. (C)
Quantitative PCR analysis of Aire, comparing RNA from WT and ACNS1" mTECs, showing
mean £ SD from three independent experiments, normalized to Actb. (D) Flow cytometry of
mMTECs, gated as CD45", EpCAM*, MHC-11*, Ly51", showing frequency (%) of MHC-11" cells.
Bar graph (right) shows mean + SD frequencies of MHC-11" cells among mTECs from WT and
ACNS1" mice. (E) Flow cytometry of mTECs, gated as CD45, EpCAM", MHC-I1*, Ly51,
showing frequency (%) of Aire” cells. Bar graph (right) shows mean + SD frequencies of Aire”
cells among mTECs from WT and compound heterozygous ACNS1” mice. Data in (A) and (B)
pooled from seven independent experiments, for a total of 16 WT and 15 ACNS1*"mice. Data in
(D) and (E) are from at least two or three independent experiments containing one or more
individual mice within each group and totaling five or six individual mice per group. Data

analyzed with Student’s t-test. * p < 0.05, *** p < 0.001, **** p < 0.0001
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Chapter 3: ACNSL1 is essential for thymic Dnmt3l expression

Overview:

The DNA (cytosine-5-)-methyltransferase 3-like (Dnmt3l) gene is a paralogue of the de
novo DNA methyltransferases Dnmt3a and Dnmt3b. Dnmt3L is enzymatically inactive but
facilitates the activities of Dnmt3a and Dnmt3b and is essential for maternal imprinting and
methylation of retrotransposons. Dnmt3l and Aire, which are adjacent in the genomes of
placental mammals, have similar, highly restricted patterns of expression, including co-
expression in mature mTECs. However, regulation of Dnmt3l expression, particularly in the
thymus, is poorly understood. We observe that Dnmt3I expression does not require Aire and,
interestingly, Dnmt3I transcript is increased in Aire”” mice. We examined Dnmt3| expression in
ACNS1” mice, which lack a DNA element required for Aire expression, and found that these
mice also had a complete loss of Dnmt3l expression in the thymus. We present evidence that
ACNS directly co-regulates both Aire and Dnmt3l, suggesting a possible role for Dnmt3l in TSA

expression.

Introduction:

Aire is located within a gene-rich region, with five genes within 100 kb. Pfkl,
18100423GO02Rik , and Trpm2 are downstream of Aire, and Dnmt3l and Icosl are upstream. This
presents a clear example of finely tuned transcriptional regulation in mammals, as these genes

have distinct transcriptional profiles despite their proximity.
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At the time of the discovery of AIRE, researchers had already mapped PFKL, the gene
immediately downstream of AIRE (34,35). A few years later, the gene immediately upstream of
AIRE was identified in humans (163) and mice (164). The gene was called DNMT3L because it
showed significant conservation with DNMT3A and DNMT3B. In placental mammals, AIRE and
DNMTA3L are oriented head-to-head such that they transcribe away from each other. In humans,
the translation start sites of these two genes are located 24 kb apart. In contrast, in mice the
translation start sites are separated by just 6 kb; indeed, one isoform of Dnmt3l includes an
untranslated exon located in the third intron of Aire (165). Much of the larger gap between AIRE
and DNMT3L in humans can be explained by the presence of a number of repetitive sequences
that are absent from that location in the mouse genome.

Although it is a paralogue of Dnmt3a and Dnmt3b, which perform de novo methylation
of cytosines, Dnmt3l lacks certain motifs required for eynzymatic activity (163). Instead, Dnmt3|
participates in de novo methylation by directly interacting with Dnmt3a and Dnmt3b and
enhancing their activity (166,167). The C-terminal half of Dnmt3L is sufficient for this
facilitation of methyltransferase activity. The N-terminal half of Dnmt3L largely consists of a
PHD-like domain and binds to H3K4me0, which is, interestingly, the same histone bound by the
PHD1 domain of Aire (85,168). Dnmt3a- and Dnmt3b-mediated methylation is essential for
development. Dnmt3a”", Dnmt3b”" mice die by embryonic day 10.5 (E10.5). These two genes
show some redundancy, as Dnmt3a” mice appear normal at birth but fail to thrive and die by
several weeks of age, and Dnmt3b™ die mice in utero a few days before birth (169). In contrast
to the severe phenotypes of Dnmt3a” and Dnmt3b”" mice, Dnmt3I” mice grow normally after
birth and are viable, with their only obvious defect being infertility of both males and females

(170). In female Dnmt3I” mice, this infertility emerges from a failure to establish appropriate
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maternal imprinting in oocytes, leading to death of resulting embryos at E9.5 or E10.5, even if
the embryo is itself Dnmt3I*" or is transferred to a WT mother for gestation (170,171). In male
germ cells, the principal problem is insufficient methylation of retrotransposons, which allows
their reactivation and results in meiotic catastrophe in spermatocytes (172,173).

The initial studies of Dnmt3l observed it to be prominently expressed in the testis, ovary,
and thymus (163,164). Since then, careful studies of Dnmt3l expression in germ cells have
carefully plotted its expression over time . It is expressed in the developing testis by E13.5, peaks
at E15.5, and is largely absent by post-natal day 6 (P6); Dnmt3l expression therefore coincides
with the primary period of de novo methylation of the male germ cell (174). In the ovary,
Dnmt3l expression begins in the first few days after birth, peaks at P16, and is present at a
moderate level into adulthood; like the expression observed in testes, Dnmt3l expression in
oocytes coincides with a period of peak germ cell de novo methylation, in this case during the
oocyte growth phase (174). Prospermatogonia and oocytes express different isoforms of Dnmt3l
(165). The originally identified transcript, consisting of 12 exons and beginning transcription
roughly 6 kb away from Aire, is seen in prospermatogonia and ES cells. In contrast, oocytes
express a longer isoform of Dnmt3| that includes two novel exons and omits the first exon of the
prospermatogonia isoform. The first of these novel exons is located in the third intron of Aire
and the second is roughly midway between Aire and the translation start site of Dnmt3I. Both the
oocyte and prospermatogonia isoforms appear to encode identical protein sequences. Finally,
three short, untranslated isoforms of Dnmt3l are observed in spermatocytes. The methylation
status of the Dnmt3l promoter plays an important role in determining which isoform is
transcribed. When the primary Dnmt3l promoter is unmethylated, as it is in ES cells and

prospermatogonia, transcription occurs from this point. In growing oocytes, however, this
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promoter is methylated, leading to transcriptional initiation at the distal exon located within an
intron of Aire (175). The regulation of Dnmt3l in trans more poorly understood, although it is
clear that the promoter methylation observed in oocytes is at least partially dependent on Dnmt3lI
itself (175).

The most prominent defect in Dnmt3I”" mice is their infertility, so it is unsurprising that
research has focused on elucidating the role and regulation of this gene in germ cells. Such
research has ignored thymic expression Dnmt3l, however, despite recognition since the
discovery of the gene that Dnmt3l is expressed there (163,164). We were drawn to this topic after
observing the strong resemblance between the expression patterns of Aire and Dnmt3I and began
to investigate thymic Dnmt3l expression. After determining that expression of both genes is
concentrated in mature mTECs, we proceeded to characterize the expression of Dnmt3l in the
absence of ACNS1, a conserved CRE that is essential for Aire expression, and found that

ACNSL is likewise required for Dnmt3I expression.

Results and Discussion:
Aire and Dnmt3l are co-expressed

The highly specific expression patterns of Dnmt3l and Aire are quite similar. Dnmt3l is
principally expressed in prospermatogonia, growing oocytes, ES cells, and the thymus—the
thymic cell type(s) in which Dnmt3l is expressed is less well identified; one publication asserted
that quantitative RT-PCR of thymic epithelial cells revealed high levels of Dnmt3l, but no data
were shown (176). Aire is expressed most prominently in mature mTECs and in eTACs, a
hematopoietic cell type found in secondary lymphoid tissues; Aire is also expressed in the early
embryo, ES cells, and some developing spermatocytes (74-77). Publicly available expression

data sets contained more unbiased evidence that these two genes are generally co-expressed. We

81



began by using a microarray-based mouse expression atlas of 91 tissues and cell types, which is
available at www.biogps.org,to (177,178). According to the website’s expression correlation
algorithm, Aire and Dnmt3l have a correlation of 0.9208, making Dnmt3l the fourth-best
correlated gene to Aire and Aire the 28"-best correlated to Dnmt3l. In order to better understand
whether Aire and Dnmt3l were expressed in the same cells in the thymus, we examined data
gathered by the Immunological Genome Project, which has performed RNA-seq on dozens of
lymphoid, myeloid, and stromal cell types (www.immgen.org and (179,180)). We observed that
Dnmt3l expression largely correlated with Aire expression, with both Aire and Dnmt3l being
most highly expressed in MHC-1I" mTECs (Figure 3.1A). In contrast, expression of Icosl and
Pfkl, the other two genes nearest Aire on the genome, was not as well correlated with that of Aire.
These data, which suggest that thymic Dnmt3l expression is restricted to mature mTECs, builds
on the previously mentioned report that thymic Dnmt3l expression is limited to thymic epithelial
cells.

We validated these findings by examining RNA-seq data obtained using our recently
published Aire lineage-tracing mouse (73). This mouse has an Aire-Cre transgene, in which the
first few exons of Aire in the RP23-461E7 BAC are replaced with Cre, fused to two ERT2
domains to prevent nuclear localization in the absence of tamoxifen. The mouse also a Rosa26-
loxP-STOP-loxP-TdTomato transgene. Upon administration of tamoxifen, Cre localizes to the
nucleus, excises the STOP cassette, and permanently activates RFP expression in the Aire-
expressing cells and their progeny. We performed high-throughput sequencing of RNA (RNA-
seq) on four subsets of lineage-traced mTECs that were harvested one week after tamoxifen
administration: MHC-11" RFP", which we call pre-Aire mTECs; MHC-11", RFP", which we call

early Aire mTECs; MHC-1I", RFP*, which we call late Aire mTECs; and MHC-11°, RFP",
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which we call post-Aire mTECs. The RNA-seq data revealed that both Aire and Dnmt3l are
dramatically upregulated in both MHC-1II" mTEC subsets compared to pre-Aire cells; Aire and
Dnmt3l both show low levels of expression in post-Aire cells (Figure 3.1B). Neither Icosl nor
Pfkl, which are also located near Aire, show the same large changes in expression.

One possible explanation for this shared pattern of thymic expression is that Dnmt3l is
simply a TSA, a large number of which are expressed in mTECs, where they help to tolerize
self-reactive T cells. Several microarray-based genome-wide expression profiles have been made
comparing WT and Aire™ mTECs. Although the first such assay did not include probes against
Dnmt3l (44), more recent analyses do evaluate Dnmt3I expression. We examined the results of
one arbitrarily selected study that included both WT and Aire” MHC-II" mTECs (114) and
found that, far from being dependent on Aire for expression, Dnmt3| transcripts were more
abundant in Aire” mice (Figure 3.1C). This study also revealed increased Aire transcript in
Aire” mice compared to WT; this particular Aire” mouse was created by targeted deletion of
exon 2, which leads to a frame shift and a premature stop codon after amino acid 48 but does not
prevent transcription (44). One possible explanation for this moderately increased amount of
Aire transcript in Aire” mice is the existence of a feedback mechanism in which an absence of
Aire protein or activity spurs increased transcription. Two other genes near Aire, Pfkl and Icosl
do not show the same dramatic increase in transcript as Dnmt3l. Another study that compared
gene expression of MHC-11" mTECs from Aire” mice to those from WT mice similarly found a
large increase in Dnmt3L expression in Aire” mTECs (Figure S3.1A and (91)). Expression
profiling of a different Aire-deficient mouse, in which a 13 bp was deleted from exon 8, did not

show the same upregulation of Dnmt3I but also did not show a decrease in its expression (Figure

S3.1B and (181)). We validated these studies by performing quantitative RT-PCR against RNA
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Figure 3.1. Aire and Dnmt3l are co-expressed.

(A) Heat map showing expression of Aire and the Aire-flanking genes Dnmt3l, Icosl, and Pfkl
across the range of cell types profiled in the Immunological Genome Project; each column is a
different cell type; columns are ordered by level of Aire expression; color indicates level of
expression, from red (high) to blue (low). (B) Expression of Aire and Aire-flanking genes in
various mTEC subsets, determined by RNA-seq of sorted mTECs from tamoxifen-treated Aire
lineage-tracing (Aire-Cre, Rosa26-loxP-STOP-loxP-TdTomato) mice. Subsets were defined as:
MHC-11"°, RFP™ = “pre-Aire”, MHC-II", RFP" = “carly Aire”, MHC-1I", RFP* = “late Aire”, and
MHC-11"°, RFP* = “post-Aire”. Graph shows mean + SD of number of reads aligned to each gene,
normalized to control for variation in the total number of reads per sample, and additionally
normalized such that the mean of the pre-Aire samples equals 1. (C) Expression of Aire and Aire-
flanking genes in sorted MHC-11"' mTECs from WT or Aire” mice, assessed by microarray, bars
showing mean = SD. This data set was previously published (114). The raw expression values
are normalized such that the mean of the WT samples equals 1. (D) Quantitative RT-PCR
analysis of Aire and Dnmt3l, comparing RNA from WT and Aire” mTECs, , showing mean *
SD (technical replicates), normalized to Actb. In both (C) and (D), the Aire” mice lack exon 2,

as described in (44).
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from sorted WT and Aire” mTECs and found that both Aire and Dnmt3I transcript levels were
approximately 70% higher in Aire” mTECs, which is generally in line with previous studies
(Figure 3.1C). Together, these results show that Dnmt3l is not an Aire-dependent TSA.

It is more difficult to rule out that Dnmt3l is an Aire-independent TSA, and in fact brings
up the question of how a TSA is defined. If the pattern of expression alone determines what a
TSA is, then Aire itself would be considered to be one. Another reasonable definition, however,
might specify that the definition of a TSA requires a functional component—namely, that the
role of the TSA in mTECs is to be expressed and presented on MHC such that thymocytes
specific for the antigen are eliminated. In order to demonstrate that Dnmt3l is not an Aire-
dependent TSA according to this definition, it would be necessary to identify an additional

function for Dnmt3l in mTEC:s.

ACNSL is required for the thymic expression of Dnmt3l

The observation that Dnmt3l expression is increased in Aire” mice, to at least the same
degree as the increase in Aire transcript, led us to wonder whether these two genes might not just
be co-expressed but also co-regulated. We decided to assay the expression of Dnmt3l in
ACNS1” mice, which lack a conserved DNA element that is essential for Aire expression and
immune tolerance, as discussed in the previous chapter. In contrast to the traditionally targeted
Aire” mouse (which have deletion of exon 2), mTECs from ACNS1” mice lack not only Aire
protein but also Aire transcript (Figure 2.4D). ACNS1” mice also have a nearly complete loss of
Dnmt3l expression in mTECs (Figure 3.2A). Pfkl and Icosl, the other two genes closest to Aire,
were still expressed in ACNS1”", suggesting that the loss of Dnmt3l expression was not simply

due to a complete collapse of gene expression in the general region near Aire.
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There are several general mechanisms by which deletion of ACNSL1 could lead to loss of both
Aire and Dnmt3l expression. First, ACNS1 could directly enhance Aire expression and Aire in
turn enhance Dnmt3l expression. Assuming that the Aire transcript itself does not function as a
regulator in trans, this possibility was eliminated by the observation that Dnmt3l is expressed in
Aire” mice, which have nearly full-length Aire transcript but severely truncated Aire protein. A
second possible explanation is that ACNS1 consists of a single CRE that co-regulates both Aire
and Dnmt3l. Third, the 269-bp region absent in the ACNS1” mouse contains two distinct,
separable CREs, one regulating Aire and another regulating Dnmt3l. Further research is needed
to distinguish between these two possibilities. One point in favor of the model of a single
element co-regulating both genes is that the highly conserved region within ACNS1 is quite
small, only approximately 60 bp. Another possibility is that ACNS1 helps preserve a topological
domain that contains both Aire and Dnmt3l, which collapses in its absence. The final possibility
is that ACNS1 could control Dnmt3I and Dnmt3l in turn be required for Aire expression.

The most direct way to assay this last possibility would be to determine whether Dnmt31”-
mice are able to express Aire. We have recently acquired Dnmt31* mice and are breeding them
to homozygosity in order to carry out this study. In the interim, however, we also have noted two
less direct piece of evidence that argues against Aire expression depending on Dnmt3l. We
previously observed that compound heterozygous mice that lack ACNS1 on one chromosome
and exon 2 of Aire on the other chromosome (ACNS1*", Aire*” mice) lack Aire* mTECs to the
same degree that homozygous ACNS1™” mice do (Figure 2.41). Using quantitative RT-PCR, we
found that mTECs from ACNS1*", Aire*” mice express Dnmt3l (Figure 3.2B). In other words,
these mice are Aire-deficient despite having a nearly normal amount of Dnmt3I transcript. This

result is not what we would expect to see in ACNS1*", Aire™ mice if the failure of ACNS1”
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Figure 3.2. ACNSL1 co-regulates Aire and Dnmt3 in mTECs.

(A) Quantitative RT-PCR analysis of Aire and Aire-flanking genes, including Dnmt3l,
comparing RNA from mTECs from WT and ACNS1™” mice, showing mean + SD (technical
replicates), normalized to Actb. (B) Quantitative RT-PCR analysis of Aire and Dnmt3l,
comparing RNA from mTECs from WT and Aire™, ACNS1*" (compound heterozygote) mice,
showing mean £ SD (technical replicates), normalized to Actb. (C) Expression of Aire and
Dnmt3l in ES cells treated with an irrelevant sShRNA (against GFP) or one of three shRNAs
targeting Dnmt3l, showing mean + SD, assessed by oligonucleotide beadchip. This data set was

previously published (182).
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mice to express Aire were due to Aire expression being dependent on Dnmt3l, instead of
ACNS1 directly regulating Aire, because ACNS1"", Aire*” mice still have one normal Aire
allele at which Dnmt3I-dependent transcription would be able to occur. As a complement to
these data, we considered publicly available expression data from shRNA-mediated knockdown
of Dnmt3l in ES cells (182). This knockdown, which reduced Dnmt3l transcript levels by
approximately 70%, did not have any effect on Aire transcript levels (Figure 3C). This suggests
that Aire in mTECs does not require Dnmt3l, with the two major caveats being that it could be
that Aire requires Dnmt3l in the thymus but not in ES cells and that it might be that the
abundance of Dnmt3l transcripts was not decreased enough to reveal its role in inducing Aire.
Still, in conjunction with the results with the ACNS1*", Aire™ mice, these findings provide
strong evidence that the loss of Aire in ACNS1™ mice is not an indirect effect mediated by loss

of Dnmt3l expression. Instead, ACNS1 directly regulates both Aire and Dnmt3I.

ACNS1” mice do not recapitulate the Dnmt3l  mouse

Upon realizing that ACNS1™” mice have defects in thymic Dnmt3I expression, we began
examining these mice to see whether they recapitulate the defects of Dnmt3I”" mice: namely,
male hypogonadism and infertility in both sexes. The testes of two 15-wk-old ACNS1”" were
grossly indistinguishable from age-matched WT controls (data not shown). In addition, we set up
four breedings involving one ACNS1” mouse and one WT or ACNS1*" mouse, using two male
ACNS1” mice and two female ACNS1” mice. Mice were six or seven weeks old at the time
they were placed into breedings. All four breedings yielded two litters of viable mice within two
months. These results demonstrate that the phenotype previously observed in Dnmt3l-deficient

mice is not present in ACNS1” mice despite their lack of Dnmt3l in the thymus.
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We hypothesize that this discrepancy between ACNS1” and Dnmt3I”mice reflects
distinct regulatory mechanisms for thymic and germ cell expression of Dnmt3l, such that ACNS1
is dispensable for Dnmt3l expression in the testis and ovary. We are investigating this point in
collaboration with the laboratory of Diana Laird, beginning with immunohistochemical
characterization of Dnmt3l and Aire expression in germ cells from WT compared to ACNS1™”

neonatal mice.

Conclusion:

Dnmt3l is an enzymatically inactive de novo methyltransferase paralogue that facilitates
the activity of Dnmt3a and Dnmt3b. Mice deficient in Dnmt3l are viable and appear grossly
normal. However, both males and females are infertile, due to defects in methylation that prevent
normal establishment of maternal imprinting and restraint of retrotransposons. Dnmt3l lies in
head-to-head orientation and in close proximity with Aire, and has previously been observed to
have several commonalities with Aire, including binding to H3K4me0 by a PHD domain and
highly restricted patterns of expression that include ES cells, thymus, and gonads.

By examining publicly available data and our RNA-seq results from Aire lineage-tracing
mice, we conclude that thymic Dnmt3l expression is restricted to mature mTECS, just as Aire
expression is. We determine that Dnmt3I expression is not Aire-dependent and that Dnmt3l is, in
fact, upregulated in the Aire” mouse in which there is deletion of exon 2. Intrigued by this co-
expression of Aire and Dnmt3l, we next assayed Dnmt3l expression in ACNS1”" mice, which
lack an essential Aire-regulating CRE, and found a wholesale loss of thymic Dnmt3I expression.
Dnmt3I expression is not lost in compound heterozygous ACNS1*", Aire*” mice, although these
mice lack Aire™ cells. Conversely, sShRNA-mediated knockdown of Dnmt3I in ES cells does not

result in less Aire transcript. Together, these two findings suggest that the lack of both Aire and
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Dnmt3l expression in the absence of ACNSL1 reveals co-regulation of both genes by this DNA
element rather indirect regulation of Aire by ACNS1 via Dnmt3l. Finally, we note that despite
the loss of Dnmt3I expression in the thymus, ACNS1” mice are not infertile. This raises the
possibility that thymic and gonadal Dnmt3I are regulated by distinct CREs, an important question
that we are currently seeking to answer. The finding that ACNS1 regulates both Aire and Dnmt3l
in mTECs suggests a shared function for these two genes, both of which are already known to
have large, genome-wide epigenetic or transcriptional effects. We will discuss this intriguing
possibility in Chapter 5.

In sum, ACNS1, a highly conserved DNA element required for Aire expression, is also
essential for thymic expression of Dnmt3l, hinting at the exciting possibility that Dnmt3I has a

role in the induction of TSA expression in mTECs.

Materials and Methods:

Mice: C57BL/6.Aire-Cre mice were generated by standard cloning methods in conjunction with
BAC recombineering and was previously described in (73). Briefly, an ERT2-Cre-ERT2 cassette
ligated into the pAireFNF targeting construct, which was in turn created from JDFNF (74),
which contains 5’ and 3° Aire homology arms. The resulting plasmid was linearized and

transformed into heat-induced SW105 bacteria already transformed with the 461E7 BAC, selected with
kanamycin, and arabinose treated to induce Flp, causing NeoR excision. Highly purified Aire-Cre BAC
was isolated and and injected into fertilized FVB/N oocytes by the UCSF Mouse Transgenic core. Mice
analyzed were backcrossed onto C57BL/6 at least six generations. Aire-Cre mice were crossed
B6;129.Ai14 mice (Jackson), which have a Rosa26-LoxP-STOP-LoxP-TdTomato cassette and were
previously described (183). 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.
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RNA-seq of Aire lineage-traced subsets: C57BL/6.Aire-Cre mice received 2 mg of tamoxifen
(Sigma-Aldrich), dissolved in corn oil (Sigma-Aldrich), by oral gavage. mTECs were collected 7
d later, isolated as previously described (74). Briefly, thymi were isolated, minced, and digested with
DNase | and Liberase TM (Roche) before centrifugation on gradient of Percoll PLUS (GE Healthcare).
The enriched stromal cells were stained with the antibodies against the surface markers indicated in the
figure legends (BioLegend).). Cell sorting was performed using a FACS Aria Il (BD). RNA was isolated
from the sorted cells using the Quick-RNA MiniPrep Kit (Zymo Research, R1054S), omitting the on-
column DNase | treatment. RNA was then provided to UCSF SABRE Functional Genomics Core. where.
Rebecca Barbeau prepared the library using the Ovation RNA-Seq System (Nugen), which was followed
by 50 bp SE RNA-seq on an lllumina platform, to an average read depth of 28.8 million reads per sample.

Bioinformatic analysis was performed by Josh Pollack.

Quantitative PCR. RNA was isolated from sorted mTECs using RNeasy Plus Micro Kit (Qiagen) and
reverse transcribed using oligo-dT primers and the SuperScript Il Kit (Life Technologies). TagMan gene
expression assays (Applied Biosystems) were used for all targets. Quantitative PCR was performed using
7500 Fast Real-Time PCR System (Applied Biosystems). Transcript abundance was normalized to Actb

and analyzed using the AACt method.

Publicly available microarray data: Heat map of Immunological Genome Project data was created
using My GeneSet tool. All possible cell types were included. Microarray data were obtained using the
Profile Graph tool of Geo2R platform, part of the Gene Expression Omnibus website
(www.ncbi.nlm.nih.gov/geo). Gene sets: Figure 3.1C, GSE8563; Figure 3.2C, GSE44644; Figure S3.1A,

GSE33878; Figure S3.1B, GSE28393.
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Supplemental Data:

Figure S3.1: Dnmt3L expression is not Aire-dependent.

(A) Expression of Aire and Aire-flanking genes in sorted MHC-1I" mTECs from WT or Aire™
mice, assessed by microarray, bars showing mean £ SD. This data set was previously published
(91). The raw expression values are normalized such that the mean of the WT samples equals 1.
(B) Expression of Aire and Aire-flanking genes in sorted mTECs from WT or Aire” mice,
assessed by microarray, bars showing mean £ SD. This data set was previously published (181).
The raw expression values are normalized such that the mean of the WT samples equals 1. The

Aire” mice in (A) lack exon 2 whereas the Aire” mice in (B) have a 13-bp deletion from exon 8.
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Chapter 4: Preliminary evidence for additional Aire cis-regulatory elements

Overview:

Genes are frequently regulated by multiple distal CREs. Although ACNSL is clearly
required for Aire expression, the thymic-restricted, variegated expression of the short, ACNS-
containing transgene of the A4dig mouse suggests that additional Aire-regulating distal CREs
exist. We made transgenic mice in which large regions of an Aire reporter BAC can be deleted
by Cre-mediated recombination to determine whether these regions contain CREs affecting Aire
expression. Our preliminary results suggest there are at least two additional CREs involved in

Aire expression, one upstream and one downstream of Aire.

Introduction:

Just as a single CRE frequently has multiple transcription factor binding sites, a gene is
frequently regulated by multiple distal CREs. At times, these CREs have distinct roles, acting to
enhance expression of the gene in particular settings. For example, three distal CREs have been
identified that control Foxp3, the defining gene of regulatory T cells (184). One of these
elements is required for both thymic and peripheral regulatory T cells, one is dispensable in the
thymus but required for peripheral induction, and one is required to maintain Foxp3 expression
in dividing regulatory T cells. It is plausible that a similar, modular system of regulation
underlies regulation of Aire expression. Indeed, in light of the diversity of the cell types that
express Aire— undifferentiated cells, developing germ cells (spermatocytes), differentiated

endoderm-derived epithelium (MmTECs), and differentiated hematopoietic cells.(eTACs)—it
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seems that convergence of several CREs upon a single gene might be more parsimonious than
expression of a common set of essential transcription factors which then bind the same CRE(S) in
each of these cell types.

As mentioned in previous chapters, there is some circumstantial evidence that Aire is
controlled by more than one CRE. A transgene containing a total of 37 kb of Aire-flanking
sequence produces consistent thymic expression but does not seem to be expressed in early
embryogenesis, in contrast to transgenes created using the entire 461E7 BAC (77,149). This
implies that at least one additional CRE exists, either located further from Aire than these 37 kb
extend or located within an intron of Aire. Similarly, a 6.3-kb upstream fragment was able to
support robust expression in mTECs but not, at first glance, expression in eTACs (150). Finally,
our own work provides support for the hypothesis that there are additional distal CREs. In
particular, we find that a 4.3-kb upstream fragment is able to support specific, intermittently
achieved expression in mTECs but not in eTACs (Figures 2.3 and S2.5). We hypothesize that at
least one additional element is necessary for induction of Aire expression in eTACs and the same
or different CRE increases the probability of stable, continuous Aire expression.

Our examination of the Aire-recapitulating 461E7 region led us right to ACNS1 (Figure
2.1). There was no single other candidate that caught our attention so strongly. No other region
showed the same striking enrichment for H3K27ac in mTECs. Many additional CNSs were
identified by PhastCons or mVista but there was little to make one stand apart from the others.
Moreover, even if some of these CNSs are functional elements, we have no evidence beyond
proximity that they regulate Aire—and given the number of other genes present near Aire, there

are several other very plausible targets. As such, we decided that instead of deleting small
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candidate regions, we would assay the effect of two large deletions, with the plan to follow up
with finer deletions if loss of these large regions had an effect.

While investigating the role of ACNSL in Aire regulation, we first evaluated its function
in vivo by creating a new transgenic mouse using the Aire-recapitulating Adig BAC from which
we had deleted most of ACNSL1. The AdigdACNSI mice did not express the reporter transgene
(Figure S2.6), leading us to proceed to germline deletion of endogenous ACNS1. Although this
decision was vindicated by the finding that ACNS1”" mice do not express Aire (Figure 2.4), we
cannot be certain that the lack of AdigAACNSI expression is due to the missing ACNSL1 rather
than the site in which the transgene randomly integrated because we were only able to analyze
the descendants of a single founder mouse. Indeed, we could not confidently compare the
AdigAACNSI mice to the previously generated Adig mouse (74) because of one of the central
challenges when using transgenic constructs: large variability in expression caused by
differences in integration site and copy number. This problem is particularly acute when using
small (plasmid-sized) transgenes but is also present when using artificial chromosome-based
transgenes (185). In response to this challenge, several strategies have been developed to allow
use of large transgenes while avoiding the position-dependent effects observed with random
integration of transgenes. These include the use of transchromosomes, in which microcell-
mediated chromosome transfer allows the introduction of large, independently segregating
chromosome fragments into a target cells; homologous recombination into the ES cell genome
(i.e., the conventional targeted knock-in or knockout approach), which is possible even with
large pieces of DNA such as those in BACs; Cre-mediated recombination into a site at which

loxP sites were previously inserted in a targeted fashion; and, similarly, a system for @C31-
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mediated site-directed transgenesis using previously introduced attP sites in the Rosa26 or H11
locus (185,186).

We ultimately decided to use the Cre/loxP system to inducibly generate deletions in
randomly integrated transgenes, allowing us to measure the effect of removing this region while
controlling for copy number and integration site. We generated Aire-GFP reporter mice in which
approximately 30 kb of sequence upstream or downstream of Aire could be removed by Cre-
mediated recombination. Our preliminary results suggest that both regions contribute

substantially to Aire expression.

Results and Discussion:
Generation of AdigFlox mice

In order to control for position- and copy number-dependent effects on expression, we
decided to make mice bearing a modifiable reporter BAC built from the Aire-recapitulating BAC,
RP23-461E7 (73,74). To accomplish this, we made BACs that differed in two important ways
from the previously validated Adig (Aire-GFP) reporter mice (74): they had a single FRT site,
instead of a single loxP site, just downstream from the SV40 polyA or the reporter gene cassette,
and they had two loxP sites flanking a slightly more than 30-kb region of the BAC (Figure 4.1A).
In one case, these loxP sites were located approximately 4 kb and 37 kb upstream of Aire; this
transgene was called AdigFlox61-94 (because the loxP sites are located 61 and 94 kb from the
end of the BAC insert upstream of Aire); ACNS1 is not within the floxed region. In the other
case, the loxP sites were located approximately 13 kb and 47 kb downstream from the Aire start
site; this transgene was called AdigFlox111-145. Injection of these BACs into fertilized oocytes

yielded several transgenic founder mice.
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Figure 4.1. Generation of AdigFlox mice.

(A) Schematic of the AdigFlox61-94 and AdigFlox111-145 BACs, with the Adig BAC included
for reference. (B) Schematic depicting the breedings used to generate single-copy AdigFlox and
AdigA mice. (C) Quantitative PCR amplification curves; CD86 and Aire exon 5 were amplified
in the same well. Both AdigFlox and AdigFlox, Flp mice are from the AdigFlox61-94_D line.
Data are representative of 3 technical replicates each. (D) Flow cytometry histograms, showing
GFP expression of Aire* mTECs, gated as CD45", EpCAM*, Ly51°, MHC-II", Aire*, from lines

of WT, AdigFlox61-94, and AdigFlox111-145 mice.
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We then proceeded to a series of four generations of breeding to yield mice that differed
only by the presence or absence of the floxed region (Figure 3.1B). Founder mice were first
crossed to WT B6 mice, and AdigFlox™ offspring were then crossed to B6.Rosa26-Flp mice
(187). Rosa26-FIp mice ubiquitously expressed the Flp recombinase, which caused
recombination among the FRT sites and reduced the transgene to a single copy (Figure 3.1C). It
was important to have only a single copy so that the mice that underwent Cre-mediated
recombination would have the same number of copies of the transgene as mice that did not—
recombination between the loxP sites of different copies of the transgene would result in the
mouse having fewer copies of the transgene. The resulting single-copy AdigFlox mice were then
bred to B6.Zp3-Cre mice (188). These mice express Cre in developing oocytes, such that the
floxed region was expected to be excised in offspring of female Zp3-Cre, AdigFlox mice. In
contrast the offspring of male Zp3-Cre, AdigFlox mice were expected to still have the floxed
portion of the transgene. Multiple founders were generated for each of these two transgenes, but
the number of lines under study was reduced (in response to inefficient transmission of the
transgene, poor expression of the transgene prior to recombination, and logistical limitations) to
three AdigFlox61-94 lines (lines A, B, and F) and two AdigFlox111-145 lines (lines B and D).
AdigFlox lines were checked for GFP expression in Aire” cells prior to Flp- and Cre-mediated

recombination (Figure 3.1D).

Preliminary evidence that 61-94 and 111-145 regions contribute to Aire expression

Thus far, we have analyzed a limited number of AdigFlox and AdigA mice. A single
experiment has been performed on each of the five lines mentioned above. One potential source
of error is that each mouse was classified as AdigFlox or AdigA based solely on whether its

father or mother was Zp3-Cre™. After the first couple of experiments, we began performing PCR
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assays with goal of confirming that the floxed region had been deleted or remained present,
depending on the predicted status. Although in some cases the results aligned neatly with what
we expected, this was not always the case. It was not simply a matter of incomplete deletion in
offspring of female Zp3-Cre™ mice, although this was sometimes observed. Results that were
challenging to unambiguously interpret were observed, including some that seemed to indicate
that the 61-94 region was missing from AdigFlox61-94 F mice even before they were crossed to
Zp3-Cre-expressing mice. Despite this fact, we observed differences in GFP expression between
AdigFlox61-94_F mice with Zp3-Cre* mothers compared to those with Zp3-Cre™ fathers. At this
time, we believe these experiments need a bit of a reset, with new breedings and more rigorous
genotyping. In addition, we will focus on a more limited number of lines: AdigFlox61-94 A,
AdigFlox111- 145 B, and AdigFlox111-145 D. These are lines that are breeding well and appear
by PCR-based interrogation to have intact, floxed 61-94 and 111-145 regions, respectively.

We are very interested in continuing to pursue this line of investigation because of the
preliminary results we have produced. These results suggest that the 61-94 region and
particularly the 111-145 region have significant enhancer activity on the reporter gene and, by
extension, Aire. The pooled results from both experiments with AdigA11-145 mTECs showed a
substantial decrease in GFP expression relative to those from AdigFlox111-145 mice, down
almost to the same level seen with WT mice, as determined using both quantitation of the
frequency of GFP™ cells among Aire” mTECs and median GFP fluorescence intensity (Figure
4.2A and B). The frequency of GFP™ cells was more a proxy for average levels of GFP
expression than a reflection of how the population was divided into two subpopulations; the
lower bound of the GFP gate is set based on WT mice, and the amount of GFP signal is not

sufficient to prevent overlap between the WT and AdigFlox populations, limiting the proportion
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Figure 4.2. Large regions near Aire contribute to Aire expression.

(A) Flow cytometry of Aire" mTECs, gated as CD45", EpCAM*, MHC-II*, Ly51", showing the
frequency (%) of GFP™ cells. Bar graph (right) summarizes these results, showing mean + SD for
WT, AdigFlox111-145, and AdigA111-145 mice. (B) Flow cytometry of Aire" mTECs, gated as
CD45,, EpCAM®, MHC-II*, Ly51", showing overlapping histograms of GFP expression. Bar
graph (right) summarizes these data by showing mean £ SD of median fluorescence intensity of
GFP for WT, AdigFlox111-145, and AdigA111-145 mice. (C) The same as (A) except with WT,
AdigFlox61-94, and Adig461-94 mice. (D) The same as (B) except with WT, AdigFlox61-94,
and AdigA61-94 mice. (E) Flow cytometry of eTACs, gated as CD45™, MHC-11", EpCAM*,
CD86", showing the frequency (%) of GFP™ cells. Bar graph (right) summarizes these results,
showing mean + SD for WT, AdigFlox111-145, and AdigA111-145 mice. (B) Flow cytometry of
eTACs, gated as CD45 , EpCAM®, MHC-II", Ly51", showing overlapping histograms of GFP
expression. Bar graph (right) summarizes these data by showing mean = SD of median
fluorescence intensity of GFP for WT, AdigFlox111-145, and AdigA111-145 mice. Data
represent pooling of two or three experiments, each involving a different line of transgenic mice,
because levels of GFP expression in different lines of a given transgene (AdigFlox61-94 or

AdigFlox111-145) were quite similar.
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of cells in the GFP gate. AdigA61-94 mice also show decreased GFP expression, though not to
the same degree as seen with loss of the 111-145 region (Figure 4.2C and D). We saw little GFP
expression in eTACs of the small number of AdigFlox61-94 mice that we analyzed, preventing
informative comparison to AdigA61-94. However, analysis of eTACs from AdigA111-145 mice,
seemed to show a sharp decrease in GFP expression relative to AdigFlox111-145 mice (Figure
4.2E and F). Together, these results suggest that both the 61-94 and 111-145 regions have CREs

that affect Aire.

Conclusion:

Previous observations led us to suspect that additional Aire-regulating CRES exist beyond
ACNSL1. In particular, the lack of GFP expression in eTACs and most, but not all, Aire" mTECs
in mice with a small transgene with 4.3 kb of sequence from upstream of Aire (Figure 2.3)
strongly suggested to us that there are additional DNA elements that act to enhance Aire
expression. It may be that, just as ACNS1 is essential for thymic and peripheral Aire expression,
any additional CREs are also play a role in all Aire-expressing tissues. Alternatively, there may
be CREs that are specific for particular tissues.

We generated mice that allow for analysis of the role of large regions near Aire using a
BAC reporter transgene while controlling for copy number and position-dependent effects. These
mice have loxP-flanked 33-kb regions located slightly upstream and slightly downstream of Aire
(AdigFlox61-94 and AdigFlox111-145, respectively). Preliminary results comparing GFP
expression in mice in which there has been Cre-mediated excision of these regions (yielding
AdigA61-94 and AdigA111-145) are very intriguing. Deletion of either region appears to lead to
decreased reporter expression, with loss of 111-145 having a stronger effect. There are also

preliminary data suggesting that the 111-145 region is important for reporter expression in
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eTACs. Certain technical difficulties and the small number of analyzed mice prevent us from
drawing any firm conclusion from these results, but we do believe that these findings indicate

that further study of these mice is warranted.

Materials and Methods:

Mice. B6;FVB.AdigFlox61-94 mice were created by a combination of standard cloning methods
and BAC recombineering. We previously removed the loxP site from the backbone of the RP23-
461E7 BAC. We began by making the AdigF BAC using the previously generated JDFNF
plasmid (74), which consisted of a 5' Aire homology arm, a beta-globin intron, an IGRP-GFP
fusion protein, an SV40 polyA, an FRT site, NeoR, an FRT site, and 3' Aire homology arm. We
transformed linearized JDFNF into SW105 bacteria that had been heat-induced and already had
the loxP-free 461E7 BAC. We selected for recombination with kanamycin, screened by PCR and
restriction digest, and then treated with arabinose to induce Flp expression, causing excision of
NeoR. This yielded the AdigF BAC, which was then transformed into EL350 cells, which have
arabinose-inducible Cre. The AdigF was then modified further by recombineering using
constructs that each consisted of a 5’ homology arm, a loxP-NeoR-loxP cassette, and a 3’
homology arm. The homology arms targeted the LNL cassettes to 61 kb, 94 kb, 111 kb, and 145
kb from the end of the 461E7 insert (when considered in the orientation such that Aire is on the
(+) strand). After LNL was successfully inserted into the appropriate location in AdigF, it was
recombined down to just a single loxP element. When the second LNL cassette had been and the
bacteria were treated with arabinose to induce recombination, careful screening was essential to
ensure that recombination had not occurred between either part of this LNL cassette and the

more distant previously inserted loxP. Once completed, the AdigFlox61-94 and AdigFlox111-145

107



BACs were isolated using Nucleobond BAC 100 kit (Macherey-Nagel) and injected into
fertilized FVB/N oocytes by Helen Lu of the UCSF LARC Transgenic Mouse Core. Rosa26-Flp
mice (B6.12954-Gt(ROSA)26Sor™F-FI53) \were obtained from Jackson Laboratory and
previously described (187). B6.Zp3-Cre mice (C57BL/6-Tg(Zp3-cre)93Knw/J) were also
obtained from Jackson Laboratory and previously described (188). 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.

Flow cytometry. mTECs and eTACs were isolated as previously described (74). Briefly, thymi
or peripheral lymph nodes and spleens were isolated, minced, and digested with DNase | and
Liberase TM (Roche) before centrifugation on gradient of Percoll PLUS (GE Healthcare). The
enriched stromal cells were stained with the antibodies 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, eBioscience). Data were
collected using an LSRII flow cytometry (BD) and analyzed using FACSDiva (BD) and FlowJo

(TreeStar).

Transgene Copy Number Assays: The number of copies of the AdigFlox transgenes was
determined using duplex quantitative PCR assays. Each well contained both primers and a FAM-
labeled probe specific for Cd86 (the same used in many Anderson lab genotyping reactions) and
primers and a Cy5-labeled probe specific for exon 5 of Aire:

gAireEx5_F: 5-CCATGGCAGCTTCTGTCCAGA

gAireEx5 R: 5-GCAGCCTGCTTCCATGCATTTAC

gAireEx5_Pr: 5'-Cy5-CCTCGGGTTCCTGGAACATCCCCAGAGG-BHQ2
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Aire copy number was determined by normalization to Cd86 followed by comparison to WT
mice, which have 2 copies of Aire, by the AAC; method. Therefore the number of copies of the
transgene present was calculated to be two less than the total number of copies of Aire as

determined using this method.
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Chapter 5: Discussion and Concluding Remarks

Overview:

We summarize the results of our investigation into the cis-regulation of Aire, as presented
in the previous chapters. In particular, we focus on our identification of ACNS1, a highly
conserved DNA element that is essential for thymic and peripheral Aire expression, as well as
our unexpected finding that it is also necessary for thymic Dnmt3l expression. We discuss
promising directions for further research and the implications of our findings on clinical
medicine, with a goal of placing them in the larger context of our understanding of the biology of

immune tolerance.

Aire's role in the balancing act of immunity:

Infectious disease has been a grave threat throughout most of human history and, indeed,
in the history of life on earth. Even today, infection is the cause of approximately 20% of all
deaths worldwide and is the leading cause of death of young children (189). Shaped by this
strong evolutionary pressure, our immune system is prepared to react vigorously to foreign
threats. T cells are an important component of this response. V(D)J recombination, the DNA
rearrangement process that produces functional TCR genes (and BCR genes, in B cells), yields
an extraordinarily diverse repertoire of receptors that are capable of recognizing a similarly vast
array of foreign proteins (11). Inevitably, however, this same immense pool of receptors includes
many that are specific for self-antigens (14,15). Most individuals are free of autoimmunity,

indicating that these numerous self-reactive T cells are somehow prevented from doing harm. In

110



a substantial minority of the population, however—approaching 10% of people in some
developed countries—this self-tolerance is broken and autoimmune disease develops (190).

The most common autoimmune diseases, such as Graves' disease, type 1 diabetes,
systemic lupus erythematosus, and multiple sclerosis, are multifactorial disorders whose precise
causes remain obscure. Select monogenic disorder, however, reveal the role of specific
components of the elegant machinery that establishes and maintains immune self-tolerance, as
well as illustrating the damage that may result from dysregulation of a single critical protein
(191). The devastating disease immunodysregulation, polyendocrinopathy, enteropathy, X-linked
(IPEX) is caused by mutations in FOXP3, a transcription factor that is essential for the
development of regulatory T cells, and a mutation of the murine orthologue causes the
autoimmunity observed in the scurfy mouse (192-194). This autoimmunity emerges from a
defect in peripheral tolerance, which refers to control of self-reactive T cells after they have
exited the thymus. In contrast, mutations in AIRE produce defects in central tolerance, the
process by which self-reactive thymocytes are detected and controlled, either through elimination
or differentiation into regulatory T cells (17). APS1, the disorder resulting from the absence of
AIRE, is typified by hypoparathyroidism, adrenocortical insufficiency, and mucocutaneous
candidiasis, but may also involve various other organ-specific autoimmune manifestations (Table
1.1 and (29)). In mice and patients with genetic defects in Aire, many self-reactive T cells escape
from the thymus because mTECs do not express the full complement of TSAs that they normally
display (44,47,48,98). eTACs, rare hematopoietic Aire-expressing cells located in secondary
lymphoid tissues, are also capable of tolerizing self-reactive T cells through expression of a non-

redundant set of TSAs (74,75). It is clear that Aire expression in mTECs is indispensable because
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transplantation of Aire” thymi produces autoimmunity in mice (44). The precise biological role

of eTACs remains an important area of investigation.

Identification of an Aire-regulating DNA element, ACNS1:

In addition to being present in mTECs and eTACs, Aire is also transcribed in many ES
cell lines, in early embryogenesis through the epiblast stage, and in some developing
spermatocytes (76,77). There is also some weak evidence for expression in the ovary (44,63).
This highly specific pattern of expression is rather unusual given the anatomical and ontological
diversity of these cell types. Previous research effectively characterized the Aire promoter in
vitro and revealed a role for TNFRSF members RANK and, to a lesser degree, CD40 along with
non-canonical NF-kB family members p52 and RelB in Aire-expressing mTECs
(70,107,109,111,112,117-119,121,122). And yet, the distal cis-regulation of Aire was wholly
unclear. We aimed to address this gap by identifying distal CREs that govern Aire expression.

We found a non-coding region, ACNS1, that is well conserved among placental
mammals and located approximately 3 kb upstream of Aire in mice and humans. ChIP-seq of
sorted mTECs revealed enrichment of the enhancer-associated histone mark H3K27ac (132) near
this region. Such enrichment was present in neither the D10 T cell line that we also analyzed nor
in any of a number adult tissues for which H3K27ac ChlP-seq data were publicly available. This
suggested that ACNSL1 regulated a gene with a highly specific pattern of expression that included
MTECs. Interestingly, the two genes nearest ACNS1, Aire and Dnmt3l, both matched this
description. Still, given our longstanding research focus, our initial assays were focused on
investigating whether ACNSL1 played a role in the transcriptional regulation of Aire.

After some encouraging results with transgenic mice, we successfully deleted

endogenous ACNS1 by injection of two guide RNAs and Cas9 mRNA into fertilized C57BL/6
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oocytes. Upon crossing to homozygosity, we observed a complete (or very nearly so) loss of
Aire expression in both mTECs and eTACs. Concomitant with this loss of Aire expression, we
observed greatly decreased expression of Aire-dependent TSAs and the development of
spontaneous autoimmunity closely resembling that observed in Aire” mice. We have not yet
determined whether ACNSL is also required for the expression of Aire in early embryogenesis or
testes. To address that, we recently began collaborating with the Hebrok lab on performing
CRISPR-Cas-mediated deletion of ACNS1 from Aire-expressing ES cells, including human ES
cell lines. If deletion leads to loss of Aire expression, it will both reveal a role for ACNS1 in
another Aire-expressing cell type and demonstrate that ACNSL1 is a functional element in humans.

We were impressed by the ease and efficiency of performing CRISPR-Cas-mediated
knockout. This was our first use of the technology, and we were nevertheless able to have
C57BL/6 mice heterozygous for the desired deletion within six months of deciding to use this
approach, a considerable reduction in the time and effort that would be required if using
homologous recombination-based approaches to create knockouts. Indeed, even the cloning
required for the CRISPR-Cas approach was significantly easier. Since then, additional attempts
to use CRISPR-Cas by members of the Anderson lab have confirmed the increased challenge of
knocking in a new piece of DNA using the technology, but we remain convinced that it
represents a substantial improvement over previous techniques.

We observed two conserved kB sites within ACNS1—corresponding to two of the three
overlapping PhastCons elements—and showed by EMSA that they can bind p52, a non-
canonical NF-kB member. We further used an in vitro reporter assays to demonstrate that
ACNS1 has NF-kB-responsive enhancer activity. These findings provide the first evidence for a

direct connection between non-canonical NF-xB and Aire transcription. At this point, the
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evidence is still circumstantial: in the absence of non-canonical NF-xB, Aire-expressing mTECs
do not develop; ACNS1 can mediate NF-kB transactivation; ACNSI1 is required for Aire
expression. Two pieces of evidence that would strengthen this connection would be if ChlP-seq
of NF-kB in Aire-expressing cells showed binding at ACNS1 and if selective mutation of the kB
sites in endogenous ACNS1 led to reduced Aire expression.

The specificity of Aire expression obviously cannot be explained by NF-kB alone, given
how frequently it is active in non-Aire-expressing cells. Although some specificity may be
encoded in additional, putative CREs, we hypothesize that there may be additional transcription
factors that act through ACNS1. One intriguing candidate is AP-2p (Tcfap2b). We note that
while two of the PhastCons elements aligning with ACNS1 match up with the kB sites, the role
of the third, which encompasses a conserved 13-bp sequence, is unclear (Figure 2.2). It seems
very plausible that this small sequence is another transcription factor binding site. Preliminary
evaluation with the LASAGNA transcription factor binding prediction tool (http://biogrid-
head.engr.uconn.edu/lasagna_search and (195)) identified it as a candidate AP-2f site, albeit one
less closely matched to the consensus sequence than is the case with the kB sites (data not
shown). AP-2B is expressed in the neural crest, peripheral nervous system, facial and limb
mesenchyme, various developing epithelia, and trophoectoderm (196), as well as, most
importantly, mature mTECSs; this last point is supported by both our RNA-seq of Aire lineage-
tracing mice and the Immunological Genome Project's expression profile of MHC-1I" mTECs. It
would be worthwhile to investigate whether this candidate AP-2p site is functional by using

EMSASs and in vitro reporter assays, as performed with the kB sites.
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Aire and Dnmt3l:

We noticed similarities in the expression patterns of Aire and Dnmt3l, as well as
H3K27ac enrichment near ACNS1 in the Bruce4 ES cell line (Figure 2.1), which expresses
Dnmt3l but not Aire (per ENCODE-associated track on UCSC genome browser; data not shown).
This led us to investigate whether Dnmt3l expression was altered in ACNS1” mice and
subsequently discover that thymic Dnmt3l expression is lost in these mice. We are currently
investigating whether ACNS1 also regulates Dnmt3l in germ cells, though the observation that
ACNSL1” are fertile strongly suggests that Dnmt3l expression is not wholly abrogated in the
germ cells of these mice.

The finding that Aire and Dnmt3l are co-regulated naturally provokes the question of
whether Dnmt3l also plays a role in TSA expression. This is not necessarily the case. Perhaps the
two genes are functionally independent and their co-regulation is an evolutionary accident in
which Aire is incidentally expressed in germ cells and early in embryogenesis, where Dnmt3|
plays an important role, and, conversely, Dnmt3l is incidentally expressed in mTECs. Still, the
fact that Dnmt3l is involved in epigenetic regulation allows us to readily hypothesize about how
these two factors might interact. Of interest is recent evidence for a role for Dnmt3L beyond
increasing the activity of Dnmt3a and Dnmt3b. In ES cells, Dnmt3L competes with Dnmt3a and
Dnmt3b at bivalent promoters, which tend to be associated with genes with important
developmental functions (182). Knockdown of Dnmt3I results in increased methylation at these
promoters and impaired differentiation of these ES cells into primordial germ cells.

We know that both Aire and Dnmt3L bind H3K4me0O, which is usually found at
repressed genes (85,168,197). It is also known that Aire interacts with Atf7ip and MBD1, which

form part of a repressive complex and which are recruited to methylated CpGs, which are
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enriched at the promoters of repressed genes (83). One hypothesis is that Aire and Dnmt3L are
targeted to the same repressed TSA genes, those marked by H3K4me0O and methylated CpGs.
There, Dnmt3L may act to appropriately modulate methylation of these promoters such that a
limited number of TSAs come to be expressed in any given cell. Such hypotheses are at this
point highly speculative, but further investigation into the thymic function of Dnmt3l is certainly
merited.

All together, these findings lead us to a new model for the transcriptional regulation of
Aire (Figure 5.1). In this model, RANK-induced activation of non-canonical NF-kB converges
with other transcription factors, which are not expressed in other cells with activated NF-kB, to
bind ACNS1 and at least one other CRE. These CREs in turn enhance expression of Aire, which
then induces expression of a diverse set of TSAs and thereby supports tolerance induction.
Simultaneously, Dnmt3l expression is induced by interaction between ACNS1 and the Dnmt3|

promoter, and perhaps Dnmt3L also contributes to TSA expression.

Clinical implications:

Most patients with clinical APS1 have been found to have homozygous or compound
heterozygous loss-of-function mutations in the coding portion of AIRE (36). In a few cases,
disease has been found in heterozygous individuals due to dominant-negative gain-of-function
mutations of AIRE (53,198). There remain some other individuals with clinical disease
characteristic of APS1 in whom no AIRE mutations have not been found (Michail Lionakis and
Bergithe Oftedal, personal communication). Genetic defects involving ACNSI1, including
deletion of part or all of the element or insertions or point mutations that interfere with the kB

sites, may be the source of disease in some of these patients. We suggest that sequencing,

116



perhaps copy number variant testing of ACNS1 is warranted in patients with clinical APS1 in
whom causative AIRE mutations are not apparent.

We also propose that our research may serve as the foundation for developing a method
for targeted, antigen-specific tolerance induction. We observed inconsistent but appropriately
restricted expression of GFP in the A4dig mouse. We note that mTECs effectively enforce
negative selection even though each TSA is only expressed in approximately 1-3% of mTECs
(99,199). This is the same proportion of mTECs that express GFP in the A4dig mouse, leading
us to hypothesize that an antigen driven by the A4dig regulatory region would be expressed
sufficiently to successfully induce tolerance to this antigen. We speculate that the A4dig
transgene could consequently serve as the basis for a gene therapy agent or other genetic
manipulation that would produce mTEC-restricted expression of a new antigen, such as the
mismatched HLA in individuals facing an allogeneic transplant, and thereby decrease the risk of
developing autoimmunity. lIdentification of a small transgene capable of producing specific

expression in eTACs might also serve as the basis for a tolerance-inducing therapeutic.

Future research:

A number of research directions are possible as follow up to the findings presented here,
ranging from inquiry into biochemical mechanism to further exploration into the evolution of the
Aire locus. We hold that the following experiments address questions of substantial scientific
interest and play to the strengths of the Anderson lab.

1. Research on the broader roles of ACNS1: The preliminary finding that ACNS1
controls both Aire and Dnmt3L expression in the thymus is an exciting one. So far, we have only
used quantitative RT-PCR to document decreased expression of Dnmt3l. Anti-Dnmt3L

antibodies are commercially available, and an important first step will be to develop
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Figure 5.1. Model of cis-regulation of thymic Aire expression.

This cartoon portrays our model for the transcriptional regulation of Aire in mTECs. RANK and
CD40 signaling promote nuclear localization of non-canonical NF-kB members p52 and RelB,
which bind at ACNS1 together with additional transcription factor(s). ACNS1 then acts as a
critical enhancer of Aire and Dnmt3l activity. Aire induces expression of a diverse set of TSAs,
which are processed and displayed on MHC, allowing tolerization of self-reactive thymocytes.
Additional CRE(s) likely also contribute to Aire expression. Dashed lines are speculative

relationships.

118



Figure 5.1

S

Non-canonical Other
NF-«B signaling transcription

pSZ“ RelB factor(s)
i.‘-‘-...... ..."'e'lll...
s

-’
c“. =
o !

i Dnmt3/ ACNS1 Aire Other o
‘o, --.__\ CRE(s) ,o*
NG L s 8 .s® o
tra, =~ * Tissue-specific

-.......--"b..!ignnin

antigens

TSA-MHC complex
to delete self-reactive
thymocytes

119



immunofluorescent tissue staining and flow cytometry protocols for assaying Dnmt3L
expression in mTECs and elsewhere. From there, three preeminent questions concern whether
ACNS1 regulates embryonic and testicular Aire expression, whether ACNS1 regulates germ cell
Dnmt3l expression, and what is the function of thymic Dnmt3l. We have recently acquired the
Dnmt3I” mouse from (Jackson Labs, previously described (170)). One productive line of inquiry
will be to determine whether these Dnmt3I” mice show any defects in central tolerance.
Although an autoimmune phenotype has never been reported in them, there may nevertheless be
a mild but detectable phenotype that will be apparent upon careful study. Indeed, on the
C57BL/6 background even Aire” mice have disease almost so benign that they could escape
detection if immunologic phenotyping were not performed (though reduced fertility would
probably give them away even without this). As such, assays of these Dnmt3I” mice should
include the frequencies of mMTEC subsets, levels of Aire-dependent and Aire-independent TSA
expression, and checking for autoimmunity by the techniques used in profiling the ACNS1”
mouse. In addition, RNA-seq of sorted mTECs from WT, Aire”, ACNS1™”, and Dnmt3I”" mice
will help determine whether there is a synergistic effect from the loss of both Aire and Dnmt3lI
expression and will provide a rich data set from which to generate additional hypotheses.

2. ldentification of additional Aire CREs: One aspect of this aim will be to complete the
analysis of the AdigFlox61-94 and AdigFlox111-145 mice. As discussed in the previous chapter,
preliminary results indicate a role for both regions in the regulation of Aire expression, and
repeated, more careful analysis of these mice is warranted. Another approach to looking for Aire-
regulating CREs would be to use CRISPR-Cas-mediated screening in ES cells. That is, Aire-
expressing ES cells (which also express an Aire-GFP reporter) could be targeted with a

population of guide RNAs that can produce any of a number of moderately sized deletions,
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perhaps 1-3 kb, followed by sorting and deep sequencing of cells showing significantly
decreased or increased Aire. This would generate a list of high probability candidate regions that
could then be probed more finely to exactly identify the CRE. One limitation to this CRISPR
approach is that it can only identify CREs that are important for the expression of Aire in ES
cells, and CREs active only in mTECs or eTACs may exist. However, a notable advantage of
this approach is that one can directly investigate regulation of human AIRE by simply using
human ES cells.

3. The A4dig transgene as an inducer of tolerance: As discussed above, we hypothesize
that there is adequate expression from the A4dig transgene to support negative selection. Since
the A4dig IGRP-GFP fusion protein contains the cognate antigen to the NOD 8.3 TCR, we
propose first crossing A4dig mice to these mice and using tetramer analysis to measure whether
negative selection is occurring. If robust negative selection is observed, the next step might be to
create a lentiviral construct with thymic epithelial cell tropism and to determine whether

transduction of the thymus leads to successful negative selection of 8.3" thymocytes.

Conclusion:

The immune system must find an appropriate balance between the extremes of
autoimmunity and immunodeficiency. AIRE plays an important role in this process by
significantly decreasing the frequency of self-reactive T cells that could cause disease in the
periphery. It does so through an impressive and incompletely understood induction of numerous
TSAs, thereby facilitating thymic recapitulation of the antigens of the peripheral self. Concordant
with this powerful and unusual function, Aire expression is highly restricted. Here, we have
presented several new findings on how this pattern of expression is achieved. We identified a

conserved DNA element, ACNS1, that is essential for thymic and peripheral Aire expression and
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the prevention of spontaneous autoimmunity. We further showed that ACNS1 regulates thymic
expression of Dnmt3l, whose function in the thymus remains an important and open question.
We also identified a small transgene that produces specific but variegated expression in Aire-
expressing mMTECs. This led us to hypothesize that additional more distal Aire-regulating CREs
exist, and we generated new mouse lines that will permit evaluation of large regions flanking
Aire for regulatory function.

In sum, these findings increase our understanding of the regulation of immune tolerance,
suggest new directions for further research, and may eventually result in improvements in the
diagnosis and treatment of autoimmune disease. We look forward to seeing where future

research leads.
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Appendix: Selected Protocols

Stromal Preps:
Purpose: To enrich for mTECs or eTACs for sorting or flow cytometric analysis
1. Sac mice. Remove thymi and/or lymph nodes and/or spleens (lymph nodes are more
work to gather but tend to make for easier, less clumpy preps) and put into 6 cm dishes
containing 5 mL of digestion medium (DMEM, 2% FCS, 100 pg/ml DNase | (Roche),
0.5 units/ml Liberase TM (Roche)). If pooling for sorting purposes, can put two or maybe
three thymi or spleens etc. into one dish. Dice finely with razor blades into pieces small
enough to be pulled up into 9” Pasteur pipette (Fisherbrand). Transfer to 15 ml conicals.
2. Incubate at 37 °C water bath, mixing by pipetting up and down (with Pasteur pipette)
every 7 to 10 minutes. Incubate spleen or lymph nodes for 45 to 50 minutes and thymi for
25 to 30 minutes — you want there to no longer be visible pieces of tissue.

If it is critical to maximize your yield (e.g. sorting for ChiP-seq), make the following
modifications to steps 1 and 2: harvest into DMEM (not digestion buffer); after transfer
to 15 ml conical, centrifuge briefly (several seconds) to get tissue to bottom; aspirate
most of the DMEM; add 3 ml digestion medium; one-third of the way through incubation,
pull most of digestion medium off and add to equal volume of AutoMACS buffer (see
step 3) on ice and add 3 mL more of digestion medium; repeat two-thirds of the way
through incubation period.

3. After incubation, centrifuge in large centrifuge at 1200 rpm, 4 °C, 5 min. Unless
otherwise stated, all spins from here on should be like this. Decant supernatant and
resuspend with 5 ml of cold ‘AutoMACS’ (1 x PBS [CMF = calcium, magnesium free],

0.5% BSA, 2 mM EDTA). Incubate on ice for 10 minutes. Spin down and decant. .
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4. Resuspend with 4 ml of 1.115 Percoll (83.47% Percoll Plus (GE Healthcare), 9.27% 10x
PBS [CMF], 7.26% 1x PBS [CMF]). Filter through 70 pm cell strainers into FCS-coated
15 ml conicals (add FCS, tip tube around to coat, and pour out FCS). Incline tubes at
~45° and slowly (<100 pl/sec) layered 2 ml 1.065 Percoll (47.16% Percoll Plus, 5.24%
10x PBS [CMF], 47.6% 1x PBS [CMF]) followed by 2 ml 1x PBS [CMF] on top.
Centrifuge 2700 rpm, 4 °C, 30 min., acceleration of 5/9, brake of 0/9.

5. Transfer cells at 1.065/PBS interface (aka light fraction, enriched for stromal cells and
DCs, vs. dense fraction, enriched for thymocytes) to tube containing 8 ml FACS buffer
(or less if you’re pooling several samples at this point for sorting, etc.). Filter through 70
pm cell strainer into another 15 ml conical. Spin down. Resuspend with 3.5 ml FACS
buffer (if individual mouse) or 10 ml FACS buffer (if pooled sample) and transfer to
filter-top FACS tube or through 70 pm cell strainer to 15 ml conical, respectively. Add
100 pl to 900 pl FACS buffer and count using Vi-Cell. Meanwhile, spin down sample.
Usually, get ~5-10 million cells per thymus at this point.

6. Resuspend cells with 20 pg/ml 2.4G2 (Fc block, from UCSF core) in FACS buffer, 10 ul
per million cells (but a minimum of 30 ul). Incubate on ice for 10 minutes. Add equal
volume of FACS buffer containing 1:100 dilutions of antibodies for surface staining (all
BioLegend). For thymi: anti-CD45 PerCP (30-F11), anti-Ly51 PE (6C3), anti-CD11c
PE-Cy7 (N418), anti-EpCAM APC-Cy7 (G8.8), and anti-I-A® A647 (if keeping cells
alive) or Pac Blue (if fixing) (AF6-120.1); if FVB mice, can use anti-I-A/E PE
(M5/115.14.2) and omit Ly51. For spleens/LNs: same staining except anti-CD86 PE
(GL-1), or can use anti-CD11c in PE and anti-CD86 in PE-Cy7. Incubate on ice for 30

min. Wash twice with FACS buffer (if not fixing) or once with FACS buffer (if fixing). If
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not fixing, resuspend in ~350 pl (one thymus) or ~500 pl (spleen / set of lymph nodes) or
a couple ml (large pooled sample for sorting) FACS buffer. Add DAPI (no more than 1
pL) shortly and pass into new filter-top tube shortly before running on flow cytometer.

If fixing, resuspend in 500 pl of 1x (i.e. diluted 4x from stock) fixative in FoxP3 staining
kit (eBioscience or equivalent Tonbo Kkit). Incubate on ice for 30 minutes. Historically,
we’ve been unable to successfully stain for Aire in eTACs. Based on Jennifer Lu’s very
recent work, it appears that the key may be to fix with 1% PFA in overnight. This method
of fixation also works for mTECs. Wash twice with 1x perm. buffer.

Resuspend with 1:100 anti-Aire €660 (5H12, eBioscience), same volume as surface
staining antibody mix (10 pul per millions cells, minimum of 30 pl). Incubate on ice for 30
minutes. Wash twice with perm. buffer. Can hold at this point overnight at 4 °C, covered.
Wash once with FACS buffer. Resuspend with ~350 pl (thymus) or ~500 pl (spleen/LN)
and run on flow cytometer. Usually gather 100,000 to 300,000 thymic events and 1 to 1.5

million splenic / LN events.
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BAC Recombineering and Preparation for Injection:

Purpose: To modify BAC or to add sequence from BAC to plasmid by gap repair, taking

advantage of heat-inducible homologous recombination machinery of special bacteria in

order to create a large transgene.

1.

Inoculate from glycerol stock to get culture of recombineering bacteria (e.g. SW105
or EL350) in LB with chloramphenicol (12.5 pg/ml) at 30 °C. Inoculate 100 pl of
dense culture into two 10 ml aliquots of LB in 14 ml round-bottom tubes. Incubate at
30 °C, 200 rpm, for a few hours (until culture is slightly but definitely cloudy). Swirl
one sample in 42 °C water bath for 20 minutes (keep other at 30 °C) and then cool
both by swirling in watery ice.

Spin down in large, table-top centrifuge at 4,000 rpm, 4 °C, 5 min. Decant.
Resuspend with 1 ml of ice-cold milliQ water by swirling then add 5 more ml. Repeat
spin / decant / resuspend (note that pellet will be less solid). Repeat spin a third time
and decant gently. Resuspend by swirling with the few hundred pl of liquid that
remain in the tube.

Aliquot 200 pl to 1.5 ml tube on ice containing 20 ng of linearized plasmid. Two
steps of linearization, with gel-based purification after first and simply PCR clean-up
kit after second, will reduce background. Then transfer 75 pl of bacteria + DNA to
electroporation cuvette. Electroporate (1.75 kV, 25 uF, 200 Q) and as quickly as
possible added 1 ml SOC medium and transferred to 14 ml round-bottom tube. Want
time constant of 4.8 to 5.0. Incubate at 30 °C, 200 rpm for 1 hour. Spread 200 pL on

LB chloramphenicol (12.5 pg/ml) kanamycin (25 pg/ml) plates.
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4.

Incubate at 30 °C. Colonies should be apparent in 30 to 48 hours. Should get many
more colonies on plate using heat-induced bacteria than non-heat-induced. Pick
several colonies and inoculate in 3 ml LB chloramphenicol kanamycin. Incubate at
30 °C 200 rpm for 24 -36 hours. Isolate DNA using Qiaprep Mini Prep Kit (Qiagen).
Depending on what you’re inserting, you can usually perform initial screening of
these mini preps by PCR. To ensure you have the intact BAC, you will need to grow
up a larger amount and perform restriction digest with a rarely cutting enzyme (Xhol
and Spel often work well with 461E7-based BACS); need to digest at least 1-2 g to
see full set of bands.
To excise NeoR using arabinose-inducible Cre (EL350) or Flp (SW105), inoculate 3
ml of LB chloramphenicol and when moderately cloudy add 30 pl of 10% arabinose.
After 30 minutes at 30 °C, 200 rpm, make several dilutions of sample (e.g., 1,000-
fold and 20,000-fold and plate 10 ul + 90 ul LB on LB chloramphenicol plates).
Incubate at 30 °C. Check for excision of NeoR by verifying kanamycin sensitivity,
PCR screening, and restriction digest as needed.
To prepare for microinjection, grow up 3 ml mini prep, then dilute 1:2,000 into 125 to
150 ml of LB chloramphenicol. Incubate 30 °C, 200 rpm, overnight. Isolate DNA
from cultures using Nucleobond BAC-100 kit (Macherey-Nagel), per its instruction.
That is:

a. Pour culture into 500 ml centrifuge bottles. Centrifuge in large centrifuge (on

floor) 5,000 x g, 4 °C, 15 min. Decant supernatant. Resuspend with 24 ml

buffer S1.
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b. Add 24 ml buffer S2; mix by gentle inversion. After about 3 minutes, add 24

e.

ml cooled buffer S3, mix by gentle inversion, and place on ice.

Equilibrate column with 6 ml buffer N2. Place Nucleobond filter in funnel,
wet the tip with N2, and filter lysate through into column. Do not wait for
every bit of lysate to get through (maybe 5 ml left in the funnel). If isolating
multiple BACs, clean funnel with bleach and dl water in between samples.
Wash column with 2 x 18 ml buffer N3. Elute into angled 50 ml conical by
applying 15 ml buffer NS warmed to 50 °C. Transfer eluate to round-bottom
centrifuge tube. Add 10.5 ml isopropanol and mix by inversion. Balance tubes.
Centrifuge 15,000 x g, 4 °C, 30 min. Decant. Add 5 ml 70% ethanol.
Centrifuge 15,000 x g, 4 °C, 15 min. Decant. Let air dry ~ 15 minutes. May
carefully use Kimwipe to get some excess ethanol from inside tube.

Add 100 pl 10 mM Tris 0.1 mM EDTA to pellet incubate at 4 °C overnight.
Quantify and check for purity using Nanovue. For microinjection, Helen

prefers to get at least 50 ul of 100 ng/pl.
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Anti-histone ChIP-seq of mTECs:
Performed in collaboration with Greg Seumois and others in Anjana Rao’s lab at LIAIL

Previously developed by Greg Seumois and Vijay Pandurangan, see (145).

FACS:
Sors-Adig+

In brief, isolate thymi from 10 four- to five- -

<
week-old mice, mince and digest with Liberase r~
TM and DNase |, wash, centrifuge on Percoll § -
three-layer gradient, wash light fraction, Fc z"s
block and stain (anti-Ly51-PE, anti-CD11c-PE- @
Cy7, anti-EpCAM-APC-Cy7, anti-1-A>-A647,

IIIII;II:||2 1 IIIII;ID|:' 1 IIIII1I::|" IIIIII:g |
anti-CD45-PerCP), wash, and sort on BD IGRP-GFP GFP-A

FACSArialllu. Gate on FSC x SSC, DAPI-, EpCAM+, CD45-, MHC-I1+, Ly51'°, and using
GFP+ and MHC-I1I (GFP+ in green, GFP- in purple on flow plot; orange show intermediate
prevalence of Aire-expressing cells and are discarded). Sort (precision setting) into chilled 1.5
mL low-retention microcentrifuge tubes containing 500 pL of 1:1 DMEM/FCS.

Fixation:

1. After sorting, mix by gentle inversion. Centrifuge at 528 x g in swinging bucket rotor at 4 °C
for ten minutes. Aspirate all but ~ 50 ul of supernatant with micropipettor. Centrifuge at 8,000 x
g for ~ 10 s and aspirate remaining supernatant with micropipettor.

2. Gently resuspend with DMEM 10% FCS using 100 pL per 10° cells. Add 10x fixation buffer
(11% formaldehyde, 100 mM NaCl, 1 mM EDTA, 500 uM EGTA, 50 mM HEPES) to 1x,
briefly vortex, and incubate at room temperature for 10 minutes, occasionally inverting the tubes.

Add 20x glycine buffer (2.5 M glycine) to 1x, briefly vortex and place on ice for 5 minutes.
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3. Centrifuge 1000 x g, 4 °C, 4 minutes. Aspirate supernatant with micropipettor. Add 1.5 mL
cold (4 °C) PBS (calcium, magnesium free), flick on tube rack several times and invert tube
several times. Incubate on ice 2 minutes.

4. Centrifuge 1250 x g, 4 °C, 4 minutes. Aspirate all but about 50 pl supernatant with

micropipettor. Gently resuspend with 950 pl cold PBS.

5. Centrifuge 1250 x g, 4 °C, 4 minutes. Aspirate supernatant with micropipettor. Flash freeze by

placing tip of tube into liquid nitrogen. Store at -80 °C.

Sonication:

1. Immediately beforehand, make lysis buffer: 1% SDS, 50 mM Tris-HCI pH 8.0, 140 mM
NaCl, 10 mM EDTA, 5 mM EGTA, 1x Sigma protease inhibitor, 1 mM PMSF, 20 mM
NaBu (protease inhibitors added from frozen stock aliquot thawed immediately before use).

2. Remove cell samples from -80 °C, place on dry ice. Add 65 pl lysis buffer and place at room
temperature. After 90 seconds, gently resuspend and place on ice. After approximately 5
minutes, transfer to Axygen low-retention 0.6 mL tubes. Place back on ice.

3. Set up Bioruptor: Fill chamber with ice. After several minutes, remove some ice and add
water such that there is a layer of ice on the surface. Set to “high’, 30 sec cycle on, 30 sec
cycle off. Place samples at room temperature for ~ 4 minutes to help SDS redissolve as load
onto adaptor.

4. Load into sonicator and began sonicating. After fourth on cycle, remove samples, remove
some water and replace with ice, very briefly vortex and briefly centrifuge each sample.
Samples out of sonicator for 90 to 120 seconds.

5. Repeat step 4 four times, so sample exposed to a total of 20 sonication cycles. After final

sonication cycle, can store samples at -80 °C or ship on dry ice. To verify successful
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sonication, take 2.5 pl from sample, add 12.5 pl TE buffer, and incubate at 95 °C for 15
minutes. Allow a slow decrease of temperature and run 10 pL on 1.2% agarose gel. Stain the
gel with 1:20,000 SYBR Gold (Life Technologies) in TAE for 10 minutes, destain for 15
minutes, then image with UV. For histone ChlP-seq, want fragments of 100-500 bp at this
point. Can also quantify chromatin concentration using Picogreen at this point (see later
below for protocol).

Chromatin immunoprecipitation:

1. Determine the amount of beads required for the experiment. Will be based on 1 pl
antibody : 10 pl beads. Strictly speaking, need to optimize for each antibody. With anti-
H3K27ac (Ab4729, lot GR167929-1), we had success with 500 ng = 0.5 pL per sample
(each sample was from ~100,000 cells). Add beads on tube, place on magnetic rack, wait
1 minute, and discard supernatant. Add 1 ml of ice-cold RIPA (10 mM Tris-HCI pH 7.5,
140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% SDS, 0.1 % sodium deoxycholate,
0.1% Triton), vortex briefly, spin briefly, and incubate for 5 minutes at 4 °C. Repeat
twice and resuspend beads in the initial volume with RIPA.

2. Split beads into different “antibody” tubes. Dilute 10x with blocking solution (1x PBS,
0.5% BSA) and appropriate amount of antibody. Add beads to blocking buffer then beads
to that. Do not vortex. Need to validate the amount of antibody needed for each antibody
used. Incubate at 4 °C, rotating, for 4 to 6 hours.

3. Wash beads with 3 x 1 ml ice-cold RIPA, rocking several minutes at 4 °C, and changing
tubes each time. Resuspend beads in the initial volume with RIPA and add beads to

diluted chromatin. (We used 5 pL per sample for anti-H3K27ac.).
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4. Take fragmented chromatin in lysis buffer, dilute to 1 mL with RIPA + 0.25x protease
inhibitors (Sigma), 0.25 mM PMSF, and 5 mM sodium butyrate, vortex. Make sure that
there is no precipitated SDS. Ideally, your sample would be 500 ng of chromatin. Spin
max speed, 4 °C, 15 min. Transfer the supernatant (leaving 10-20 ul in the bottom) to a
new pre-chilled low-retention tube and centrifuge again max speed, 4 °C, 15 min.
Transfer the supernatant to a new pre-chilled low-retention tube. Take the appropriate
amount of diluted chromatin (when small number of cells, as with mTECs, will probably
use 900 or 950 pl) and add appropriate amount of bead/antibody complexes (step 3).
Store the remaining chromatin at -20 °C for use as input sample. Incubate overnight (~ 10
hrs) at 4 °C, rotating.

5. Washes (perform in cold room or on ice): Pre-chill 1.5 ml low-retention tubes. Transfer
ChIP samples to new tubes. Let tubes sit in magnetic rack to collect beads, remove
supernatant, add 950 ul RIPA. Invert tubes gently to resuspend beads. Rotate at 4 °C, 5
minutes. Replace tubes in magnetic device to collect beads and remove supernatant.
Repeat washes with high salt buffer (50 mM Tris-HCI pH 8, 500 mM NaCl, 1 mM EDTA,
0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate) then with LiCl buffer (50 mM Tris-
HCI pH 8, 250 mM LiCl, 1 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate), and
then with low salt buffer (10 mM Tris-HCI pH 8, 50 mM NaCl, 1 mM EDTA). Collect
beads, resuspend with 1 mL of TE, incubate rotating at 4 °C for several minutes. Wash a
new set of low-retention tubes with 200 pl room temperature elution buffer (50 mM Tris-
HCI pH 8, 10 mM EDTA, 1% SDS) by putting the buffer in the tubes, vortexing 10 sec,

putting in thermomixer for 5 min. at 65 °C, quickly spinning, and discarding buffer.
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Transfer the beads + TE suspension into these tubes, place in magnetic rack to capture
beads, and remove supernatant.

. Elution: Resuspend beads in 100 ul of elution buffer by vortexing. Place tubes in
thermomixer (or water bath) at 65 °C for 15 min. at 800-1000 rpm. (If in water bath,
vortex every 2 minutes.) Place tubes in magnetic rack and collect supernatant into fresh
1.5 ml low-retention tubes. Wash beads with additional 100 pl of 55-65 °C elution buffer,
vortex, spin down, collect beads on magnetic rack, and add supernatant to previous 100
pl. For inputs, take 50 pL of input chromatin and add 150 pl elution buffer and 5 pl of
10% SDS.

. Add 2 pl RNase A (20 mg/ml) to every tube. Mix and incubate in thermomixer or water
bath for 30 minutes, 37 °C, 500 rpm. Add 7 pl 300 mM CaCl; in 10 mM Tris pH 8,
followed by 2 pl 20 mg/ml proteinase K. Mix and incubate in water bath or thermomixer
for 4 hours at 55 °C (800 rpm). Reverse crosslinks by incubating in a water bath or
thermomixer at 65 °C for 4 hours to overnight (800 rpm).

. DNA purification: Clean up DNA using a Zymo Research Kit. When have numerous
samples, use ZR-96 ChIP DNA Clean & Concentrator. Can also use individual column
based Zymo ChIP DNA Clean & Concentrator kit with the following modifications: Add
1000 pul DNA binding buffer (so 1200 pl total); load half of sample and spin 15 sec
10,000 rpm, reload flow through and spin 30 sec 10,000 rpm, load remaining sample and
spin 15 sec 10,000 rpm, and reload flow through and spin 60 sec 10,000 rpm. Add 300 pl
wash buffer to column, spin 30 sec 10,000 rpm, then 300 pl and spin 2 min 10,000 rpm.
Add 12 pL elution buffer and spin 15 sec 12,000 rpm then 12 puL 2 min. 12,000 rpm. For

long-term storage, screw-top tubes work best.
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Quality Control:

1. Picogreen quantification: Use black, flat-bottom plates. Add 4 pl sample to 17 pl TE and
aliquot 10 pL to each of two wells. Dilute 40 ng/ul A DNA 1:4 six times with TE to make
standard curve, ending with no DNA, for 8 total dilutions. Resuspend 4 ul Picogreen dye
(Life Technologies) in 2 mL TE. Add 190 pL of this to 10 pul DNA, being sure to add to the
center of the well not the side. Using a multichannel is okay. Read plate and graph data bi-
exponentially and find best-fit curve.

2. Often, before library preparation, it is wise to perform QC gPCRs against some positive and
negative control regions. The appropriate regions will depend on the cell type and target of
the ChIP.

Whole Genome Amplification:

1. Use the WGA SegPlex Kit (Sigma, SEQXE). To begin, dilute 1.2 ng of (post-ChIP) DNA in
12 pL of TE. Add 2 ul of Library Preparation Buffer (LP100). Vortex for 10 seconds, spin
down, and place in thermoblock for 2 min. 95 °C then hold at 4 °C or on ice. Once cooled
down, add 1 pL of Library Preparation Enzyme (E0531), cap, and mix by vortexing. On
thermoblock: 16 °C 20 min, 24 °C 20 min, 37 °C 20 min, 75 °C 5 min, 4 °C hold.

2. Determine optimum number of amplification cycles: for each well, 1.5 pl 5x Amplification
Buffer (A5112), 0.15 pul DNA Amplification Enzyme (AE), 4.1 ul nuclease-free water, 0.1 pl
of 1:1000 dilution of SYBR Green (Life Technologies), 0.15 pL ROX passive dye
(Invitrogen), and 1.5 pL template. Run on qPCR machine at 94 °C for 20 min, (94 °C for 15
sec + 70 °C 5 min) x 35; good to follow with a melt curve to check not just getting a bunch

of primer dimers. To analyze, determine the Ct value where curve peaks, this Ct + 2 is the
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optimal number of amplification cycles (for ease of setting up program when have multiple
samples, can also do +1 or +3 as needed).

. Set up amplifications: in each well, 15 puL 5x Amplification Buffer, 1.5 uL DNA
Amplification Enzyme, 37.5 puL nuclease-free water, and 13.5 pL template. Run 94 °C 2
minutes, (94 °C 15 sec + 70 °C 5 min) x X cycles (see step 2), 4 °C hold.

DNA Clean-up: If have many samples, use ZR-96 DNA Clean-up Kit (Zymo Research);
alternatively, just use individual column DNA Clean and Concentrator Kit (Zymo).
Generally follow directions of kit, except be sure to pass sample through column twice
(reload flow through after first spin) and when elute, add 25 pl pre-warmed TE to column, let
rest for 2 min, spin, and then add another 25 pL pre-warmed TE, let sit, and spin. Quantify
DNA with Nanodrop. You should get more than 3 pg total DNA.

. Primer Removal: Dilute 1 pg DNA to 30.5 pl with water. Add 3.7 pl 10x Primer Removal
Buffer and 0.75 pl Primer Removal Solution (SR-400) to each sample. Vortex, quickly spin,
Transfer 2.5 pl to QC plate. Add 2.63 pl water, 0.5 pL 10x Primer Removal Buffer (SR401),
and 1.88 pL Primer Removal Enzyme to remaining 32.5 pL. Incubate at 37 °C for 60 min,
then 65 °C for 20 min, then hold at 4 °C. Transfer 2.5 pl to QC plate. To remaining sample,
add 45 ul Ampure XP beads, mix by pipetting, incubate 3 min. room temperature, capture
beads with magnet, remove supernatant, wash 3 times with 200 ul 80% ethanol (do not
remove plate from magnet), remove as much ethanol as possible, let pellet dry for 10 min.,
elute with 12 pl of water (vortex, quick spin, back on magnet) and the a second time with
warmed 65 °C TE (optional). Measure DNA using Nanodrop and Picogreen.

. You should get more than 300 ng of DNA. Also, run 5-10 ng on Bioanalyzer to see change in

size after primer removal. Should see shift of ~140 bp. For QC PCR, add 197.5 pl TE to the
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2.5 pl amplified or primer-removed samples, then dilute another 80-fold. Perform gPCR
against primers (as though amplifying again)— want Ct value difference between amplified
and primer removed to be > 4.

. For sequencing, want 150 ng of DNA in 60 pl. We had success using TruSeq Nano Library
Prep Kit (lllumina) followed by sequencing on Illumina High-Seq. This was performed by

the high-throughput sequencing core at LIAI.
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