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Abstract

ADAR1 Regulation of Innate RNA Sensing in Immune Disease

Megan Maurano
Chair of the Supervisory Committee:
Daniel B. Stetson

Department of Immunology

Detection of nucleic acids and production of type | interferons (IFNs) are principal
elements of antiviral defense, but can cause autoimmune disease if dysregulated. Loss of
function mutations in the human ADAR gene cause Aicardi-Goutiéres Syndrome (AGS), a rare
and severe autoimmune disease that resembles congenitally acquired viral infection. Our lab
and others defined ADAR1 as an essential negative regulator of an RNA-sensing pathway.
Specifically, accumulation of endogenous ADAR1 RNA substrates within cells triggers type |
IFN production through the anti-viral MDAS/MAVS pathway, highlighting the connection
between innate antiviral responses and autoimmunity, with important implications for the
treatment of AGS and related diseases. However, the mechanisms of MDA5-dependent disease
pathogenesis in vivo remain unknown. Here, we introduce a knockin mouse that models the
most common ADAR AGS mutation in humans. In defining this model we confirm that the
unique z-alpha domain of ADAR1 is required, along with the deaminase domain, for MDA5
regulation. We establish that it is haploinsufficiency paired with an otherwise non-deleterious
allele that drives disease, and may explain the dominance of this allele amongst the broader
population. We used this new Adar-mutant mouse model to confirm several putative effectors of

disease that results from ADAR1 loss of function. These mice develop lethal disease that



requires MDAD5, the RIG-I-like receptor LGP2, type | interferons, and the elF2a kinase PKR. We
additionally show that a small molecule inhibitor of the integrated stress response (ISR) that
acts downstream of elF2a phosphorylation prevents immunopathology, and rescues the mice
from mortality. We also determined that haploinsufficiency is essential to the progression of
disease, and demonstrate increased MDAS signaling in p150 and Adar1 heterozygous mice.
We describe a new set of mice that will allow in vitro and in vivo interrogation of the RNAs that
activate MDAS in the absence of sufficient ADAR1 editing. Our findings place PKR and the ISR
as central components of immunopathology in vivo and identify new therapeutic targets for
treatment of human diseases associated with the ADAR1-MDAS5 axis, and shed light on how

decreased ADAR1 activity may be leveraged for cancer treatments.
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Chapter 1: Introduction

Innate Immunity in Host Defense

The major function of the immune system is protection from infection. From bacteria
combatting phages to humans clearing an infection with SARS-CoV-2, the detection and
elimination of pathogens are essential to the persistence of life. In order to succeed in this, all
organisms must have a means of recognition of “non-self”’ as different from “self”. The different
strategies for recognizing pathogen must be highly specific and tightly regulated since they are
coupled to pathways that could otherwise damage the cell or organism if activated
inappropriately.

One example of pathogen recognition and elimination that evolved in prokaryotes is
restriction enzymes which cleave specific DNA sequences contained in invading phage. These
sequences are absent in host DNA or hidden by host modification of these specific sequence
motifs . A major limitation of this approach as a defense against infection is that it is exquisitely
sequence-specific: it relies on recognition of a very specific short set of nucleotides, rather than
a more broadly shared characteristic of phage, so any given restriction enzyme can only target
a subset of phage. In contrast, some of the viral recognition pathways in vertebrates detect
broader pathogen-specific molecular patterns that share the characteristics of being distinct
from mammalian cellular components and essential to the pathogen such that mutation cannot
easily result in immune evasion.

Pathogen recognition receptor (PRR) specificities are encoded by the innate immune
system which is germline encoded and thus will not change in an organism over its lifetime.
This is in contrast to the evolving recognition capacity of the adaptive arm of the vertebrate
immune system, in which reassortment of lymphocyte antigen receptor gene fragments creates
almost limitless recognition potential. Instead, to make the innate immune system an effective
early system for the detection of the world of potential pathogens, PRR recognize common

elements of pathogens: from bacterial cell wall components and toxins, to damage induced
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during infection. Bacterial and fungal cell wall lipopolysaccharides, peptidoglycans, and sugars
are clearly distinct from any element of human biology. However, since viruses rely on the host
for many of their functions, there are fewer ways to recognize them as foreign and it is far more
difficult to specifically and reliably detect them without also constantly responding to parts of a
healthy host. Nonetheless, one component all viruses must contain is a nucleic acid genome.
Accordingly, nearly all the patten recognition receptors of the innate immune system recognize
viruses by detecting DNA or RNA of viral genomes, either by unique locations of these nucleic
acids, unique modifications, or unique structures in the nucleic acids.

After recognition of viral nucleic acids, the pattern recognition receptors alert the immune
system, induce inflammation, and limit or clear infection via an antiviral defense mediated by the
cytokine interferon. There are over a dozen interferon genes encoded in the human genome,
with overlapping functions. IFN beta? is the first type | IFN produced during an antiviral
response, under the most direct regulation from PRR activation, and will be referred to here as
simply, IFN.

IFN-Beta, the focus of this thesis, acts in both autocrine and paracrine manners,
inducing hundreds of interferon-stimulated genes, called ISGs. The ISGs establish an antiviral
state in both the infected cells and those nearby through wide-ranging functions, from
antagonizing the virus in myriad ways at almost every step of the viral replication cycle, to
promoting cell survival through the stress of infection, and recruiting immune cells to the site of
infection through chemokine and cytokine production. Nearly all nucleated cells express the
heterodimeric type | IFN receptor (IFNAR), and thus can respond to IFN by induction of ISGS.
Therefore, an IFN response can have systemic effects.

The initial steps of induction of ISGs involves IFNAR engagement by IFN which results
in activation of JAK kinases which phosphorylate Signal Transducers and Activators of
Transcription 1 and 2 (STAT1 and STAT2). A complex of STAT1 and 2 phosphorylates

Interferon regulatory Factor 9 (IRF9), and this is the transcription factor that drives transcription
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of interferon stimulated genes (ISGs) with Interferon-Sensitive Response Elements (ISREs) in
their promoters®. Many of the nucleic acid sensors, which initiate the IFN response, including
MDAG5, are themselves IFN-inducible®, so that cells near to those in which infection is first
detected are primed to be more sensitive to any encroaching pathogen.

The importance of the IFN response is evident in mouse models that lack interferon
signaling — IFN receptor knock out mice are highly susceptible to most viral infections, and viral
infections are more often lethal in the absence of IFN*. Deficiencies in any of the PRRs also
leaves knock out mice for any of the PRRs extremely susceptible to infection by viruses of
classes that are typically recognized by the missing PRR®®. In humans, children with mutations
in IFN signaling components (mutations in both components of IFNAR1, IRF9, STAT1 and
STAT2 have all been identified) are associated with developing disease from vaccination with
live attenuated measles virus’, and to developing severe disease from viral infections that are
typically mild®®. The importance of the IFN pathway is further underlined by the many viruses
that antagonize each of these steps in IFN signalling to combat the antiviral effects'®. Moreover,
the IFN response is so effective that often viruses will antagonize more than one step of the IFN
signaling cascade to try to prevent this potent antiviral response.

Interferon Induction by Nucleic Acid Sensors

One family of PRRs for viruses is the Toll Like Receptor (TLR) family. This family of
proteins surveys the environment external to the cell, by sensing directly on the cell surface and
surveying endosome contents for pathogens. In humans, TLRs 7, 8, 9, and 3 (in mice, TLRs 7,
9, and 3) specifically detect phagocytosed nucleic acids."" This is effective for virus detection
since viral nucleic acids are often targeted to internal vesicles during viral entry or as a
consequence of non-specific uptake of extracellular material by cells. When activated, the TLRs
drive the production of cytokines and antiviral programming. All the nucleic acid sensing TLRs
induce IFN to activate the antiviral response, as well as NFKB-dependent inflammatory genes,

optimized for recruitment of immune cells.’® For maximal recognition potential in endosomal
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compartments, the TLRs are most highly expressed in phagocytic immune cells, like
plasmacytoid dendritic cells.

In contrast to the cells that express the TLRs most strongly, nearly every cell type in
vertebrates express the intracellular sensors Cyclic GMP-AMP Synthase (cGAS) and the RIG-I-
Like Receptor (RLR) family of proteins. These proteins function predominantly to detect nucleic
acids (DNA for cGAS and RNA for the RLR family) within the intracellular space subsequent to
the induction of type | Interferon (IFN). Upon recognition of viral DNA, cGAS generates cyclic
GMP-AMP (cGAMP)™>"% which signals through STimulator of Interferon Genes (STING) to
induce phosphorylation of TBK1'®'". TBK1 then phosphorylates IRF3 and 7, triggering IFN
transcription. In an analogous manner, Retinoic acid inducible gene | (RIG-1) and Melanoma
Differentiation Associated protein 5 (MDA5) recognize their respective RNA ligands'®'92,

RIG-I responds to RNA with 5’ triphosphate moieties and MDAS to long double stranded
(ds)RNA structures. Both MDA5 and RIG-I form oligomers on viral RNA, which allows
oligomerization of their CAspase Recruitment Domains (CARDs) and subsequent
oligomerization and activation of Mitochondrial AntiViral Signaling protein (MAVS)'#2",
Intriguingly, MDAS must form cooperative filaments to activate, and this is long ds RNA — which
are MDAJ5 ligands — are distinguished from shorter RNAs??>. The RLR/MAVS pathway converges
with the cGAS/STING DNA sensing pathway on the phosphorylation of TBK1, IRF3, and IRF7,
causing induction of the IFN response. MAVS, like TLRs 3, 7, 8, and 9, also activates Nuclear
Factor Kappa-B (NFKB), and inflammatory cytokine transcription?>.

Though activation of cGAS or the RLRs results in a common outcome, each sensor
responds to a unique structure of nucleic acids. cGAS, for example, recognizes double-stranded
DNA (dsDNA), the RLRs recognize RNA. Previously, cGAS was thought to avoid encountering
and therefore responding to cellular DNA by physical separation of cGAS in the cytosol from

DNA in the nucleus. This model has recently been revised, however, as multiple studies

established that cGAS is also present in the nucleus®~2¢. The exact mechanisms that prevent
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chronic cGAS activation are still under investigation, though binding to nucleosomes appears to
be important?’32,

The RLRs recognize RNA structures that normally exist within the cell cytoplasm. For
example, RIG-I recognizes tri-phosphates on the 5’ ends of RNAs, which®®, under normal
conditions, are removed from most host mMRNAs before entering the cytosol and encountering
RIG-I. MDAS5, which is also exclusively cytosolic, recognizes long (approximately one kilobase)
double stranded RNA (dsRNA) structures. These are not common structures amongst host
RNAs as they predominantly only occur in introns and are therefore spliced out before MDA5
might encounter them. Interestingly, the final RLR family member, Laboratory of Genetics and
Physiology 2 (LGP2), can recognize both RIG-I and MDAS5 substrates. However, it lacks the
CARD domain required for downstream signaling and induction of the IFN response, so is
thought to instead modulate MDA5 and RIG-I activity, generally boosting MDAS5 signaling and
decreasing RIG-I signaling®. Together, these three signaling-competent sensors — cGAS,
MDAJ5, and RIG-I - provide a basic level of near-ubiquitous surveillance for nucleic acids of
pathogens. Simultaneously, their recognition of viral-specific nucleic acid structures and/or
restricted access to certain subcellular compartments help differentiate between host and viral
RNAs.

Negative Regulators of Nucleic Acid Sensing

Since inappropriate activation of the PRRs would be detrimental, there are multiple
negative regulators of these pathways to prevent activation of PRRs by host nucleic acids. For
example, secreted DNase enzymes degrade extracellular and endosomal DNA before TLRs
can be triggered. Loss-of function-mutations in DNases have been found in Systemic Lupus
Erythematosus (SLE), a heterogeneous autoimmune disease associated with elevated IFN°.
Mice without DNAse1 develop antibodies to nuclear components, and resultant autoimmunity,
presumably from chronic stimulation of TLRs%*. The nucleic acid sensing TLRs, which may be

exposed to self nucleic acids taken up into endosomes after cell death, must undergo extensive
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post-translational processing®"*

which limits their activity until they are safely in the endosome,
where they start to surveil the endosomal compartments for nucleic acids taken up by the host
cells.

The cytosolic sensors also have negative regulators that modify or degrade potential

self-ligands, depicted in Figure 1. Mutations in all have been identified in human diseases

associated with chronic IFN responses

SKIV2L ADART

SAMHD1

26
|

RNaseH2

NZaNYZ N7, N7 N/
Expression of type |
YONOVNONONON interferon (IFN a/B) genes

Expression of inflammatory genes:

« Cytokines (TNF, IL-1, IL-6)

+ Chemokines (CCL2, CXCLS8, others)

+ Endothelial adhesion molecules (E-selectin)
« Costimulatory molecules (CD80, CD86)

Figure 1: Nucleic acid sensing and negative regulators of cytosolic sensors. Endosomal
Toll-like receptors and sensors of cytosolic nucleic acids are depicted, together with key
negative regulators, downstream signaling components, and transcriptional outcomes.

Three different enzymes contribute to the prevention of cGAS/STING activation by self-
DNA. Three prime Repair Exonuclease 1 (TREX1) is a DNA exonuclease, anchored to the

|38

endoplasmic reticulum in the cytosol*®. Mouse models lacking TREX1 have severe and lethal
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inflammation that is entirely cGAS/STING dependent®, confirming that TREX1 is preventing
recognition of self-DNA. Though the source of the DNA that activates cGAS in the absence of
TREX1 is unknown, TREX1 can degrade both cDNA of active retrotransposons and byproducts
of DNA repair and replication*’. The role of RNAseH2 has similarly been established by
studying the aberrant chronic IFN response that arises in knock-in mutant mice carrying a
mutation associated with human autoinflammatory disease*'. Spontaneous IFN production in
RNAseH2B mutant mice is also cGAS-STING dependent, suggesting that RNAseH2 is
degrading dsDNA under normal conditions*'. RNaseH2 can incise the RNA strand of an RNA-
DNA hybrid, and cleave the phosphodiester backbone adjacent to a single ribonucleotide in
double-stranded DNA, degrading potential nucleic acid ligands before cGAS encounters them®*2.
SAMHD1, a dNTP triphosphohydrolase, was also identified as a negative regulator of
cGAS/STING signaling when Samhd1-/- mice were shown to have a cGAS-STING-dependent
spontaneous IFN response®. In the setting of viral infection, SAMHD1 degrades dNTPs, and in
cells at baseline, SAMHD1-/- cells have higher rate of DNA damage suggesting this as the
source of endogenous ligand. *°

As with the DNA sensors, the RLRs also have dedicated negative regulators, which are
essential to prevent chronic responses to self RNA. SKIV2L is a component of the cytosolic
RNA exosome, which helps eliminate damaged RNAs*®. Patients and cells with SKIV2L
mutations also have a spontaneous IFN response, though it is dependent on RIG-I, placing
SKIV2L as a negative regulator of the recognition of damaged self-RNA by RIG-1*’. Adenosine
Deaminase Acting on dsRNA (ADAR1), the focus of this thesis, is a double stranded RNA
deaminase that converts adenosines in double stranded regions of RNA to inosines through
hydrolytic cleavage*®*°. Base conversion disrupts the base pairing and therefore double
stranded structure of the RNA, which MDAS requires for activation. As with mouse models of

many of the other negative regulators, Adar-/- mice have a spontaneous IFN response®. This
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IFN response is dependent entirely on MDAS and MAVS, confirming that ADAR1 regulates
endogenous RNA sensing®' 2,
Autoimmunity from recognition of self-nucleic acids

The existence of negative regulators of all known nucleic acid sensors suggests the
importance of tightly controlling the activity of these sensors. Indeed, almost all of the sensors,
and mutations in their negative regulators (Figure 1), which prevent chronic antiviral signaling by
degrading or modifying self nucleic acids, have been implicated in autoimmune disease. In fact,
the association of mutations in these genes human autoimmune disease is often how their role
in regulating self-nucleic acid sensing was first discovered.

Aicardi-Goutiéres Syndrome

The best example of the link between faulty regulation of antiviral nucleic acid sensing
and disease is Aicardi Goutieres Syndrome (AGS). AGS was only recognized in the mid 1980s,
since it was long mistaken for in utero acquired viral infection. The close clinical resemblance
highlights that AGS is an antiviral response run amok. AGS is a leukodystrophy defined by
characteristic clinical and neuroimaging features, including cerebral atrophy, white matter
disease, intracranial calcifications, and a chronic IFN signature®. Onset is typically in infancy or
early childhood, often signaled by developmental regression. Presentation is variable, but
almost all patients have motor dysfunction. AGS patients can also exhibit a constellation of
other signs and symptoms, including seizures, microcephaly, liver dysfunction, chilblains, and a
predisposition to diabetes insipidus and hypothyroidism. 19% of patients die prematurely, and
74% are profoundly disabled®.

AGS can be caused by mutations in a variety of enzymes, all of which regulate the
response to endogenous DNA and RNA%*", Loss of function mutations in TREX1, RNAseH2,
SAMHD1, and ADART1, as well as hyperactivating mutations in MDA5 all cause AGS®®. Most
recently, mutations in LSM11 and RNU7-1, which contribute to histone mRNA processing, have

also been identified as causes of AGS, through untethering and thereby derepression of cGAS
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signaling in response to chromosomal DNA®®. Though there are many mutations in many genes,
all AGS presents similarly: AGS patients have increased production of type-I IFN alpha in the
cerebral spinal fluid, and chronic upregulation of ISGs in the blood.

The standard of treatment for AGS is symptomatic and preventative — screening for
diabetes onset and the like - rather than curative. Recent trials have focused on reverse
transcription inhibitors (RTIs)®, after they were demonstrated to rescue a Trex7-/- mouse model
of AGS®'. RTls are thought to work in this setting by preventing replication of endogenous
retroelements (ERV). By inhibiting ERV replication, even in the absence of negative regulators
to eliminate the stimulatory capacity of self nucleic acids, the chronic IFN response can be
abrogated. A clinical trial with RTls in AGS patients did show a reduction in ISG expression, and
some functional improvement, as well as some genotype-specific responsiveness to treatment:
patients with RNaseH2B mutations showed more improvement of symptoms in response to RTI
treatment . More recent trials have focused on JAK/STAT inhibitors, to inhibit IFN signaling in
AGS patients. One such trial with baricitinib, an oral JAK1/2 inhibitor, demonstrated effective
blockade of IFNAR signaling in patient cells ex vivo, a reduction in ISG score measured in
patient blood, and resolution of some patient skin findings®2. Most promisingly, they found, by

3. However,

way of symptom diaries, some indication for neurological functional improvemen
another trial using ruxolitinib, also a JAK1/2 inhibitor, failed to prevent progression to disease of
an infant identified presymptomatically as carrying RNASEH2B mutations associated with
AGS®, illustrating that IFN inhibition alone will not be a cure all for interferonopathies such as
AGS.
RNA editing by ADAR enzymes

ADAR1 was first identified in 1987 as “dsRAD”, in xenopus extracts*®’". ADAR1 was
identified for its ability to deaminate and cause unwinding of dsRNA. Since then, two other

ADAR proteins have been described in mammals - ADAR2 and ADAR32. All are modular

proteins, comprised of different numbers and combinations of dsRNA binding domains,
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deaminase domains, and “z-alpha” domains. However, only ADAR1 and ADAR2 have
demonstrated deaminase activity; ADAR3 lacks a functional deaminase domain (Fig. 4). ADAR1
and ADAR?2 catalyze the conversion of adenosine to inosine within double-stranded regions of
cellular RNAs, disrupting A-U base pairing. Inosine pairs better with cytosine than uracil, and
thus ribosomes will decode former adenosines as guanosine.

While ADAR proteins are found throughout metazoans, and their deaminase activity is
conserved, their physiological functions vary. Cephalopods seem to exhibit a particular reliance
on the recoding capacity of the ADAR enzymes. Squid have more than 57,000 editing sites
which result in sequence change, affecting most transcripts in the nervous system, and many
thousands of editing sites have also been identified in the octopus’. Adaptation to different
water temperatures through nonsynonymous changes introduced through RNA editing has been
characterized in the octopus’. High editing levels destabilize the open state of a potassium
voltage-gated channel, and octopuses living in cooler water temperatures have higher editing
levels at this site, while those in warmer water temperatures have lower editing levels because
more stable channels that do not open as easily are advantageous in warmer conditions.
Similarly, ADARs heavily edit and recode neuronal receptors and ion channel components in
Drosophila”.

As expected, based on the role of ADAR editing in cephalopods and drosophila, ADAR1
and ADAR2 are most highly expressed in the neurological systems of humans and in mice,
though both are expressed in most tissues. Full knock outs of either ADAR1 or ADAR2 result in
spontaneous lethality. ADAR2 knock out in mice is lethal shortly after birth because, in a parallel
to its function in cephalopods and drosophila, ADAR?2 is required to edit the neuronal glutamate
receptor Gria. Only edited Gria2 pre-mRNA is spliced efficiently, and unedited pre-mRNA is
retained in the nucleus. In the absence of edited Gria2, mice have uncontrolled seizures and die
shortly after birth. If a recoded Gria2 is knocked in, the mice are rescued, confirming Gria2

editing is the major survival function of ADAR2’®. ADART1 has also been shown to mediate
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recoding events with putative physiological effects. ADAR1 edits the SHT2C serotonin receptor,

=79 Though not essential for life in mice,

which results in modulation of serotonin signaling
changed serotonin signaling, such as that which results from editing of 5SHT2C has been linked
to metabolic regulation, alcohol and drug dependency, anxiety, and depression’®. ADAR editing

8081 and suppress circular RNA

has also been shown to increase miRNA generation
generation’”"®, both of which can result in dramatic RNA expression changes.

However, recoding has not been demonstrated to be the major role of ADAR1 in
mammals. Despite the significance of particular recoding events introduced by ADARSs, editing
in protein-coding regions of transcripts is relatively rare in mammals, and only about 40 such
sites are conserved between mice and humans®?. Studies of the editing patterns of ADAR1
have shown that, surprisingly, editing in both humans and mice falls predominantly in noncoding
RNA regions in introns and 3’ untranslated regions®®. Within those noncoding regions, ADAR1
editing concentrates in regions with the potential to form double-stranded RNA structures. This
potential arises from the repeated insertion on endogenous retroelements. Because the same
sequence is repeatedly inserted into the genome, if the repeats are near enough to one another
in an inverted orientation, they can adhere to one another and form a nearly perfect long dsRNA
when transcribed. This makes them an ideal substrate for ADAR modification and/or MDA5
activation.

One family of particular interest for ADAR1 biology is Short Interspersed Nuclear
Elements (SINEs). A subset of these SINEs are derived from and ancestral 7SL signal
recognition particle. In mice, the 7SL descendent SINE B1s are approximately 120 base pairs
long and constitute about 8% of the mouse genome®. In humans, the same element is
duplicated to form the Alu element, which is approximately 300 base pairs long and comprises
about ten percent of the human genome®®. As expected with regions that form dsRNAs, the
majority of genes with Alus in their 3' UTRs transcripts undergo at least partial editing by

ADAR®% and SINEs and Alus are where the majority of ADAR1 editing is found in mice and
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humans, respectively. Both the increased length of Alus compared to SINEs in mice, and their
larger relative percentage of the genome likely explain the higher frequency of editing overall in
humans compared to mice®. Rates of A-to-l editing have increased dramatically throughout
vertebrate, mammalian, and especially primate evolution, such that RNA editing in humans is
several fold more common than in mice®. Alus are unique to primates®®, and their introduction
may explain the different localization of ADAR1 edits in humans vs mice.

Despite most editing falling in repeated sequences, an examination of ADAR1 editing
patterns across tissue types in humans confirmed that editing frequency is variable by tissue.
Editing is highest in the brain, particularly in the cerebellum, perhaps a hint as to why disease in
ADAR1 mutation patients often effects cerebellar function®. A similar survey in mice confirmed
that the brain is also the most highly edited organ®'.

A survey of editing comparing different ADAR mutant mice also revealed tissue
variability in editing, and allowed differentiation between ADAR1 and ADAR2 activity.
Comparison of tissues from Adar-/- day 12 embryos, adult Adar1 ES61A/E861A
Ifih1-/- (catalytically inactive ADAR1) mice, and adult Adar2-/- Gria2R/R mice (Adar2 knock
out mice, with edited glutamate receptor knocked in to rescue lethality) showed where ADAR1
and ADAR?2 introduce edits in mice. 1,457 and 976 sites were identified as edited by ADAR1 or
ADAR?2, respectively, and 698 sites as edited by both®®. Which ADAR enzyme was responsible
for most editing depended on the tissue. In the brain, editing activity was about equally divided
between ADAR1 and ADAR2, whereas in the liver, spleen and thymus, ADAR1 is the dominant
editing enzyme, which may explain the dramatic impact of ADAR1 loss on hematopoiesis in the
liver of mice. This, along with the human editing survey results, suggest that some of the tissue-
specificity of the response to ADAR1 loss is explained by ADAR1 expression levels, which are

known to correlate with editing frequencies.
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ADART1 Mutations in Disease

As noted above, ADAR1 plays a central role in regulating the response endogenous
RNA by MDAS5. Thus it is perhaps not surprising that a variety of ADAR1 mutations (Shown in
Figure 2) are associated with AGS. Most are found in the catalytic deaminase domain (Fig. 2)
and decrease editing efficacy in vitro, though expression of ADAR1 protein is maintained®. It is
thought that decreased editing in vivo allows persistence of contiguous dsRNA stretches in 3’
UTRs of mRNAs, which trigger MDAS5 activation. Two more unusual mutations are found in non-
catalytic Z-DNA binding domain (ZBD) of ADAR1. Interestingly, these mutations also decrease
editing in vitro® even though the function of the ZBD in ADAR1 function is unclear. All patients
except those with G1007R, which is dominant negative, are compound heterozygotes®.

In addition to AGS, ADAR1 mutations have been linked to other diseases that
demonstrate the essentiality of ADAR1. Many of these are motor diseases, with overlapping
clinical signs but differing imaging findings. Bilateral Striatal Necrosis (BSN) is defined by
dystonic movement in the presence of bilateral striatal MRI changes with or without swelling.
Progressive spastic paraparesis and spastic dystonia with normal intellect are similar motor
diseases, in the presence of either normal neuroimaging or mild nonspecific changes
sometimes including calcification of the basal ganglia, reminiscent of AGS®®. More rarely,
ADAR1 mutations have been tied to adult-onset psychological difficulties with intracranial
calcifications®” 2,

The most common disease caused by ADAR1 mutations is Dyschromatosis Symmetrica
Hereditaria (DSH), an autosomal dominant, childhood-onset dermatological disease defined by
the presence of hyperpigmented and hypopigmented macules on the dorsal aspects of the
extremities. DSH is unique amongst diseases driven by ADAR1 mutations because it is
autosomal dominant, caused by a single mutated copy of ADAR, while, excepting one particular
mutation found rarely in AGS, all the neurological diseases above require biallelic loss of

function mutations of Adar1%*. More than 130 different ADAR1 mutations — stop, frameshift, or
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missense — have been documented in individuals with DSH. Some of those mutations are the
same as those found in AGS (Fig. 2). Interestingly, despite the overlap of mutations, skin
lesions typical of DSH have not been described in AGS patients, who can have other unrelated
skin findings. Patients with each of these diseases — BSN, progressive tetraparesis, and DSH —
have all been found to have elevated ISG signatures in the blood, solidifying loss of regulation
of the IFN response as likely to play a key role in all known ADAR1-associated diseases®® ",

Interestingly, mutations in other AGS-linked genes have not been tied to DSH, BSN, or

progressive tetraparesis, suggesting that these diseases are unique to mutation of ADAR1.
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Figure 2: Mutations in ADAR1 found in AGS A schematic of the domains of ADAR1, with all
known ADAR1 mutations found in AGS patients Adapted from Rice et al, 2012

ADART1 regulation of antiviral sensing

Our understanding of how ADAR1 mutations cause disease associated with chronic IFN
responses has been developed using mouse models. Adar-/- mice demonstrated that ADAR1
was responsible for preventing chronic IFN production in the absence of viral infection®?. Loss of
ADAR1 in mice causes embryonic lethality, at approximately embryonic day 12, associated with
a strong spontaneous IFN response, defective hematopoiesis and widespread apoptosis®™°.
Both the embryonic lethality and IFN response in ADAR1 knock out mice are dependent on
MDAS5 and MAVS, which established that ADAR1 is an essential negative regulator of MDAS.
In contrast, neither STING knockout nor RIG-I knockout affected lethality of Adar-/- mice, or the

IFN response, confirming the specificity of ADAR1 regulation of MDAS as opposed to any other

PRR .
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Similar to mouse studies, human cells also exhibit a dependency on ADAR1 to prevent
chronic innate sensing of self-RNA by MDAS. Tests in a number of human cell lines have all
identified MDAS as essential for the IFN response after ADAR1 loss, demonstrating that this

23997 However, the ligands that activate MDAS5 after

relationship is conserved in humans
ADAR1 have not been incontrovertibly proven. Nonetheless, two studies have identified MDAS
as binding to IR-Alus in RNA isolated from ADAR1 null human cells®. Most likely, it is the set
of transcripts containing IR SINEs expressed in a given cell at a given time which cause MDA5

activation. Confirmation of this, as opposed to, for example, one ubiquitous transcript causing

MDAJ5 activation, is an area of active research.
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Figure 3: Summary of current knowledge of ADAR1 regulation of RNA-sensing PRRs that
have been shown to be regulated by ADAR1 in vitro or in vivo, and whether it is was in live
mice, mouse cells, or human cells.

Like MDADS, Protein kinase R (PKR), is an IFN-inducible double-stranded RNA sensor'®.
It is often categorized as both a viral RNA receptor and an antiviral effector molecule due to its
ability to sense the presence of viral RNAs and also to directly suppress viral replication by
arresting translation. PKR contains a dsRNA binding domain composed of two tandem repeats
of a dsRNA-binding motif that closely resembles the dsRNA-binding domains of ADAR1, so it

has long been hypothesized to recognize overlapping species of RNA''. PKR has also been
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shown to be able to bind, like MDADS, to inverted repeats of Alus, though it is unclear if the same
is true after ADAR1 loss'%. The only known requirement for activation of PKR is that dsRNA be
approximately 30 bp or longer, giving it considerable overlap with any MDAS recognition
capacity.

PKR has been identified in multiple in vitro studies as essential to cell death after

ADART1 knock out, in both human and mouse cells®®'%

. Interestingly, PKR knock out rescue of
Adar-/- mice has previously been tested, and did not prevent embryonic lethality'®. However,
Ifnar-/- also does not rescue Adar-/- mice®', despite the central role of IFN downstream of
MDAS. Thus. the lack of rescue of Adar-/- mice by PKR knock out may be a reflection of other
dysfunctions in the mice and/or the overwhelming nature of the response to total ADAR1 loss
rather than evidence that PKR and IFNAR do not play a role in vivo. Instead, a more accurate
model of disease mutations that occur in disease is needed to be able to test these candidates.
In the absence of viral infection or other stimuli, PKR exists in the inactive monomeric
form. Upon dsRNA binding, PKR phosphorylates itself and dimerizes to form an active
kinase'%®'% Activated PKR then phosphorylates the alpha subunit of the translational
elongation initiation factor 2 (elF2). During the normal course of translation, elF2 is essential for
delivery of the initiating methionine-charged tRNA, and recognition of the start AUG to initiate
translation of the mMRNA. Once translation is initiated, elF2 dissociates and the B subunit
catalyzes the exchange of GDP to GTP, preparing elF2 for initiation of the next round of
translation. Only GTP-bound elF2 has a high affinity for methionine-charged tRNAs so this
recycling is required for initiation on a new mRNA and continued translation within the cell.
elF2a phosphorylation, which happens downstream of PKR activation, or downstream of
activation of three other kinases that detect diverse stimuli'®, blocks recycling of GDP to GTP
by elF2B, thereby halting cap-dependent translation. This leads to global arrest of protein
synthesis, both host and virus. There is a subset of transcripts that can still be translated under

these conditions — those that contain an internal ribosomal entry site, so do not require the
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ribosome to associate first with the cap for translation to begin. These transcripts comprise the
“Integrated Stress Response”, which bridge the cells through the stressor, though chronic
translation inhibition may result in apoptosis.

Understanding PKR’s role in immunity has been complicated by two different mouse
models which show divergent effects of PKR loss in a variety of settings. One has a deletion in
the N terminus, the other in the C terminus. Both still express truncated versions of PKR, which
retain partial functionality. The kinase catalytic domain, which is lost in the C terminal knock out
mice, is necessary for suppression of mMRNA translation, and induction of inflammation in
response to excessive consumption of nutrients and energy. These are the mice used in
Chapter 3 in this thesis. The dsRNA binding domain, which is lost in N terminal KO mice, is
required for the activation of PKR under conditions of metabolic stress'®, and is intact in the
Eif2ak2-/- mice used here.

An additional twist in the relationship between MDA5, PKR, and ADAR1, is that PKR has
been suggested to be essential for the function of MDAS5 and induction of IFN, though the
mechanisms are unclear'®. Currently, in the setting of ADAR1 loss, it is thought that MDA5 is
responsible for the IFN response and parallel PKR activation in responsible for death through
chronic translation inhibition and induction of apoptosis®’.

The final RNA sensing pathway that ADAR1 has been linked to in the literature is the
2’5’ Oligoadenylate synthetase/RNaselL pathway. As with MDA5 and PKR, OAS proteins
recognize cytosolic dsSRNA species'™. In a parallel to cGAS/STING signaling, recognition of
RNA by OAS triggers production of 2-5 oligoadenlyate, which signals downstream to activate
RNAseL. Activated RNaseL cleaves single-stranded RNA, degrading viral and cellular RNAs™"".
The cleavage products have also been suggested to be ligands for RIG-I-dependent IFN in
some systems''?, tying RNaseL activation back to IFN production, and ligands for PKR in
others'™. Two papers have shown that a line of ADAR null adenocarcinomic alveolar basal

epithelial cells can be rescued from cell death by either knocking out or chemically inhibiting
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RNaseL'™. However, these results have not been replicated in a the same cell line in a
different lab'"®, and RNaseL has not emerged in screens for effectors of cell death after ADAR1
loss in either human or mouse cells, so the generalizability of this finding is unclear. RNaseL
loss has not, to our knowledge, been tested for its ability to rescue Adar-/- mice, so any role of
regulation in vivo remains unresolved.

Functions of isoforms of ADAR1

ADAR1 has a number of features that make it unique amongst the ADAR proteins. Most
significantly, ADAR1 has two isoforms''®, named p150 and p110 for their molecular weights.
While ADAR2 and ADARS are exclusively nuclear, p110 can traffic between the nucleus and
cytosol, and p150 preferentially localizes to the cytosol'”. Additionally, p150 is uniquely IFN-
inducible and contains a “z-alpha domain,” aka a Z-DNA binding domain (ZBD), named for its
ability to bind to z-form DNA in vitro'"®. The function of the ZBD in ADAR1 function is as yet
unclear.

Much of what we know about the unique roles of the two isoforms of ADAR1 was
established by comparing Adar p150-/- mice, which lack only p150, and Adar-/- mice, which lack
both p110 and p150. Functions that are lost in Adar-/- mice compared to Adar +/+, and restored
in Adar p150-/- mice are specific to p110. Adar p150-/- mice grossly phenocopy Adar-/- mice,
exhibiting embryonic lethality and spontaneous IFN upregulation that is rescued by knocking out
MDAS5 or MAVS, demonstrating that the p150 isoform is responsible for MDAS regulation, while
p110 is dispensable. p110 instead plays roles in the more homeostatic, non-immune functions
of ADAR1 by regulating kidney development and editing 5SHT2CR®®,

In addition to establishing the dependence of embryonic lethality and IFN response on
MDAS5, Adar-/- and p150-/- mice demonstrated that there are other critical MDA5-independent
functions of Adar1 and p150. The persistence of severe runting and spontaneous death in both
Adar-/- Ifih1-/- and Adar p150-/- Ifih1-/- mice'"® suggests there are other essential functions of

ADAR1, beyond MDAS regulation. Further supporting this, Adar-/- Mavs-/- mice have residual
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transcriptional dysregulation despite abrogation of the IFN/ISG response. The transcripts that
remain upregulated in Adar-/- Mavs-/- mice include genes involved in lipid metabolism and
transport, and cell fate specification during development. In addition to transcriptional
abnormalities, Adar-/- Mavs-/- also have disrupted kidney architecture, extramedullary
hematopoiesis, and a depletion of B cells. Thus, ADAR1 controls expression of two classes of
genes: innate immune response genes driven by MAVS signaling, and MAVS-independent and
implicated in development and metabolism. None of these MDA5/MAVS-independent problems
have been documented in patients with ADAR1 mutations, suggesting it is MDAS regulation that
plays a critical role in human disease

Two pieces of evidence suggest that the MDA5-independent functions of ADAR1 are not
mediated by the deaminase activity of ADAR1. Firstly, Adar E861A/E861A mice, which have a
deaminase dead mutation, are fully rescued by MAVS knock out'?. This is in direct contrast to
the persistent mouse death in Adar-/- Ifih1-/- and Adar p150-/- Ifih1-/- mice, and demonstrates
that while editing regulates MDAS5, and it is the other domains of ADAR1 that mediate MDA5-
independent functions. Secondly, none of the mutations in ADAR1 associated with AGS are
found in the RBDs, but rather in either deaminase domain or the ZBD, suggesting these are the
domains most important for regulating MDA5 and IFN production. In direct contrast to the
mouse models, in which all protein expression is lost, patients with ADAR1 mutations maintain
ADART1 protein expression®, so it is likely that these MDA5-independent functions of ADAR
are not compromised in AGS patients, and the current null mouse models therefore do not
represent the ADAR1 dysfunction that causes human disease. The most notable difference
between p150 and p110, which are both transcribed from the same locus, is the inclusion of the
Z-DNA-binding domain in the p150 isoform of ADAR1. Only two mammalian proteins, ADAR1
and ZBP1, contain Z-DNA-binding domains (ZBD), a subfamily of winged helix-turn-helix
domains with the unique property of binding to DNA in the left-handed helical conformation

known as Z-DNA, which forms during supercoiling of the helix, as during replication while RNA
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Pol Il moves along the DNA'™'. The ZBD of p150 has been hypothesized to be responsible for
localizing p150 to actively transcribing genes in the nucleus'??, in order to immediately
neutralize any potential MDAS-activating sequences as they are generated. The ZBD is well-
conserved across all known proteins that contain one, including the ZBDs of viral antagonist
proteins, such as E3L of vaccinia'®.

ZBDs have also been shown to have the ability to bind to Z-form dsRNA as well, though
it is less clear where and when this would form in a cell'?*. Z-RNAs have been suggested to
form in stress granules during influenza viral infection, but the actual structure of the RNA in that
setting is still to be confirmed'®. Alus contain sequences — stretches of purine pyrimidine
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repeats — that make them prone to forming z-nucleic acid structures'=°, another suggestive link

between ADART1 editing and z-form nucleic acids.
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Figure 4: Domain structures of mammalian ADAR1, 3, and 3, ZBP1, and PKR.
Demonstrating which shared domains retain homology between the various proteins

The ADAR1 ZBD-DNA cocrystal structure and several structures of ZBDs from other
proteins have established key features necessary to bind to nucleic acids: a tyrosine, an

asparagine, and a tryptophan (Tyr177, Asn173, and Trp195 in ADAR1 ZBD) form a conserved
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structural motif in all known ZBDs. A mutation of any of these three residues results in the loss
of Z-form DNA binding'?’. Interestingly, the Pro193 (in the ADAR1 ZBD) residue, which falls in
the region of the ZBD that contacts the nucleic acid backbone (Fig. 2), is conserved in all known
ZBDs, except for that of ZBP1. In the equivalent site of the ZBP1 ZBD, the wild type form has an
alanine'?, which mimics the most common ADAR1 mutation associated with AGS - P193A.
The ZBDs of ADAR1 and ZBP1 are otherwise interchangeable, and are responsible for the
localization of p150 and ZBP1 to stress granules'?.

As part of its role in arresting translation, PKR drives the formation of stress granules
upon viral infection'?*, sites of translationally stalled mMRNAs. Formation of stress granules
provides eukaryotic cells with a protocol for survival during stress, including after detection of
viral RNA by PKR™. Sequestration of the set of translationally arrested mRNAs allows selective
synthesis of proteins required for cell survival'™®'', When stress conditions are removed,
sequestered mRNAs reassemble on polysomes and resume translation°. In ADAR1
knockdown cells, stress granules form after exposure to IFN in a PKR-dependent manner. The
p150 isoform of ADAR1 localizes to SGs in a ZBD-dependent-manner, as does ZBP1,
described below. MDAS5 has also been found localizing to stress granules'?, suggesting p150
may be playing a role in regulating protein-RNA interactions in stress granules.

ADART1 as a therapeutic target in tumors

In addition to its role in fundamental biology, interest in the links between dysregulated
editing and the development of cancer, and whether editing drives tumorigenesis or persistence
of tumors has been a subject of much investigation in recent years. A-to-| RNA editing has been
found to be dysregulated in 17 different cancer types relative to normal tissues'®. Editing levels
correlate with the expression levels of ADAR1, and the majority of cancer types evaluated
showed tumor-specific hyperediting, and only a small fraction of tumors showed hypoediting,

suggesting that ADAR1 overexpression may be playing a role pro-tumor role. Whether
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misregulation of A-to-l editing in a particular disease is a cause or a consequence remains
unclear, however.

Several studies have queried whether ADAR1 is essential in cancer cells and tumors,
and which pathways are triggered after ADAR1 deletion. All of them identified an MDA5-
mediated IFN response and simultaneous activation of PKR as essential to tumor cell
lethality®® 34135 Not all tumor lines were found to die after ADAR targeting; instead, the
susceptibility of tumor cells to death after ADAR1 knock down correlates with their baseline
expression of ISGs, like MDA5%, offering a way to screen for efficacy of any ADAR-targeting
intervention. Intriguingly, ADAR1 knockdown can also synergize with checkpoint blockade to

increase tumor clearance, and overcome blockade of PD-1 inhibitors'*

. A recent study also
demonstrated that depletion of ADAR1 in patient-derived cancer cells potentiated therapy with
5-azacytidine, restraining tumor growth and reducing cancer initiation while upregulating
transcripts that contain IR-Alus®, which presumably trigger MDAS5. Thus, in addition to
understanding what pathways are activated in the setting of loss of function mutations in
autoimmune disease like AGS, a better understanding of all the effectors of the response to
ADAR1 loss can help guide ADAR1 targeting as a tool for cancer therapy.
Goals of this thesis

The goals of this thesis are, most broadly, to better understand the elements of ADAR1
biology that are essential for its regulation of MDAS in order to . In Chapters 2 and 3, | describe
a new mouse model in which we could test the contributions of the numerous effectors
described above in a setting of ADAR1 mutation in vivo. We sought to thereby identify new
potential therapeutic targets in AGS and other diseases caused by ADAR1 dysfunction, and to
understand those required for effective tumor treatment using ADAR1 targeting. Additionally, we

wished to shed light on whether and how the ZBD of ADAR1 contributes to regulation of MDAS5.

Finally, in Chapter 4, we developed a system to identify which RNAs cause MDAS5 activation in
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the absence of ADAR1 editing in greater detail than ever before, in the hope of better

understanding how disease occurs and why it manifests when and where it does in patients.
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Chapter 2: PKR and the Integrated Stress Response drive immunopathology caused by
ADAR1 mutation

Sections of text in this chapter have been modified slightly from the following manuscript:
Maurano M, Snyder JM, Connelly C, Henao-Mejia J, Sidrauski C, Stetson DB. 2020. PKR and

the integrated stress response drive immunopathology caused by ADAR1 mutation. In revision.
Immunity.

Introduction

Over 200 distinct mutations in the ADAR gene have been identified that cause numerous
human diseases associated with a type | IFN response, including Aicardi-Goutiéres syndrome
(AGS), Bilateral Striatal Necrosis (BSN), and Dyschromatosis Symmetrica Herediteria (DSH)
6569136 Degpite considerable progress in understanding the molecular mechanisms of AGS and
related diseases, these conditions remain untreatable and incurable, underscoring the need to
identify new therapeutic targets for intervention. Three mouse models of ADAR1 mutation have
been instrumental in defining the relationship between ADAR1 RNA editing and the MDA5-
MAVS pathway: Adar-null mice that lack both ADAR1 isoforms®®*'% an Adar p150 knockout
mouse that lacks ADAR1 p150 but retains ADAR1 p110'®, and a knockin Adar point mutation
that disrupts deaminase activity but retains ADAR1 protein expression.'?® Moreover, CRISPR
targeting of the ADAR gene in human cells has been used to further explore consequences of
ADART1 loss®**"138 and ADAR1 blockade was recently identified as a potential strategy to
enhance innate immune responses in tumor cells. However, characterization of the ADAR1-
MDADS regulatory axis in vivo has been hampered by the embryonic lethality caused by the null
alleles of Adar in mice, which can only be rescued by simultaneous disruption of the genes that
encode MDAS5 or MAVS. Thus, study of the relationship between ADAR1 and MDAS5 in live mice
has been impossible using current models.

To address these limitations and to enable the identification of AGS disease
mechanisms in vivo, we generated a knockin mouse that models the most common ADAR allele
found in AGS: a nonsynonymous point mutation that converts a proline to an alanine at position

193 in the human ADAR1 protein (P193A; P195A in mice). This mutation is located within the
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Za domain that is unique to the p150 isoform, and it is present at a remarkably high allele
frequency of ~1/360 in humans of northern European ancestry''%°_ Using these mice, we show
that Adar P195A paired with a null allele of Adar causes complete, postnatal, MDA5-dependent
mortality. We further define essential requirements for the RLR LGP2, type | IFNs, and the
elF2a kinase PKR in disease progression. Finally, we show that therapeutic inhibition of the
integrated stress response (ISR) downstream of PKR is sufficient to completely prevent
disease. Together, these data reveal effector mechanisms downstream of MDAS5 activation that
contribute to immunopathology in vivo, with implications for treatment of human diseases
caused by ADAR mutation.
Results

Over 60% of AGS patients with ADAR mutations carry the P193A allele as a compound
heterozygote with either a frameshift mutation or a mutation in the deaminase domain of
ADAR1%8%%_|nterestingly, no AGS patients have been identified who are homozygous for ADAR
P193A. We hypothesized that this was because homozygosity of P193A mutation would be
incompatible with life, similar to the phenotype of total ADAR1 loss in mice®*'%. To determine
how this mutation impacts ADAR1 function and self-RNA detection, we used CRISPR targeting
of fertilized mouse oocytes to generate mice carrying the orthologous P195A mutation in the
endogenous Adar locus (Fig. 5A). We intercrossed Adar P195A/+ mice and identified live births
of Adar+/+, Adar P195A/+, and Adar P195A/P195A mice at the expected Mendelian ratios (Fig.
5B). We tracked the survival and weights of Adar P195A/+ and Adar P195A/P195A mice and
found them to be indistinguishable from wild type controls (Fig. 5C, D). This suggests that the

absence of known ADAR P193A/P193A AGS patients might be due to a lack of disease.
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Figure 5: The Adar P195A knock-in mouse model A. Schematic of the structure of ADAR1,
and the location of the P195A mutation. Za, ZB, = Z-DNA binding domains, NES = Nuclear export
signal, NLS = nuclear localization signal. B. Percentage of mice of the indicated genotype from
intercrosses of Adar P195A/+ mice. C. Survival of Adar +/+ (n=23), Adar P195A/+ (n=47), Adar
P195A/P195A (n=48) mice. D. Weights of mice of the indicated Adar genotypes at 23 days of
age. Bar represents the mean.

We then measured expression of Adar mRNA in cerebellum and in bone marrow-derived
macrophages (BMDMs) and found that the Adar P195A mutation did not impact Adar mRNA
levels in resting cells or after treatment with recombinant IFN beta (IFNb; Fig. 6). Moreover, the
protein expression levels, inducibility, and nuclear and cytosolic distribution of the ADAR1 p110
and p150 isoforms were unaffected by the Adar P195A mutation (Fig 6). Because the ADAR
P193A mutation in AGS is invariably found as a compound heterozygote with a more severe
ADAR allele®®®, we intercrossed Adar P195A/P195A mice with either Adar+/- or Adar p150+/-
mice to model the combinations of ADAR alleles found in AGS patients. We found that both
Adar P195A/- mice and Adar P195A/p150- mice were born at frequencies that matched the

recovery of heterozygous mice from crosses of the parental Adar-null and Adar p150-null alleles

(Fig. 6A, B). However, and in stark contrast to the Adar P195A/P195A mice (Fig. 5C), we noted
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complete postnatal mortality when the P195A mutation was paired with either the full Adar null

allele or the Adar p150-null allele (Fig. 7A, B).
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Figure 6: A. Schematics representing the different Adar p150 alleles, and different Adar
P195A/p150 genotypes. B. Expression of Adar mRNAs in the cortex of Adar P195A/P195A, Adar
P195A/+ and Adar+/+ mice. C. Expression of Adar mRNAs in BMDM from Adar P195A/P195A,
Adar P195A/+ and Adar+/+ mice, with and without 24 hour treatment with recombinant IFNb. Bars
represent mean and SEM. D. Western blot for ADAR1 in the cytosol and nucleus of primary MEFs
of the indicated genotypes with and without 24 hour treatment with recombinant IFNb.

Mortality in the Adar P195A/- mice (median survival 21 days) progressed more rapidly
than in the Adar P195A/p150- mice (median survival 40 days; Fig. 7A, B). Next, we performed
these same intercrosses of the Adar P195A mutation with the Adar-null and Adar p150-null
alleles on an Ifih1-/- (MDA5 KO) background and observed complete rescue from mortality of
both Adar P195A/-Ifih1-/- and Adar P195A/p 150-Ifih1-/- mice (Fig. 7C, D). Consistent with the
essential contribution of MDAS to disease, we found that the Adar P195A/- and Adar
P195A/p150- mice were severely runted at weaning compared to littermate controls, and that

this runting was entirely MDA5-dependent (Fig. 7E, F). We also noted that heterozygosity for

Ifih1 delayed mortality, revealing a gene dosage-specific effect of MDA5 expression on disease
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(Fig. 8C, D). Taken together, these data demonstrate that the Adar P195A mice recapitulate the

human ADAR genotypes found in AGS and develop severe disease that is driven by MDAS.

More broadly, they represent the first Adar-mutant mice that are born with intact MDA5

signaling, allowing the dissection of disease mechanisms in vivo.
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Figure 7: Recapitulation of AGS patient genotypes causes severe disease in Adar P195A
mice A-B. Survival of Ifihi1+/+ mice of the indicated genotypes: Adar+/+ (n=14), Adar+/- (n=21),
Adar P195A/Adar+ (n=41), Adar P195A/Adar- (n=9); Adar p150+/+ (n=15), Adar p150+/- (n=6),

Adar P195A/p150+ (n=34), Adar P195A/p150- (n=25). C-D. Survival of Ifihi1-/- mice of the
indicated genotypes: Adar+/+ (n=18), Adar+/- (n=22), Adar P195A/Adar+ (n=14), Adar
P195A/Adar- (n=19); Adar p150+/+ (n=17), Adar p150+/- (n=24), Adar P195A/p150+ (n=25),
Adar P195A/p150- (n=28). E-F. Weights of mice of the indicated genotypes, measured at 23
days. Bars represent mean. Male and female mice are pooled in (E) because there was no

significant difference by sex.
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Figure 8: Features of Adar P195A mice crossed to Adar null alleles

A. Percentage of mice of the indicated genotype born from crosses of Adar P195A/P195A and
Adar+/- mice (left panel), and Adar+/+ and Adar+/- mice (right panel). Number of each genotype
is indicated in parentheses. Adar+/- mice are born at a lower than Mendelian frequency, as has
been previously observed. B. Percentage of mice of the indicated genotype born from crosses
of Adar P195A/P195A and Adar p150+/- mice (right panel). C. Survival of mice of the indicated
Adar genotype on an Ifih1+/- background, revealing partial rescue from mortality. D. Survival of
mice of the indicated Adar p150 genotype on an Ifih1+/- background, revealing partial rescue
from mortality. E. Expression of Adar mRNA transcript in independently derived primary MEFs
of the indicated genotypes, with and without 24 hours of treatment with recombinant mouse
IFNb. Bars represent mean and SEM.

To better understand the causes of runting and mortality in this model, we performed
necropsies on sex-matched Adar P195A/p150- and Adar P195A/p150+ littermates to evaluate
the pathologies associated with disease. We focused these and all additional analyses on the
Adar P195A/p150- mice because they survived longer than Adar P195A/- mice (Fig. 7A, B). In
our initial assessment, the clearest histological defects were found in the kidney and liver. The
kidney exhibited glomerular mesangial matrix expansion, and the liver exhibited extensive
microvesicular cytoplasmic vacuolation that increased with age (Fig. 9A-C). Strikingly, and in
contrast to the Trex7-/- mouse model of AGS that is driven by the cGAS-STING DNA sensing
pathway rather than by MDA5-MAVS, we found no evidence of inflammatory immune cell

infiltrates in these tissues (Fig. 9A-C). We additionally identified dysregulated architecture of the
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spleens in Adar P195A/p150- mice (Fig. 9C). We developed a histological scoring approach to
quantitate these pathologies across several mice per genotype. Adar P195A/p150- mice had
significantly higher pathological scores in all three organs, and these scores were normalized to
control levels in Adar P195A/p150-Ifih1-/- mice (Fig. 9D-F). As an independent measure of liver
function, we found that serum alkaline phosphatase (ALP) levels were elevated, and serum
albumin levels were reduced in Adar P195A/p150- mice compared to controls (Fig. 9G). We
next grew primary BMDMs from Adar P195A/p150- mice on Ifih1+/+ and Ifih1-/- backgrounds.
The Adar P195A/p150- BMDMs did not spontaneously express elevated levels of [fnb mRNA,
but treatment of these cells with recombinant IFNb instigated robust, MDA5-dependent Ifnb
transcription (Fig. 9H), as has been previously observed in ADAR-null human cell lines.
Together, these data demonstrate severe, MDA5-dependent pathologies and MDAS-mediated

aberrant type | IFN expression in Adar P195A/p150- mice.
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Figure 9: Organ-specific pathology in Adar P195A/p150- mice A. Representative histology
of kidney
histology
Representative histology of kidney, liver, and spleen from Adar P195A/p 150- mice measured at
147 days of age. D-F. Histological scores in the kidney, liver, and spleen, measured at 23 days
of age. G. ALP, ALT, Albumin, and protein measured in the serum of 23 day old mice. Bars
represent mean and SEM. H. Ifnb transcript measured by qRT-PCR in BMDMs of the indicated
genotypes, with and without 24 hours of treatment with recombinant mouse IFNb.

and liver from Adar P195A/p150- mice measured at 23 days of age. B. Representative
of kidney and liver from Adar P195A/p150-Ifih1-/- mice measured at 23 days of age. C.
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We performed mRNA-Seq analyses comparing age-matched Adar P195A/p150- mice
and Adar P195A/p150+ controls to quantitate global changes in gene expression caused by the
Adar P195A mutation. We analyzed liver and kidney because of the specific pathologies we
uncovered in these tissues (Fig. 9), and we additionally included cerebellum to compare
changes in gene expression in the brains of these mice. Focusing on well-curated interferon-
stimulated genes (ISGs), specifically genes in the GO term ‘response to type | interferon’, we
carried out a gene set enrichment analysis and found significant up-regulation of this gene set in
all three tissues (Fig. 10A-C). The extent of the ISG signatures varied among tissues, with
cerebellum showing the most significant increases in ISG expression (adjusted p=0.007),
followed by kidney (adjusted p=0.003) and then liver (adjusted p=0.01; Fig. 10A-C). We then
performed quantitative RT-PCR of selected ISGs in all three of these tissues, comparing
additional Adar P195A/p150- mice and Adar P195A/p150+ controls, on both /fih1+/+ and Ifih1-/-
backgrounds. Consistent with the complete rescue from mortality and pathology in Adar
P195A/p150-Ifih1-/- mice (Fig. 7 and 9), we found that the significantly elevated ISG expression
was also entirely MDA5-dependent (Fig. 10D-F). Thus, the Adar P195A/p150- mice recapitulate

the MDA5-dependent ISG signatures found in the blood and cells of AGS patients™’.
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Figure 10. MDA5-dependent interferon signature in Adar P195A/p150- mice

A-C. Expression data for ISGs, defined by the GO term ‘response to type | interferon,” were
evaluated in the liver, kidney, and cerebellum of 23 day old Adar P195A/p150- mice, plotting the
logz fold change over matched Adar P195A/p150+ control mice. ISGs that were not significantly
changed are shown in bright red; significant expression changes are shown in dark red.

D-F. Expression of ISGs identified in A-C, measured by TagMan gPCR, in 23 day old mice of
the indicated genotypes.

The development of postnatal, lethal, MDA5-dependent disease in Adar P195A/p150- mice
allowed us to further characterize how aberrant MDAS signaling results in pathology in vivo. To
do this, we performed a series of crosses to test stringently the contributions of additional
signaling pathways, monitoring survival, weights, and ISG signatures. We started these
analyses by examining the contribution of the third RIG-I-like receptor, LGP2, which is encoded

by the Dhx58 gene. The role of LGP2 in antiviral immunity is less well understood than that of

MDAS5 and RIG-I, in part because LGP2 lacks the Caspase Activation and Recruitment domain
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(CARD) that is essential for RIG-1 and MDAS5 signaling through MAVS. Moreover, a role for
LGP2 in any immune pathology has not been previously reported. However, numerous studies
have demonstrated that LGP2 interacts with MDA5"2, modulates the formation of MDA5
filaments on dsRNAs'3144 and is important for antiviral responses to RNA viruses that
specifically activate MDA5'#®. We intercrossed Adar P195A/P195A mice with Adar p150+/- mice
on a Dhx58-/- background, analyzing Adar P195A/p150- mice and comparing them to Adar
P195A/p150+ littermate controls. We found that LGP2 deficiency completely rescued the Adar
P195A/p150- mice from mortality, restored their weights to normal, and prevented the ISG
signature in cerebellum, liver, and kidney (Fig. 11A-C). These findings place LGP2, together
with MDADS, at the apex of the signaling pathway that links ADAR1 dysfunction to disease.

Next, we tested the importance of the ISG signatures in Adar P195A/p150- mice by
crossing them to Ifnar1-/- mice that lack the type | interferon signature. We found that IFNAR1
deficiency also completely rescued all aspects of disease (Fig. 11D-F), similar to the rescue of
Trex1-/- mice on an Ifnar1-/- background?®. We evaluated the in vivo contribution of the dsRNA-
activated elF2a kinase PKR (encoded by the Eif2ak2 gene) to disease in Adar P195A/p150-
mice. PKR is activated by similar dsRNA structures as those that activate MDA5/LGP2, and the
activation of PKR in ADAR1-deficient cells has been clearly demonstrated in both mouse and
human cell lines®:193.146.147 - Additionally, prior studies have identified an important role for PKR
upstream of the activation of type | IFNs by MDA5'4814° However, a specific contribution of PKR
to in vivo immunopathology has not been described. We found that Adar P195A/p150-Eif2ak2-/-
mice were completely protected from mortality and weight loss (Fig. 11G-H). However, the ISG
signature remained significantly elevated in cerebellum and liver from these mice (Fig. 111).
These findings directly implicate PKR in the disease caused by ADAR1 dysfunction in vivo, and
they place PKR as an essential downstream effector, rather than an activator, of the

MDAS5/LGP2-dependent IFN response in this model.
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Figure 11: Genetic dissection of the Adar P195A/p150- phenotype in vivo

A. Survival of Dhx58-/- mice of the indicated genotype: Adar p150+/+ (n=3), Adar p150+/-
(n=8), Adar P195A/p150+ (n=5), Adar P195A/p150- (n=12). B. Weights, measured at 23 days,
of Adar P195A/p150-Dhx58-/- mice, as a percentage of the average weight of age- and sex-
matched Adar P195A/p150+Dhx58-/- control mice. C. Expression of the indicated ISGs
measured by TagMan qRT-PCR, normalized to HPRT, in the cerebellum, liver, or kidney,
comparing Adar P195A/p150-Dhx58-/- mice to Adar P195A/p150+Dhx58-/- controls. D. Survival
of Ifnar-/- mice of the indicated genotype: Adar p150+/+ (n=3), Adar p150+/- (n=7), Adar
P195A/p150+ (n=4), Adar P195A/p150- (n=16). E. Weights, measured at 23 days, of Adar
P195A/p150-Ifnar1-/- mice, as a percentage of the average weight of age- and sex-matched
Adar P195A/p150+Ifnar1-/- control mice. F. Expression of the indicated ISGs measured by
TagMan gqRT-PCR, normalized to HPRT, in the cerebellum, liver, or kidney, comparing Adar
P195A/p150-Ifnar1-/- mice to Adar P195A/p150+Ifnar1-/- controls.

We examined the contribution of the endonuclease RNase L to disease in the Adar
P195A/p150- mouse model. RNase L is activated by the 2’-5’ oligoadenylate (2-5A) products of
the dsRNA-activated OAS enzymes'%'5' which are IFN-inducible nucleotidyltransferases that
resemble cGAS in overall structure and catalytic mechanism'®2. Once activated by 2-5A, RNase
L cleaves cellular and viral RNAs, which limits viral replication and restricts mMRNA translation®3.

RNase L has been previously implicated as a key effector that mediates cell death downstream
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of ADAR disruption in a line of human A549 cells''*'%, We found that RNase L deficiency had
no impact on the mortality or weight loss in Adar P195A/p150- mice (Fig. 12) suggesting that

the contribution of RNaseL to disease in this model might be more subtle or cell type specific.
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Figure 12: RNase L deficiency does not rescue Adar P195A/p150- mice A. Survival of
Rnasel-/- mice of the indicated genotype: Adar p150+/+ (n=8), Adar p150+/- (n=5), Adar
P195A/p150+ (n=11), Adar P195A/p150- (n=9). B. Weights, measured at 23 days, of Adar
P195A/p150-Rnasel-/- mice, as a percentage of the average weight of age- and sex-matched
Adar P195A/p150+Rnasel-/- control mice.

Together, this genetic dissection of the Adar P195A/p150- mouse model reveals new and
essential contributors to in vivo immunopathology and places them in a hierarchy that links
MDAS5- and LGP2-dependent IFN responses to PKR-dependent effector mechanisms that drive
disease.

Based on the striking and complete rescue of PKR-deficient Adar P195A/p150- mice, we
explored the contribution of PKR-dependent effector mechanisms to disease in more detail.
PKR is one of four metazoan elF2a kinases that couple diverse perturbations in cellular
homeostasis to a program called the integrated stress response (ISR), which restricts new
protein synthesis and results in the transcriptional induction of genes that can either restore
homeostasis or cause cell death, depending on the strength and duration of the insult'®”1%°, The
elF2 GTPase is responsible for the delivery of the initiator methionyl tRNA to the ribosome that
initiates MRNA translation at the AUG start codon. GTP hydrolysis releases elF2 from the

ribosome-mRNA complex, after which the elF2 must be recycled from its GDP-bound inactive

form into its GTP-bound active form in order to initiate a new round of mRNA translation%6.
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Phosphorylation of the a subunit of elF2 on serine 51 prevents this recycling of the elF2
complex by the guanine nucleotide exchange factor (GEF) elF2B, and results in a reduction of
most canonical mMRNA translation initiation'®”. However, certain mRNAs that contain unusual
arrangements of AUG start codons in their 5’ untranslated regions become selectively translated
in the context of elF2a phosphorylation'®. These include the transcription factor ATF4, which
induces the expression of ISR-activated genes'°.

The ISR gene expression program has been extensively defined in cell lines, and in vivo
in mice that harbor hypomorphic mutations in Eif2b5, one of the genes that encodes the 5-
subunit elF2B complex'®®. EIF2B gene mutations in humans cause a lethal
leukoencephalopathy called Vanishing White Matter disease (VWM) that is driven by a chronic
ISR'81:162_Using a curated ISR gene expression signature defined in the Eif2b5-mutant mouse
model of VWM, we examined our mRNA-Seq data and found significant up-regulation of the
ISR gene set in Adar P195A/p150- mice (Fig. 13A-C). The ISR gene set was significantly
elevated in liver (adjusted p=0.02) and kidney (adjusted p=0.07) but was not significantly
increased in cerebellum (adjusted p=0.57; Fig. 13A-6C). Taken together with the ISG analyses
(Fig. 10), the liver and kidney exhibited elevation of both ISG and ISR gene sets, but the
cerebellum exhibited only the ISG signature (Fig. 10A-C).

We selected three of the most robustly induced ISR genes in the livers of Adar
P195A/p150- mice (Asns, Cdkn1a, and Hmox1), and evaluated their expression by quantitative
RT-PCR, comparing the affected mutant mice to all of the rescued genotypes that we identified
in figures 7 and 11. We found that induction of ISR gene expression required MDA5, LGP2,
IFNAR1, and PKR (Fig. 11D-F), which precisely mirrored the rescue from mortality and
pathology in all of these genotypes, even more specifically than the ISG signature that remained

elevated in PKR-deficient Adar P195A/p150- mice (Fig. 10I).
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Figure 13. An ISR gene expression signature in Adar P195A/p150- mice

A-C. Expression data for ISR gene set genes in the liver, kidney, and cerebellum of 23 day old
Adar P195A/p150- mice, plotting the log2 fold change over control Adar P195A/p 150+ mice.
ISR genes that are not significantly changed are shown in bright red; significant expression
changes are shown in dark red. D-F. Expression of ISR transcripts identified in the livers of
rescued mice, measured by TagMan gRT-PCR, and compared among the indicated genotypes.
Each data point represents an individual mouse.
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A small molecule called Integrated Stress Response Inhibitor (ISRIB) stabilizes the
elF2B complex and activates its GEF function, rendering elF2B less sensitive to the inhibitory
effects of elF2a phosphorylation®3. More recently, a similarly potent and brain-penetrant analog
of ISRIB with improved in vivo pharmacokinetics and pharmacodynamics called 2BAct was
shown to prevent all aspects of VWM in a mouse model of Eif2b5 mutation, including brain
pathology and induction of ISR genes. We tested whether the ISR inhibitor 2BAct could impact
disease in the Adar P195A/p150- mouse model. To do this, we formulated 2BAct into mouse
chow, and we placed breeders on 2BAct-containing or control chow two days after timed
matings. We maintained the mice on this regimen through birth and nursing of pups, and then
continued treatment of the mice following weaning. We tracked survival and disease
phenotypes for 125 days after birth, which is three times the median survival of unmanipulated
Adar P195A/p150- mice (Fig. 7). We found that dietary introduction of 2BAct nearly completely
rescued the Adar P195A/p150- mice from mortality, and it restored the mice to normal weights
(Fig. 14A-B). Moreover, 2BAct-treated Adar P195A/p150- mice were indistinguishable from
controls when examined by tissue pathology in liver, kidney, and spleen, both at weaning and at
the end of the 125-day treatment (Fig.14C-D). Interestingly, the ISGs remained significantly
elevated in 2BAct-treated Adar P195A/p150- mice (Fig. 14E), but expression levels of the three
ISR genes were restored to control levels (Fig. 14F). Thus, we have shown that therapeutic
amelioration of the ISR is sufficient to prevent mortality and pathology in this Adar-mutant
mouse model, revealing an essential IFN-dependent effector mechanism that contributes to

disease in vivo.
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Figure 14. Pharmacological Inhibition of the ISR rescues Adar P195A/p150- mice

A. Survival of mice on control chow: Adar P195A/p150+ (n=23), Adar P195A/p150- (n=10);
versus survival of mice on 2BAct chow: Adar P195A/p150+ (n=17), Adar P195A/p150- (n=17).
B. Weights of Adar P195A/p150- mice on control chow or 2BAct chow, as a percentage of
average weight of age- and sex-matched Adar P195A/p150+ mice on control chow. C.
Representative histology of kidney, liver, and spleen of untreated, Eif2ak2-/-, and 2BAct-treated
mice of the indicated genotypes. D. Histological scores of the kidneys, livers, and spleens of
2BAct-treated mice at day 23. E. ISG expression in the kidneys and livers of Adar P195A/p150+
and Adar P195A/p150- mice treated with 2BAct.

Discussion
We introduce a new mouse model of an AGS Adar mutation that develops postnatal,
MDAS5-dependent mortality. We use this model to delineate the genetic pathways responsible

for pathology and we reveal a therapeutic approach that completely prevents disease, with
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implications for our understanding of disease mechanisms and targets for intervention in the
human immune disorders caused by ADAR mutation.

Our studies of the Adar P195A/p150- mice offer new insights into the links between
ADAR1 dysfunction, MDA5, and disease manifestations. First, we show that the RLR LGP2 is
essential for the MDA5-mediated antiviral response in this model, revealing a new target for
therapeutic intervention. Prior in vitro studies of the biochemical mechanisms of MDAS filament
formation on dsRNAs in the context of ADAR1 editing have focused exclusively on interactions
between synthesized dsRNAs and purified recombinant MDA5%. Because LGP2 can modulate
the size of MDAS5 filaments and stabilize smaller MDA5-dsRNA complexes'**'%, the size and
composition of dsSRNAs that are competent to trigger LGP2/MDAS in vivo in the context of
ADAR1 dysfunction might be distinct from those defined in vitro. Second, our findings reveal
essential contributors to disease that were not appreciated in prior studies of the Adar-null
alleles in mouse models. Specifically, neither IFNAR1 deficiency nor PKR deficiency rescued
Adar-null mice to birth'®'%5, However, we have now found that both IFNAR1 and PKR are
essential for disease in the Adar P195A/p150- mouse model (Fig. 11). This likely reflects the
severity of the null alleles of Adar compared to the Adar P195A point mutation, together with the
essential function of ADAR1 that is independent of its role in regulating MDAS5. Unlike the Adar-
null alleles, which eliminate both functions of ADAR1, the Adar P195A mouse model isolates the
specific MDA5 regulatory roles of the p150 isoform of ADART.

By modeling the disposition of human ADAR AGS mutations in mice, we have
established a genetic pathway that links ADAR1 dysfunction to disease. This pathway places
MDAS and now LGP2 as the initiating sensors that are required for detecting the self-RNAs that
fail to be edited in Adar P195A/p150- mice. Next, the MDA5- and LGP2-dependent type |
interferon response drives all aspects of disease pathology. Finally, we define PKR as an
essential IFN-dependent effector that mediates the disease manifestations and mortality.

Whereas PKR is clearly important for antiviral defense and it is targeted by virus-encoded
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antagonists'®®, PKR has not previously been implicated in self RNA-mediated immune
pathology in vivo.

We have found that the ISR inhibitor 2BAct, administered in food, prevents mortality and
all aspects of disease pathology in Adar P195A/p150- mice. Moreover, we identify an ISR gene
expression signature in affected mice that is more specific than the ISG signature in its
correlation with genetic and therapeutic rescue. Specifically, the ISGs remain significantly
elevated in PKR-deficient Adar P195A/p150- mice and in 2BAct-treated Adar P195A/p150-
mice, but the loss of the ISR signature correlates perfectly with all of the genetic and therapeutic
rescues that we have defined. These findings have a number of important implications. First, we
reveal a new therapeutic path to treat human diseases caused by ADAR1 dysfunction that
targets a specific effector mechanism while leaving other antiviral responses intact. Second, we
directly implicate the ISR as the cause of immune pathology. Third, we identify a gene
expression signature that could be harnessed to explore the contributions of the ADAR1-
MDAS/LGP2-PKR axis to additional immune diseases in which IFNs and MDA5 have been
implicated, including type | diabetes and systemic lupus erythematosus'®"-1%¢,

In summary, we have developed and characterized a mouse model of ADAR1
dysfunction that recapitulates human AGS genotypes, we have revealed new contributors to
disease, and we have provided proof-of-concept for a therapeutic approach targeting the ISR as

an essential contributor to immune pathology in vivo.
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Chapter 3: The ADAR1 heterozygote advantage

Introduction

One theory for why autoimmunity persists in the population is that the mutations that
cause or predispose to autoimmunity also provide some protective benefit to carriers in the
setting of infection. Sickle-cell anemia is one famous example of how carriers of sickle cell trait
have a survival advantage in malaria infection, though the risk is that any of their children born
homozygous may die young from sickle cell crises. Similarly, G6PD deficiency'® is thought to
persist because of protection conferred to carriers from lethal malaria infection. However,
predominantly men (because it is X-linked) risk hemolytic anemia as a result of stressors that
others tolerate without issue. Though neither sickle cell anemia nor G6PD anemia is thought to
be an immune mediated mechanism, they highlight the strength of the pressure that infectious
diseases exert on the human genome, and illustrate how mutations that provide survival
advantage in infection can result in other disease. Innate immune genes are also some of the
most rapidly evolving genes in the genome'’°, underscoring the strength of the pressure exerted
on proteins involved in host protection against infection, and making them likely candidates for
new mutants to arise that come with some deleterious consequences but are retained for their
beneficial effects in other settings.

This concept of heterozygote advantage has also been suggested for autoimmune
diseases. AGS and other autoimmune diseases caused by ADAR1 mutations arise from a
number of different mutations in ADAR1, all of which may have slightly different effects, but all
of which decrease ADAR1 editing in vitro. Because the vast majority of ADAR1 mutations
associated with disease are recessive, a similar balance of selection may be at play in ADAR1
mutation carriers as in G6PD and sickle cell disease.

Essential to this model is that carriers of ADAR1 mutations associated with autoimmune
disease have evidence of haploinsufficiency. There is evidence in the ADAR1 literature that this

is true of ADAR1. Firstly, Dyschromatosis Symmetrica Hereditaria (DSH) patients carry only one
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loss of function mutation of ADAR1, some of which are the same mutations found in AGS, albeit
paired with a frameshift or deaminase mutation on their second allele. DSH patients have skin
pigmentation changes associated with an intermediate IFN signature suggesting that
haploinsufficency of ADAR1 editing is sufficient to cause spontaneous activation of MDA5.
Secondly, there is evidence from mouse models where key components of the response to
ADARH1 loss are ablated. For example, though the most striking outcome of MAVS knock out on
Adar+/- x Adar+/- breeding is the rescue of Adar-/- mice from embryonic lethality to birth, there
is also a rescue of the expected Mendelian ratio of Adar+/- mice. In Mavs+/+ mice, Adar+/- mice
are born below the expected Mendelian frequency — they should represent 67%, yet are only

55%""°. In Mavs-/- cross mice, however, Adar+/- are the expected 50% of pups,''%16°

implying
that some of the Mavs-dependent lethality observed in Adar-/- embryos occurs to a lesser
degree in Adar+/- mice. Our own work described in chapter 2 also suggests there is some
evidence of haploinsufficiency — Adar P195A/+ and Adar P195A/P195A mice are entirely
protected from the disease we described. However, as soon as P195A is paired with and Adar
or p150 null allele, 100% of mice die, suggesting there is an effect of losing one allele.

Therefore, we hypothesized that ADAR1 mutations may also confer some protective
advantage to infections by viruses sensed by MDA5. We found that
Results:

To study the role of ADAR1 in viral infection, we established a model of infection of Adar
p150+/- and Adar+/- mice and cells, which are at baseline have no phenotype, with the enteric
picornavirus Encephalomyocarditis Virus (EMCV), a natural pathogen of mice. We chose EMCV
because it is IFN-sensitive, and provokes a strong IFN response that is entirely dependent on
MDA5'"". Indeed, MDA5 hyperactive mutant mice are protected from infection with EMCV'"2,

We hypothesized that ADAR1 heterozygosity would also confer resistance to EMCV infection by

loosening ADAR1 regulation of MDAS, creating MDAS5 hyperactivity by other means.
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We infected 8-12 week old sex-matched Adar p150+/-, Adar p150+/+ mice with and
without MDAS. We found that Adar+/- and Adar p150+/- mice both have increased survival
compared to wild type littermates in oral infection with EMCV, and that this protection was

eliminated in the absence of MDAS5, implying there is not an MDA5-independent effect, such as

from direct editing of the virus. (Fig. 15 A-B)
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Figure 15: Protection of ADAR1 heterozygous mice in EMCV infection A and B. Survival of
8-12 week old mice infected 2x, 24 hours apart, by oral gavage with 10° PFU EMCV. C and D.
Ifnb transcript measured in BMDM (C) and MEF (D) of the indicated genotype after 6 hours of
infection with EMCV. E. Ifnb transcript measured by qRT-PCR 6 hours after transfection of
lipofectamine alone, Poly I:C, CT-DNA, or cGAMP. F. As in A and B, with P195A mice.
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To determine whether this protection was likely to be true in carriers of less dramatic
mutations affecting ADAR1 function, we infected Adar P195A/+ and Adar P195A/P195A mice in
the same manner as above and tracked survival. Somewhat surprisingly, we found that Adar
P195A/+ mice do not demonstrate any protection. However, Adar P195A/P195A mice do have
increased survival, though low numbers of mice have precluded statistical analysis. (Fig. 15F)

To better understand how this might be happening, we infected Adar p7150+/- and Adar
p150+/+ BMDM and Mouse Embryonic Fibroblasts (MEF) of the same genotypes and measured
IFN production in response to EMCV. We found that Adar p150+/- BMDM (Fig. 15C) and MEF
(Fig. 15D) generate more Ifnb transcript in response to infection, suggesting MDAS is
responding more strongly in ADAR1 heterozygous cells, and perhaps explaining the protection
from infection. With this model of ADAR1 heterozygosity, we expect only the MDA5 pathway to
be more responsive to stimulation. To test whether the increased IFN in response to stimulation
was pathway-specific, as opposed to a broad increase in Ifnb transcription, we transfected Adar
p150+/- and Adar p150+/+ MEF with ligands that cause IFN transcription by activating different
receptors than MDAS5. Calf Thymus DNA (CT DNA), and cGAMP, recognized by cGAS and
STING, both work on the DNA Sensing pathway, while the IFN response to Poly I:C is
dominated by MDA5. We found that only the ligands that act on MDAS provoked a heighted IFN
response in Adar p150+/- cells. (Fig. 15E) In agreement with our data, Mannion et al®' found
that Adar+/- MEFS, when stimulated with Poly I:C, have elevated IFN-a and IL-6 production
relative to Adar+/+ MEFs. They also found this elevation was entirely MAVS dependent.
Discussion:

Here we define a heterozygous advantage phenotype for Adar+/- and Adar p150+/-
mice. Additionally, we suggest that homozygous P195A/P195A mice may have a similar
protection. We propose that this is the result of a loosening of the regulation on MDA5, such
that the threshold for MDAS activation is, in effect, lowered in these mice because of either an

increased pool of potential endogenous RNAs to activate MDAS5, or because of a decrease in
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the editing of EMCV replication intermediates and thus neutralization of MDA5 stimulatory
capacity of EMCV RNAs. We think it is likely that, as in the cells, mice with less ADAR1 activity
have an elevated IFN response to EMCV, which restricts spread of the virus and limits lethality.
Also, it is possible that this more robust defense may come at the price of a predisposition of
autoimmunity not just to which may have the misfortune of inheriting two mutant Adar alleles,
but in the setting of diabetogenic infections. The strain of EMCV we used to infect the mice is
known to induce pancreatic islet damage and result in diabetes in mice. It would be interesting
to see if, in addition to being more likely to survive infection with EMCV, Adar p150+/-, Adar+/-
and Adar P195A/P195A mice are more likely to develop severe glucose intolerance after

infection
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Figure 16: Possible Sources of elevated IFN in EMCV infection with decreased ADAR1
editing. On the right, unedited replication intermediates are recognized by MDAS5. On the left,
unedited stretches of dsRNA in mRNAs are recognized by MDAS after upregulation by IFN
produced during EMCYV infection.

Though we see suggestions of pathway-specificity when ligands are transfected into cells, it
remains to be seen if Adar+/-, Adar p150+/-, or Adar P195A/P195A mice would be similarly
protected against viruses, like HSV or VSV, which trigger IFN through cGAS and RIG-I. Since

none of these mice, or cells derived from them, have a spontaneous elevation of IFN at
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baseline, we expect the protection to be narrow, and restricted only to pathogens which MDAS
plays a large role in recognizing and defending against. Measuring the IFN generated during
infection with EMCV and other viruses in vivo, and correlating them with viral titers in the feces
blood, or other infection-appropriate site would be informative both for determining the
mechanism and the breadth of the protection.

Finally, performing these experiments in the same Adar genotype mice, crossed to the

’

MDAS5-HA mice described below, would present the opportunity to identify whether the extent to

which MDAS5 binds EMCV RNA changes when ADAR1 status changes. In tandem with that

binding assessment, it would be informative to determine whether ADAR1 edits EMCV as

ADART1 has been suggested to do to a number of viruses'*>='"5; if it does, is that editing activity

consistent with a pro-viral role of ADAR1?; and does it change in Adar+/-, Adar p150+/- and

Adar P195A/P195A mice?
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Chapter 4: A new system for identification of ADAR1/MDAS5 ligands
Introduction:

Although much progress has been made in understanding the relationship between
ADAR1 RNA editing and MDAS, there are no examples of a specific ADAR1 RNA substrate
that, when unedited, becomes an MDAS5 ligand. Some ADAR editing sites have been defined
(although the specificity of ADAR1 p150 for these sites remains unknown), some MDA5-bound
self-dsRNAs have been identified, but the connections between the two are inferred and remain
untested. The use of ADAR1-null cells and mice precludes testing for such a mechanistic
connection because not all ADAR1 editing substrates are MDAS ligands, and the MDAS-
independent roles for ADAR1 also complicate analysis of such cells. What is required is a
system in which ADAR1 can be abruptly disrupted in cells, and then endogenous RNAs upon
which MDA5 assembles can be identified from the same cells, together with high-resolution
RNA editing analysis before and after ADAR1 disruption.

To this end, we built on our previously published model of abrupt deletion of ADAR1 in
vivo®, and developed an in vitro system from cells harvested from the same mice, allowing us
to tightly control the timing of ADAR1 deletion and create a pure population of cells from which
to isolate ligands.

Results:

We generated primary bone marrow derived macrophages (BMDM) from Adar fl/fl Cre-
Ert2 Tg/+ mice, together with controls that lack the Cre transgene or express the Cre transgene
without the LoxP-flanked Adar allele. Treatment of these cells, as well as MEF of the same
genotypes with 4-OHT for 72 hours to delete the floxed alleles results in a massive upregulation
of MDA5-dependent Ifnb transcription (Fig. 16A and B). The Ifnb response after deletion in vitro
closely parallels that which we see in vivo after tamoxifen injection to delete ADAR1 in adult

mice (Fig. 16C) Thus, we have established two primary cell systems in which RNA editing and
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innate immune responses can be compared before and after abrupt deletion of ADAR1, and
from which findings can hopefully be extended to in vivo contexts. Additionally, we

verified that we could do the same deletion experiment in Adar fl/P195A Cre-Ert2 Tg/+ mice
(16D), abruptly recapitulating the genotypes of the mice described in Chapter 2. While the scale
of the IFN response is much smaller in this setting than after biallelic deletion of ADAR1, it is
clear that there is disruption of ADAR1 editing in these mice and resultant MDAS5 activation. The
success of this deletion will allow us to compare results from Adar fl/fl and Adar fl/P195A mice

and cells to determine what editing events the ZBD is required for.
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Figure 17: A system for abrupt deletion of Adar in vitro and in vivo
A-B. Ifnb mRNA expression in BMDM (MEF, in B) of the indicated genotype 72 hours after
inducible deletion of ADAR1 by addition of 4OHT. C-D. /fnb mRNA expression in the indicated
organ, in Adar fi/fl (C) and Adarfl/P195A (D) mice 72 hours after intraperitoneal injection of
tamoxifen to delete Adar.

We next sought to determine if we could detect a decrease in ADAR editing after 4-OHT
administration in vitro. We treated BMDMs from Adar fl/fl Cre-Ert2 Tg/+ mice and Adar fl/fl Cre-
Ert2 +/+ control mice with 4-OHT for 72 hours, and then extracted RNAs. We chose to perform

longer reads to enable more thorough RNA editing analysis, and we sequenced to a depth that
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was 37-52 times more than required for standard gene expression analysis to increase our
ability to identify rare editing events with confidence.

We performed an initial analysis of differential gene expression in these samples,
revealing the expected dramatic upregulation of ISGs in the Adar-deleted cells relative to the
undeleted control cells. (Fig. 17A) To analyze RNA editing, which is represented as A to G
transitions in RNA-Seq data, we applied a published editing analysis pipeline'’®. We identified
many sites of extensive editing, most of which were, as expected, in repetitive SINE-B1
elements embedded in 3° UTRs. We selected seven of the most highly edited sites in control
samples and compared the extent of editing in these control samples to the extent of editing in
the Adar-deleted samples. We found a robust reduction in the percent editing of these specific
sites after abrupt Adar disruption, confirming our ability to identify RNA edits in mouse mRNAs,

in our in vitro Adar disruption system. (Fig 17B)
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Figure 18: mRNA-Seq analysis of gene expression and RNA editing in primary BMDM
with after abrupt Adar deletion A. The 15 top genes with differential expression in Adar fl/fl;
Cre-ERT2Tg/+ BMDM relative to Adar fl/fl Cre-ERT2+/+ controls with no deletion. Interferon
stimulated genes are colored in light red. B. RNA editing analysis of the transcripts with the
highest percentage of editing at a particular site in the Adar fl/fl Cre-ERT2+/+ controls, and the
percent editing at the same sites after Adar deletion in the Adar fl/fl; Cre-ERT2 Tg/+ BMDM.
Gene names and nucleotide positions are indicated.
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We next turned to identifying which of those lost editing events is relevant to MDAS
activation on endogenous RNAs. To facilitate the identification of RNAs upon which MDA5 has
assembled in live cells, we used CRISPR targeting in fertilized mouse oocytes to generate a
knockin allele of MDA5 in which we added a hemagluttinin (HA) epitope tag to the C-terminus of
MDAS. We achieved germline transmission of the targeted allele, and we found that BMDM
from the targeted mice had comparable levels of MDA5-HA expression when compared to WT

MDAS5. (Fig 18A)
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Figure 19: A system for enrichment of MDAS ligands A. Western blot for MDAS, HA, and
Actin, in Ifih1+/+ or Ifih1 HA/HA BMDM 24 hrs after 100U/mL rIFNB B. Immunofluorescence for
HA (green), and dRNA (red) 12 hrs after rIFN stimulation or Poly I:C transfection into /fih1+/+ or
Ifih1 HA/HA BMDM, demonstrating the normal reactivity of MDAS. C. Ifnb and Isg75 mRNA
expression in BMDM of the indicated genotype 6 hrs after poly I:C transfection

First, we verified that adding the HA tag had not compromised MDAS functionality, and
that it accurately reflected MDAS location and activity. The MDA5-HA protein is fully functional
and mediates a potent antiviral response to the synthetic MDAS ligand Poly I:C (Fig. 18C), and it
can be tracked by microscopy (Fig. 18B). Unlike prior studies of MDA5 assembly on RNAs,

which entailed incubating extracted, purified RNAs with recombinant MDAS followed by RNase-

protection,®® these novel mice will allow us to prepare extracts from cells, treat them with
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RNase, and then directly immunoprecipitate MDAS-HA and its bound, RNase-protected RNAs.
We are crossing these mice to the conditional Adar mice; this will create a new and sensitive
system in which RNA editing, antiviral responses, and endogenous MDAS ligands can all be
monitored together in primary cells.

Discussion

Using these tools, we can map MDAS5-protected RNAs before and after acute Adar
disruption, which will allow us to address numerous important questions with unprecedented
resolution. Of the RNAs that are protected by MDAS after Adar disruption, how many of them
have evidence for editing prior to Adar depletion? What is the extent of editing of these RNAs,
both within individual molecules and among all the reads that map to a particular RNA? Are the
MDAS-protected RNAs completely unedited, partially edited, or edited in a manner that is
indistinguishable before and after Adar disruption? Are there RNAs other than mRNAs that are
protected by MDA5 after Adar disruption?

We do expect to see that Adar P195A/- cells have a disruption of editing, though to a
lesser degree than in Adar fi/fl cells, as have been observed in comparisons of Adar p150-/- to
Adar -/- cells, and was observed in two recently-published models of ZBD-mutated Adar1'7":'78,
It will be interesting to determine not just which RNAs fail to be edited, but which activate MDAS,
if there is any particular class of RNAs activating MDAS5, and how it varies by cell type and
organism. It will also give us candidate RNAs to try to test whether LGP2, PKR, MDAS5, and
ZBP1 all bind to and are activated by the same ligands in the setting of ADAR1 loss of function.

A better understanding of the identities of the ligands that trigger MDAS5, and the other
proteins that contribute to cell death and pathology after ADAR1 loss not only would improve
our understanding of AGS, but could allow the development of a screening method for ADAR1
dysfunction in patients with possible ADAR1 dysfunction, by looking for loss of editing of

particular targets. Also, knowledge of the ligands that activate each effector would aid in design
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of something like a immunotherapy adjuvant that, rather than knocking out ADAR1, could mimic

the effects of ADAR1 loss in tumors by simultaneously stimulating the same pathways.
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Chapter 5: Conclusions and Future Directions

The study of rare genetic immune diseases has guided much of our understanding of
regulation of the innate immune sensors. . AGS, which is a disease of overreactive IFN due to a
variety of mutations in negative regulators of nucleic acid sensors is one such example.
Through the identification of the mutations carried by AGS patients, the essential role of antiviral
effectors (Fig 1) in preventing chronic responses to self DNA and RNA have been recognized.
By studying how these mutations cause disease a setting where the link between protein
dysfunction and disease is very clear, we can understand what to look for in more
heterogeneous disease that may have more subtle defects in the same pathways. Here we
describe, in chapter two, a new mouse model of AGS due to an ADAR1 mutation, and how we
used this model to confirm the roles of proteins that had been implicated in the response to
ADAR1 loss, and may represent novel therapeutic targets for immune-mediated disease.

The Adar P195A/p150- model adds to the toolbox for understanding ADAR1 regulation
of the RNA sensors. It is the first mouse model to be born live, with MDA5-signaling intact. All
previous models — Adar-/-, Adar p150-/-, and Adar E861A/E861A exhibit embryonic lethality
unless MDAS/MAVS signaling is abrogated. Our model circumvented this issue by targeting the
ADAR1 dysfunction to only the p150 isoform, and introducing a mutation that decreases but
does not completely eliminate ADAR1 editing. The ability to study where in the entire organism
MDADS activation occurs allows us to narrow down where to look for the factors that drive
disease; where there is pathology, there should be loss of ADAR1 editing, relevant ligands, and
all proteins that contribute to pathology. Though the localization of disease manifestations in
Adar P195A/p150- mice have minimal overlap with the symptoms of AGS, we predict that this is
a matter of expression of transcripts that have the potential to be MDAS ligands if unedited,
rather than a difference in the mechanics of the response. Given that the Alu family is unique to

primates, it is likely that pathology from ADAR1 loss follows the pattern of Alu family insertion.
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Single cell sequencing to determine what transcripts are expressed in cells that produce IFN
would help illuminate this.

Using the Adar P195A/p150- mice we tested targets that likely play a role in the
pathogenesis of diseases with decreased ADAR1 function, and we were able to determine
which play a role in a whole organism. In doing this, we have added LGP2 as essential to the
IFN response downstream of ADAR1 loss, confirmed that IFNAR plays a key role in pathology,
and identified PKR as responsible for pathology while not being required for the IFN response. It
remains to be determined exactly how knocking out each of these proteins can seemingly
equally prevent disease. Further characterization of each rescue — for example, RNASeq to
determine, more broadly, what transcriptional responses are interrupted in each knock out.
Additionally, many of the approaches outlined below to understand the specific role of each
effector will also be informative for understanding their relationships to one another.

Our current working model of how all these effectors work in concert is depicted in figure
19. Failure to edit RNA in a cell expressing transcripts that contain inverted repeats of SINEs
results in recognition by MDAS5, assisted by LGP2, to induce IFN production. This IFN signals
through IFNAR to upregulate MDAS, LGP2, and PKR in both the initial cell and those nearby,
which also are deficient in ADAR1 editing. The upregulation of MDA5 and LGP2 causes
ongoing and exacerbated IFN production in response to hypoedited self-RNAs. Upregulation of
PKR allows PKR activation by unedited RNA, and results in translational arrest, induction of ISR
transcripts, and, eventually, cell death leading to the pathology and reduced cellularity we
observe histologically.

The Role of LGP2:

We hypothesize that LGP2 is playing a role in the initial detection of RNA because there
is no IFN signature in Adar P195A/p150 Dhx58-/- mice, such that they resemble Adar
P195A/p150- Ifih1-/- mice. Given LGP2’s suggested role in facilitating MDAS filamentation and

activation on shorter RNAs than MDAS5 alone can be activated on'®, recruitment of LGP2 could
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explain how MDAS is activated by ligands that are less than half the required length for MDA5
filamentation (~500bp). However, this remains to be determined by comparisons of what RNA
LGP2 is binding, what MDAS is binding, and what, if anything, MDAS is binding in the absence
of LGP2. It will also be interesting to determine whether Adar p150-/- Dhx58-/- mice are rescued
in the same way as Adar p150-/- Ifih1-/- mice are. If our model is correct, and LGP2 is required
for MDAS filamentation on any inverted repeat SINE, LGP2 knock out rescue of Adar p150-/-
mice should be just as effective as MDAS knock out rescue. However, it is also possible that the
ZBD is responsible for editing a subset of RNAs for which LGP2 is necessary, and MDA5
activation, lethality, and IFN in p7150-/- mice will therefore not exhibit the same dependency on
LGP2. Alternatively, LGP2 could be modulating MDA5 and IFN signaling entirely independent
of RNA binding.
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Figure 20: Summary of Endogenous RNA sensing after ADAR1 editing is lost
The Role of PKR:

One of the most important results of this thesis is the demonstration that PKR is

essential to the pathology and death that results from ADAR1 loss. This was shown using
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rescue of Adar P195A/p150- Eif2ak2-/- mice and is the first in vivo confirmation of this
interaction... The real surprise is the persistence of elevated IFN and ISG response in
P195A/p150- Eif2ak2-/- mice — the rescued mice have no disease, even in the presence of an
aberrant chronic IFN response, which is thought to be the cause of pathology in both mice and
patients, and has been the focus of recent trials. ¢*'® Clearly, however, chronic IFN alone is not
sufficient to drive pathology, and this may explain the incomplete effectiveness of JAK/STAT
inhibitors in treating AGS, though it remains to be seen how PKR causes pathology.

Chronic PKR activation has been suggested to cause apoptosis, and it may be this is the
cause of the dramatic loss of cellularity in the absence of infiltrate we observed histologically.
The Adar-/- model has long been thought to have cell death from apoptosis, identified through
TUNEL staining of the affected organs/cells'®'-'®3, However, the method of cell death has not
been identified in either Adar p150-/-, nor the Adar P195A/p150- model, so apoptosis may be a
result of p110 loss. The method of cell death in Adar P195A/p150- mice, and PKR'’s role in it,
must also be examined in light of data not discussed here: that Adar P195A/p150- mice can
also be rescued by ZBP1 knock out. ZBP1 activation can lead to necroptosis, a more
inflammatory form of programmed cell death. A comparison of cell death methods by staining
for TUNEL in the livers of Adar P195A/p150-, Adar P195A/p150- Ifihi1-/- (or other rescue), and
Adar P195A/p150- Zbp1-/-. Additional crosses of the Adar P195A/p150- mice to knock outs of
essential effectors of necroptosis, such as RIPK3, will also be informative. We expect if Zbp1 is
triggering necroptosis, that RIPK3 knock out will also rescue the mice. However, these crosses
will likely be complicated by shunting of cells into different forms of cell death as each pathway
is cut off, so an initial characterization of cell death modes in the affected mice would be
prudent.

Therapeutic Potential
The role of PKR in ADAR1-associated AGS was also an exciting discovery because

many therapeutic tools to inhibit elF2a phosphorylation downstream of PKR activation already
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exist. It is remarkable that chow containing the elF2B activator, 2BAct, is able to so thoroughly
rescue Adar P195A/p150- mice, demonstrating the potency of ISR inhibition. It also supports the
data from Eif2ak2-/- rescued mice - mice rescued by 2BAct treatment, despite the rescue of
pathology, runting, and lethality, still have ISGs elevated, confirming by a second method that
ISR inhibition can rescue mice without eliminating IFN production. It demonstrates that inhibition
of the ISR may be a tractable target for DSH and AGS patients, perhaps in combination with
JAK/STAT inhibitors.

The use of a chow to rescue Adar P195A/p150- mice also makes asking a number of
questions about the relationship between ADAR1, MDAS5, and disease more feasible. It remains
unclear if AGS is a progressive disease, or one (or a few) distinct decompensation events that
result in permanent neurological damage. By putting Adar P195A/p150- mice on chow at
different times, and by taking them off chow after different periods of time, we can determine
whether the lethal dysregulation of the immune response can occur at any time in life, or if there
is a window of development in which ADAR1 regulation is especially important.

Ligand Identification

One major unanswered question is whether all the RNA-binding proteins we identified as
essential for pathology are binding to the same unedited RNAs. Though we have not confirmed
this in Adar P195A/p150- mice, it is very likely that MDAS is binding to unedited inverted repeats
of SINEs. PKR has been shown to have the potential to bind to similar elements'®?, though not
in the setting of ADAR1 editing loss. LGP2 has not been demonstrated to bind to endogenous
RNAs, though has the ability to bind to the same RNAs that both MDA5 and RIG-I can'8*. ZBP1
has been suggested to bind to inverted repeats of SINEs and other endogenous retroelement
sequences, and to trigger necroptosis when the inhibition imposed by RIPK1 is lost'®.
Determining whether the same is true in the Adar P195A/p150- mouse model will be informative
for understanding how all the pathways activated downstream of ADAR1 mutation are activated.

Additionally, if we can understand whether it is the same ligand, or multiple ligands, this could
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inform rational design of an adjuvant that would mimic the effects of ADAR1 loss in tumor cells,
without needing genetic modification.
The Role of Stress Granules

Rescue by Zbp1-/- mice, the location of the P195A mutation in the p150 ZBD, which is
the domain responsible for Adar1 localization to stress granules, and the central role of PKR,

146 also raise the question of whether

upon which SG formation relies in ADAR1 knock out cells
stress granule formation is central to the observed phenotype. Though we know that Adar
P195A retains its localization to the cytosol and responsiveness to IFN (Fig. 6D), we have not
tested whether it still localizes appropriately to stress granules. We hypothesize that stress
granules may be essential to the Adar P195A/p 150- phenotype, as a platform from which a
positive feedback cycle of IFN is begun, and a location where all the implicated RNA binding
proteins encounter unedited RNAs.

We propose the following model: In an undisrupted setting, p150 localizes to SGs, edits
the RNAs there, and resolve the SG before other RNA binding proteins accumulate and activate
there. This also provokes an interesting model, wherein, perhaps, p150 editing of RNA operates
in two different manners; one, mediated by the dsRNA binding domains and intrinsic deaminase
domain preference takes place in the nucleus, and the second, mediated by the ZBD, takes
place in the cytosol to neutralize SGs. It may be that P195A specifically impairs the ability of
p150 to edit RNAs in SGs, and it is the persistence of unedited RNAs and the SGs that form
around them that allows other proteins that localize to SG — MDA5 and ZBP1, most critically — to
encounter the RNA. SGs have been shown to be essential to IFN production in some viral
infections, so may be playing the role in the response to endogenous RNA®®.

To test this, we still need to verify that SGs do form in Adar P195A/p150- mice and/or
cells, and determine which, if any, of the effectors identified here as essential to mouse death
and pathology localize to those SGs, as SG composition has been show to vary depending on

187

the stimulus'’. We can also begin to indirectly test this model by ascertaining whether SG
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formation correlates with the IFN amplification cycle observed in (Fig. 9H), and by knocking out
other crucial SG scaffolding proteins, such as G3BP1/2 or TIA-1. If compromising SG formation
while leaving PKR intact prevents to IFN response to IFN, this would suggest that it is SG
formation that is essential to this phenotype.
The Role of ISR Activation in AGS

Another unresolved question is whether the ISR is activated when mutations are in other
proteins that cause AGS — like TREX1, RNaseH2, etc. Since TREX1 degrades DNA, and the
lethality of the Trex1-/- mouse model is entirely dependent on DNA sensing, it is less clear how
PKR activation could result. However, it could be that PKR is activated less directly that we
hypothesize it is in Adar P195A/p150- and Adar-/- settings, or that one of the other three
sensors that activate the ISR is activated in Trex7-/- mice, as has been suggested in other

autoinflammatory diseases'®®

. We can easily test this by treating Trex7-/- mice with 2BAct to
determine if they will be rescued. If 2BAct treatment does succeed, we can then identify which
ISR sensor is being activated to drive phosphorylation of elF2a using mouse knock out crosses
as we did with the Adar P195A model.

It is still to be confirmed whether chronic ISR activation is also occurring in AGS patients.
Our own attempts to find evidence of elevated ISR — in AGS patient fibroblasts (data not
shown), and in reanalysis of published RNASeq data on whole blood from AGS patients'®®, did
not exhibit any signs of ISR transcript upregulation. This could be because there is none, though
given that studies have identified ISR transcripts upregulated after ADAR1 loss,""® and that cell
death is dependent on PKR in human cells®*¥’, this seems unlikely. More likely, we are looking
in the wrong place. Even in Adar P195A/p150- mice, ISR activation is not systemic. The
cerebellum has no evidence of ISR activation, perhaps because it is missing key effectors or
blocked in some manner. Instead, ISR signatures colocalized with where we saw clear

pathology and signs of reduced cellularity, so it stands to reason that the same would be true in

AGS patients. To find evidence of ISR activation, we will need to sample the CNS. Additionally,
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it will be interesting the determine whether, like IFN, chronic ISR activation is found in all
ADAR1 mutation-caused diseases, such as DSH and BSN.
Chronic ISR activation as a driver of immune pathology

Finally, an exciting implication of the PKR/ISR inhibition rescue of Adar P195A/p150-
mice is that chronic ISR activation may play a role in more common diseases that have chronic
aberrant self-RNA sensing. ISR gene expression signatures have been identified in tissue

). Current models of MS envision the

samples from human patients with multiple sclerosis (MS
ISR as a cytoprotective mechanism that slows disease progression by preventing the loss of
myelin-producing oligodendrocytes'®’. However, our findings raise the alternative possibility that
the ISR might contribute to disease pathology. Type | diabetes (TID) has been linked to MDA5
sensing. The risk of T1D is elevated in people with hyperactivating mutations in MDA5, and
people with hypoactive forms are protected from T1D"®'. Non-obese diabetic (NOD) mice are a
common model of T1D which spontaneously develop insulin resistance, and mimics much of
pancreatic pathology seen in T1D'%. Disease in NOD mice has been shown to be MDA5-
dependent'. It will be interesting to determine whether PKR also plays a role in this model —
whether it truly is an RNA-dependent function of PKR, and a self-RNA that is triggering MDAS in
NOD mice can also activate PKR; or if there is another method by which PKR and MDAS5 are
coactivated to cause disease.

More broadly, we speculate that the link between the ISR and immune pathology might
also apply to conditions in which the ISR is activated by distinct mechanisms, including the
endoplasmic reticulum stress sensor PERK, the heme sensor HRI, and the nutrient sensor
GCN2'%. All of these kinases share elF2a as their principal target, and all induce the ISR. In
other words, because the ISR contributes to pathology downstream of PKR in this model of
ADAR1 mutation, it might also drive inflammation downstream of diverse stresses that are not
typically thought of as immune mediated. The coactivation of ISR and the IFN response may

also contribute to pathology that results from overly robust responses to RNA viruses, or explain
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the increased lethality of virus infection in those with preexisting conditions known to increase

ISR signaling, such as obesity'%

1% Increased phosphorylation of elF2a is a hallmark of obesity
and diabetes-related insulin resistance'®"%, so ISR activation in the context of an IFN
response may co-occur more frequently than just after ADAR1 loss, or during infection with
RNA viruses that produce long dsRNA. We propose that further study of protective versus

pathogenic contributions of the ISR will illuminate new ways to understand and treat human

immune diseases.
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Chapter 6: Methods

Mice

Adar P195A mutant mice were generated as previously described®®, using the sgRNA target
sequence GAAGGGGGAAACCTCCTTTGTGG, and the oligo DNA to replace the sequence,
ATCAATCGTATTTTGTACTCCCTGGAAAAGAAGGGAAAGCTGCACAGAGGAAGGGGGAAA
CCTGCCTTGTGGAGCCTTGTGCCCTTGAGTCAGGCTTGGACTCAGCCCCCTGGAGTTGTG
AATCCAGAT. In brief, C57BL6/J oocytes were microinjected with Cas9 complexed with gRNA
for WT Adar sequence and ssDNA donor template containing the desired sequence. Oocytes
were implanted into a pseudopregnant CD-1 females. Founder pups born were screened by the
Surveyor assay. Mice positive by the Surveyor assay were genotyped using TagMan SNP
genotyping, primers: WT: AAACCTCCT/ZEN/TTGTGGAGCCTT, Mut:
AAACCTGCCTTGTGGAGCCTT. Mice positive by SNP genotyping were then sequenced to
confirm fidelity of the introduced mutation. Mice were bred to C57BL6/J mice to confirm
germline transmission, and Adar P195A/+ mice were then crossed to one another or to other
genetically modified mice.

Adar flI/fl mice® were generously provided by Stuart Orkin, and were bred to Cre-
expressing mice to generate the Adar-null allele as described previously''®. Adar p150+/-
gametes™” were generously provided by Michael Oldstone and made into mice as previously
described.® Ifih1-/- mice®®' were generously provided by Michael Gale, Jr. Dhx58-/- mice®®
were generously provided by Michael Gale, Jr. Ifnar1-/- mice®®® were backcrossed 14
generations to C57BL/6%*. Eif2ak2-/- mice®*®, backcrossed at least 10 generations to C57BL/6J,
were generously provided by Gékhan Hotamigligil. Rnasel-/- mice®® were generously provided
by Robert Silverman. All mice were maintained in a specific pathogen-free (SPF) barrier facility
at the University of Washington, and all experiments were done in accordance with the
Institutional Animal Care and Use Committee guidelines of the University of Washington. Mouse

weights were measured at 23 days of age.
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Histology and Pathology

For all histological analyses, matched littermate mice were euthanized in accordance with
IACUC protocols by CO; asphyxiation followed by cardiac puncture. Mice were washed with
PBS and then fixed in 10% neutral-buffered formalin. Tissues were routinely processed,
embedded in paraffin, cut into approximately 4 um sections and hematoxylin and eosin stained.
Slides of kidney, liver, and spleen were also stained with periodic acid-Schiff. Additionally,
kidney sections were stained with Congo Red and Masson’s trichrome.

Tissues were evaluated and scored by a board-certified veterinary pathologist (J.M.S),
who was blinded to genotype and experimental manipulation for all groups except for the initial
group of mice subjected to phenotyping of multiple organs including decalcified cross section of
skull, lungs, heart, kidney, liver, spleen, pancreas, lymph nodes, reproductive tract, stomach, and
intestines. These juvenile mice evaluated initially in an unblinded fashion were re-scored blindly
prior to manuscript preparation. For subsequent mice, histological analysis was focused on the
kidney, liver, and spleen.

For the kidney, expansion of the glomerular mesangial matrix was scored from 0-4, with
0 = normal; 1 = minimal; 2 = mild; 3 = moderate (with accompanying tubular protein); and 4 =
severe histological changes. An extent score was also given for the kidney, with 1 representing
<10%; 2 = 10-32%; 3 = 33-65%; and 4 representing > 66% of glomeruli affected. For the liver,
microvesicular and lesser macrovesicular cytoplasmic vacuolation were scored from 0-5, with 0
= normal; 1 = minimal changes affecting only a small region (< 5%) of the liver; 2 = mild changes
throughout the liver but without enlargement of hepatocytes, coalescing lesions, or necrosis; 3 =
mild to moderate cytoplasmic vacuolation throughout liver with enlargement of hepatocytes but
no necrosis or loss of parenchyma; 4 = moderate, coalescing throughout liver with multifocal mild
regions of loss of parenchyma or necrosis; and 5 = severe with moderate multifocal regions of
cavitation and necrosis. Liver inflammation was also scored on a 0-5 scale with 0 = fewer than 2

small microgranulomas per section; 1 = minimal scattered inflammation or microgranulomas; 2 =
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mild (less than 5% of parenchyma involved); 3 = mild to moderate (11-30%); 4 = moderate (31-
60%); and 5 = severe (affecting >60% of parenchyma). Lymphoid depletion of the spleen was
scored on a scale of 0-3 with 0 = none; 1 = mild; 2 = moderate; 3 = severe.

Representative images were taken using NIS-Elements BR 3.2 64-bit and plated in Adobe
Photoshop Elements. Image white balance, lighting, brightness and contrast were adjusted using
auto corrections applied to the entire image. Final magnification is stated.

For measurement of alkaline phosphatase (ALP) and albumin in serum, blood was
collected by cardiac puncture from mice at 23 days of age and stored in SST
Tubes at 4C until analysis. Samples were run at 2x dilution on a Siemens Atellica 1600
(Siemens Healthineers, Germany).
mRNASeq and differential expression analysis
Total RNA was added directly to lysis buffer from the SMART-Seq v4 Ultra Low Input RNA Kit
for Sequencing (Takara), and reverse transcription was performed followed by PCR
amplification to generate full-length amplified cDNA. Sequencing libraries were constructed
using the NexteraXT DNA sample preparation kit (Illumina) to generate lllumina-compatible
barcoded libraries. Libraries were pooled and quantified using a Qubit® Fluorometer (Life
Technologies). Dual-index, single-read sequencing of pooled libraries was carried out on a
HiSeq2500 sequencer (lllumina) with 58-base reads, using HiSeq v4 Cluster and SBS kits
(Numina) with a target depth of 5 million reads per sample.

Reads were processed using workflows managed on the Galaxy platform. Reads were
trimmed by 1 base at the 3’ end, and then trimmed from both ends until base calls had a
minimum quality score of at least 30 (Galaxy FASTQ Trimmer tool v1.0.0). FastgMcf (v1.1.2)
was used to remove any remaining adapter sequence. To align the trimmed reads, we used the
STAR aligner (v2.4.2a) with the GRCm38 reference genome and gene annotations from
ensembl release 91. Gene counts were generated using HTSeqg-count (v0.4.1). Quality metrics

were compiled from PICARD (v1.134), FASTQC (v0.11.3), Samtools (v1.2), and HTSeg-count
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(v0.4.1). Libraries with less than 2 million mapped reads per sample were not included in the
analysis, and analysis was restricted to genes with non-zero counts in all libraries (n=8,843
genes). We carried out normalization and tested for differential expression using DESeq2.
Gene set enrichment analysis was carried out using fgsea®’, ranking genes by the sorted p
values from the differential expression test for each tissue. Gene sets tested included all GO
categories, Kegg pathway gene sets, Hallmark gene sets, and Reactome gene sets. We also
included the manually curated ISR target gene set as defined previously'®. In total, 7084 gene
sets were evaluated, and multiple testing correction was done using the Benjamini-Hochberg
method.

RNASeq and Editing Analysis:

We prepared polyA-enriched mRNA-Seq libraries and used paired-end, 100-base pair
sequencing to generate 200 bp reads per molecule. We sequenced to a depth of 184 million
reads for the deleted sample and 260 million reads for the control sample. Differential
Expression analysis was done as above, and editing analysis was completed using the pipeline
published by Defitt et al?®®,

Quantitative RT-PCR

Mice were euthanized by CO, asphyxiation and cardiac puncture. Organs were immediately
immersed in Trizol and frozen at -80C until later processing. To extract RNA, organs were
mashed on ice, then resuspended in Trizol by passage through 25G needles. Samples were
spun down briefly (5 min at 5000 g), and the supernatant processed by the Direct-zol RNA
MiniPrep kit (Genesee Scientific) per the manufacturer’s instructions with an additional dry spin
after disposing of the final wash to prevent EtOH carryover. Complementary DNA (cDNA) was
generated using EcoDry double primed premix (Clontech). Transcript expression was measured
using the following ThermoFisher TagMan Gene expression assays: /fi27 (Mm00835449 g1),

Irf7 (Mm00516788_m1), Oas1a (Mm00836412_m1), Asns (Mm00803785_m1), Cdknia
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(Mm04205640_g1), and Hmox1 (Mm00516005_m1). Samples were assayed in duplicate on
a real-time gPCR cycler (CFX96, BioRad).

In vitro IFN treatments

Bone marrow was harvested from age-matched mice and grown/differentiated in RPMI
supplemented with 10% fetal calf serum, L-glutamine, penicillin/streptomycin, sodium pyruvate,
HEPES, and M-CSF for 7 days. 10° BMDM were plated in 12 well plates and rested overnight,
then stimulated with 100U/mL recombinant murine IFNb (Sigma, 19032) or equivalent volume of
water for 24 hours. Cells were then harvested in Trizol before RNA purification via Directzol kits,
and cDNA generation using Ecodry kits as described above. gqPCR was performed using iTaq
supermix on the Bio-Rad CFX96 Real-Time System, and primers for IFNB (/fnb Fwd 5’-
GCACTGGGTGGAATGAGACTATTG-3', IfnB Rev 5-TTCTGAGGCATCAACTGACAGGTC-3’)
and HPRT (Hprt Fwd, 5-GTT GGATACAGGCCAGACTTTGTTG-3', Hprt Rev, 5’ -
GAGGGTAGGCTGGCCTATAGGCT-3'.

2BAct treatments

Adar P195A/P195A mice were intercrossed with Adar p150+/- mice. 48 hours after mating, the
breeders were placed on 2BAct chow, formulated to achieve a 2Bact concentration of 300 ppm
(300 g 2BAct/g of meal) as previously described.®® 2BAct chow was contract manufactured
with Envigo. The placebo diet was Teklad 2014 without added compound. Breeders and pups
were maintained on 2BAct until termination of survival experiments at 125 days. Mice were
weighed at 23 days of age. Littermate mice were harvested for histological and mRNA
expression analysis as described above.

EMCV in vivo

8-12 week old mice were infected by oral gavage with 10*6 PFU of EMCV, 2x 24 hours apart.
Mice were observed twice daily from day 3 - 14 post infection. At each observation, mice were
scored by the following criteria: mice that scored 4 or higher twice were euthanized. 0: Healthy

mouse (baseline), 1: Lethargic, 2: Ruffled fur, hunched posture, no paresis, 3: Weakness in 1
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limb, 4: Moribund. All mice scoring 2 that did not improve at the next monitoring event (mice
receiving scores of 2 at two successive checks) will be euthanized according to approved
euthanasia procedures. All mice reaching a score of 3 or greater were euthanized immediately
and recorded as a death.

In vitro stimulations

BMDM cells were plated at 10° per well in a 12-well dish. In the six-well dish format, cells
received 4 pg of CT DNA, 10uM cGAMP, 1ug RIG-I Ligand, complexed with 4 pl of
Lipofectamine 2000. Control received 4uL of lipofectamine 2000 alone. All cells were harvested
6 hours after stimulations were added. Infections with EMCV were performed the same way,
with the indicated MOI of EMCV

4-OHT deletion in vitro

BMDM isolated from 6-8 week old Adar fl/fl Ert2Cre and control genotype littermates were
differentiated as above. 2 x 106 BMDM were plated in 6 well plates and treated, after 12 hours
rest, with 500uM 4-OHT. MEF were plated in 6 well plates at 2.5 x 1075 cells per well and
treated with TuM 40OHT after 12 hours rest. BMDM and MEF were both harvested 72 hours after
4-OHT addition in Trizol and processed as above for RNA isolation, cDNA generation, and gRT-
PCR assessment.

Western Blot

10° BMDM were plated in 6 well plates and rested overnight. BMDM were treated with 100u/mL
rlFNb for 6 hours before harvest in 1% Triton X-100 buffer (20 mM Hepes, 150 mM NacCl, 10%
glycerol, 1 mM EDTA, and Pierce protease inhibitors). Lysates were vortexed and incubated on
ice for 15 min before clearing by centrifugation for 15 min. Proteins were separated on Bolt 4-
12% bis-tris gels (Thermo Fisher) in MES buffer for 30 min at 200 V and transferred to
Immobilon-FL polyvinylidene difluoride membrane (Sigma). Blots were blocked in 5% bovine
serum albumin/Tris-buffered saline with Tween-20 (TBST) for 30 min before incubation at 4°C

overnight with primary antibody (CST Rabbit anti MDA5 (D74E4) antibody. Blots were washed
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for at least 30 min in TBST before incubation with secondary antibody and image acquisition
using a BioRad Chemidoc.

Immunofluorescence

BMDM were seeded onto glass coverslips overnight, then treated with rIFNb for 6 hours. They
were then fixed with 4% PFA for 15 minutes at RT. Cells were then washed in PBS and
permeabilized with 0.1% Triton X-100 in PBS for 10 minutes at RT. Slides were washed again
in PBS, then blocked in 2% FCS in PBS for 1 hour at RT while rocking. Slides were then
incubated with primary antibody in block overnight at 4° C. dsRNA was stained for with Scicons
Mouse anti J2. HA was stained for with CST Rabbit anti HA C29F4. Cells were washed in PBS
and incubated with secondary Ab (anti mouse A568 secondary or goat anti-rabbit a488) at
1:1000for 1 hr at room temperature. Cells were then washed with PBS, stained with DAPI and
mounted on glass slides with ProLong Gold Antifade Mountant (Thermo Fisher). Images were
captured with a Nikon C2RSi Scanning Laser Microscope.

Tamoxifen deletion in vivo

Adar fl/fl Ert2Cre mice were previously described''®. Tamoxifen-induced deletion was performed
according to the protocol available from the Jackson Laboratory. In brief, tamoxifen (Sigma-
Aldrich) was dissolved in corn oil (Sigma-Aldrich) at 20 mg/mL overnight at 37°C, filtered
through a 0.22 ym Millex GP PES membrane and stored at 4°C. Mice were administered 100
uL of tamoxifen via i.p. injection once a day for three days. Mice were sacrificed at 3.5 days
after the first injection, and RNA harvested as above.

Statistical analysis

Quantitative data were visualized and analyzed using GraphPad Prism software. Differences in
survival were assessed by the Log-rank (Mantel-Cox) Test. Observed and expected birth rates
by genotypes were compared using the Chi-square test. Weights and mRNA expression

measured by gPCR were compared between genotypes within each cross using unpaired t-
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tests. Significance is indicated as follows in all figures: ns=not significant, *p<0.05, **p<0.01,

***p<0.001, ****p<0.0001.
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