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The innate immune system senses non-self or altered-self molecular structures through
pattern recognition receptors in order to eliminate pathogens or damaged cells, and restore an
organism to its basal physiology. Nearly all nucleated cell types can sense intracellular viral
nucleic acids. These sensors detect either viral RNA through RIG-1 like receptors or DNA
through the cGAS-STING signaling pathway. Antiviral immune pathways are vital for resolution
of viral infections; however, their dysregulation may give rise to various immune-mediated
diseases.

The neuro-inflammatory autoimmune disease Aicardi-Goutiéres Syndrome (AGS)
develops from mutations in genes encoding several nucleic acid processing proteins, including
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RNase H2. Defective RNase H2 may induce accumulation of self-nucleic acid species which
trigger chronic inflammation leading to AGS pathology. We created a knock-in mouse model
with an RNase H2 AGS mutation in a highly conserved residue of the catalytic subunit,

R nasehZaG37S/G37S

(G37S), the most severe Rnaseh2a mutation categorized as it abolishes
nuclease activity to less than 10% of WT RNase H2, to understand disease pathology.
Importantly, | found that the G37S mutation induces a cellular anti-viral state, and an increased
expression of interferon-stimulated genes dependent on the cGAS-STING signaling pathway.
G37S homozygotes are perinatal lethal, and ablation of STING in G37S mice results in partial
rescue of the perinatal lethality and complete rescue of the immune phenotype. This study
motivates inhibitors of the cGAS-STING pathway in the goal of resolving Rnaseh2a-mediated
AGS.

As my previous work implicates STING in the development of AGS, | performed a
genetic screen to identify novel regulators of this protein. | discovered that TOLLIP, a protein
previously identified as a regulator of extracellular Toll-like receptor pathways, can function as a
positive regulator of the cGAS-STING pathway. TOLLIP antagonizes STING protein
degradation through a regulatory pathway controlled by the protein IREla. In Tollip” cells,
IREla is activated and induces lysomal-mediated degradation of STING. Chronic activation of
this degradative pathway blunts the cellular response to cGAS or STING agonists. These
findings have implications in vivo, as deleting Tollip in a mouse model for AGS, the Trex1”
mouse, can rescue symptoms of the disease. These findings have clinical importance, as novel
therapeutics against TOLLIP can be developed to treat auto-inflammation caused by

dysregulation of the cGAS-STING signaling pathway.
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CHAPTER ONE

INTRODUCTION

Innate Immunity

The dual branches of the immune system, the innate and adaptive, principally activate
through receptor-mediated sensing of microbial molecular structures or antigens, respectively.
Receptor recognition of either type of ligand leads to cellular reprogramming which occurs at
genetic, biochemical, and organelle levels. These outputs vary depending on the stimuli and cell-
type, but serve a common purpose of preventing infectious disease. Outputs occur in response to
the sudden introduction of a stimulus, or when the amount of stimulus is elevated above a
threshold that is determined by positive and negative regulators of these sensing systems (1). It
can be generalized that both branches of the immune system are actively detecting molecular
changes in the environment (2).

While both branches of the immune system sense ligands, temporal separation of this
sensing is one major distinguishing feature between the two. The innate immune system is one of
an organism’s first lines of defense against pathogenic insults. Cellular germline-encoded
proteins, known as pattern recognition receptors (PRRs), sense non-self molecular structures
from microbes or viruses termed pathogen associated molecular patterns (PAMPS) (3). These
sensors recognize ligands which are either extracellular or intracellular and this spatial separation
can designate distinct cellular responses. In the case of any PRR, ligand recognition will instigate
protein signaling cascades which culminate in the activation of various transcription factors

regulating a diverse array of genes. PRR-induced genes are multi-faceted but often encode



immune cytokines, proteins which allow activation of other immune cells in the body, thereby
leading to expansion of the innate immune response and eventual activation of the adaptive
immune system. PRR-induced genes also encode proteins that have direct anti-microbial or anti-

viral functions important in limiting pathogen replication (3).

Antiviral Immunity

Numerous PRRs exist to recognize unique molecular components of non-self origin (or
PAMPSs). As viruses are composed of protein capsules, mammalian cells have evolved to sense
the encapsulated viral nucleic acids. PRRs recognize unique modifications or lack thereof on
non-self nucleic acids or whenever nucleic acids are misplaced in cellular compartments, such as
DNA in the cytosol (4). While extracellular or endosomal nucleic-acid sensing PRRs are limited
largely to innate immune cell types, nearly all cell types express cytosolic PRRs that respond to

intracellular insults from non-self nucleic acids and induce innate immune signaling (5).

Type | Interferons

A key cellular response that can be induced following the sensing of microbial or viral
ligands is the type | interferon (IFN) response. Nearly all mammalian cell types can either
produce or respond to type I IFNs. In humans there are 13 isoforms of IFNa proteins and 1 IFNf
protein (6). Type | IFN proteins can be released after activation of certain PRRs, and are induced
by the transcription factors interferon regulatory factor 3 (IRF3) and 7 (IRF7). Secreted IFN
proteins signal in a paracrine and autocrine manner through plasma membrane receptors,

IFNAR1 and IFNAR2, and activate the JAK-STAT signaling pathway (Figure 1.1) (6).



Downstream of this pathway hundreds of genes
referred to as interferon stimulated genes (ISGs)
will be transcribed (7). Importantly, 1SGs can also
be activated directly by IRF3 and IRF7 in an IFN-
independent manner (99). In contrast, ISG
expression downstream of JAK-STAT pathway is
regulated by IRF9 (7). ISGs have broad immune
and non-immune functions; however, they are
largely induced to inhibit viral replication in a
cell-type and virus-specific manner. The type |

IFN response is not associated with all PRRs, but

is limited to those that have antiviral roles. The
antiviral mechanism of ISGs, from individual
antiviral function to systems level understanding
of how they are coordinated during different viral

infections, is an area of intense investigation (8).

Toll-like Receptor Signaling

Extracellular space

Nucleus ]

Figure 1.1: Type I IFN Signaling

A schematic of IFNa/B signaling through IFN receptor
heterodimers IFNAR1 and IFNAR2. Cytokine binding
instigates phosphorylation of JAK/STAT signaling to
induce the activation of transcription factor IRF9. Nuclear
IRF9 regulates the transcription of numerous antiviral
genes termed 1SGs which can render cells resistant to viral
infections in virus- and replication step-dependent manners.

Toll-like receptors (TLRs) are among the first innate immune sensors characterized, and

the first report was of TLR4 being the sensor of lipopolysaccharide (LPS), a constituent of the

gram-negative bacterial cell wall (9). Shortly after that discovery, TLR3 was reported to be

involved in the sensing of double-stranded RNA (dsRNA). TLR3 binds to dsRNA of at least 40




base-pairs length within endosomal compartments (5). Ligand binding initiates recruitment of the
signaling adapter TIR-domain-containing adapter-inducing interferon-p (TRIF). TRIF allows for
the activation of signaling kinase tank-binding kinase 1 (TBK1) which phosphorylates the
transcription factor IRF3 to activate immune genes. TLR3 also activates transcription factor
nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) to produce inflammatory
cytokines as well (5).

While TLR3 senses dsRNA, TLR7 and TLR8 sense single-stranded RNA (ssRNA) that
contains stretches of poly-U or poly-G regions (10, 11). TLR7 and TLR8 also bind to RNA that
lacks a 2’-O-methyl group, a modification commonly found on self-RNAs, thereby
discriminating non-self from self (10, 11). Such a modification has been shown to prevent
sensing of mammalian tRNA (12).

TLR9 is involved in the sensing of unmethylated CpG dinucleotides found within DNA
and also RNA:DNA hybrid species (13, 14). Like TLR7 and TLR8, TLR9 recruits the adapter
protein myeloid differentiation primary response (MyD88) rather than TRIF in order for
downstream signaling to occur (Figure 1.2). These four TLRs are limited in expression to certain
cell types in humans, with TLR3 being found on various leukocytes and lymphocytes, TLR7 and

TLR9 principally being on plasmacytoid dendritic cells (pDCs), while TLR8 is on myeloid cells

().



Extracellular space

Cytosol

Mitochondria

Type I IFN/ISGs Inflammatory genes

Figure 1.2: TLR and RLR Antiviral Immunity

A schematic of nucleic acid signaling through endosomal TLRs or intracellular RNA sensors, RIG-I and
MDADS. Four separate endosomal TLRs mediate the recognition of diverse nucleic acids derived from
viruses, prokaryotes or eukaryotic cells. These TLRs signal through either the MyD88 adaptor protein or
TRIF to culminate in the production of type I IFNs or inflammatory genes. RIG-I and MDAS function as
sensors of RNA which is structurally distinct from mature cytosolic eukaryotic RNA. The two sensors
differ in the types of RNA sensed, but both lead to production of type I IFNs and inflammatory genes.

RIG-I-like Receptor Signaling

As viruses replicate intracellularly, nearly all nucleated cell types have evolved to contain

nucleic acid sensors in the cytosol. When viral RNA is introduced in the cytosol, the sensors

retinoic acid-inducible gene | (RIG-1) or melanoma differentiation-associated protein 5 (MDADS)

will bind to the RNA and become activated (Figure 1.2). Both sensors contain similar structural

groups including an N-terminal caspase activation and recruitment domain (CARD), a C-
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terminal domain involved in RNA binding, and a DEXD/H RNA helicase domain which
facilitates RNA binding (15). The sensors exist in an inactivated state; however binding of their
cognate RNA ligands induces oligomerization which allows post-translational modifications on
the sensors to occur, thereby initiating downstream signaling cascades (16).

RIG-I senses RNAs that are uncapped at the 5°-end and expose a triphosphate group.
RIG-I senses short RNAs, and a minimum of 10 base pairs but less than 300 base pairs of a
dsRNA moiety are sufficient for RIG-1 activation (17). In contrast, MDAS binds long stretches
of viral dsRNA that are not found in mammalian cells, where several kilobase pairs mediate
optimal activation of the protein (18). This RNA substrate specificity is largely determined by
the preference of RIG-1 binding to ends of RNA structures whereas MDADS binds to grooves of
the RNA helix. Following dsRNA binding, RIG-I and MDAS5 undergo post-translational
modifications (PTM) necessary for interaction with downstream signaling components. For
example, polyubiquitination, the addition of multiple ubiquitin moieties, specifically K63-linked,
is required for activation of RIG-1 (19).

Activation of both RNA sensors leads to interaction with an essential adaptor protein,
mitochondrial antiviral-signaling protein (MAVS). MAVS normally resides in an inactive state
on the outer membrane of the mitochondrion, but undergoes phosphorylation after binding either
RIG-1 or MDAS. This phosphorylation at site S442 allows for the protein to further recruit TBK1

and activate downstream transcription factor IRF3 and type | IFN signaling (20).



CGAS-STING Signaling

In contrast to the differences in RNA composition between viruses and eukaryotes,

intracellular sensing of DNA is dictated by the introduction of double-stranded DNA (dsDNA)

into the cytosol, a compartment largely devoid of any DNA. The principal antiviral PRR against

intracellular dsSDNA is cyclic GMP-AMP synthase (cGAS) (Figure 1.3) (21, 22). cGAS contains

a nucleotidyl-transferase (NTase) domain and a Mab21 domain (23). Normally the protein

Type I IFN/ISGs  Inflammatory genes

Nucleus  *

NF-kB
AUNVANGWAVAAVAVATNAVANE

Figure 1.3: cGAS-STING Signaling

A model of intracellular DNA sensing by the cGAS-STING
pathway. dsDNA-activated cGAS instigates conversion of ATP
and GTP to a cyclic dinucleotide, 2’3’-cCGAMP. This
dinucleotide diffuses throughout the cell to activate STING, an
adaptor protein and stand-alone sensor of cyclic dinucleotides.
STING licenses transcription factor pathways IRF3 and NF-kB
to enter the nucleus for immune gene expression.

resides in an inactive state in the
cytosol; binding of dsDNA longer
than 21 Dbase pairs induces
dimerization of the protein and
activation of the NTase domain (24).
Activated cGAS utilizes adenosine
triphosphate (ATP) and guanosine
triphosphate (GTP) to synthesize a
second messenger molecule called
cyclic-guanosine monophosphate-
adenosine  monophosphate  (2°3’-
CGAMP) (25). cGAMP then diffuses

throughout the cell and to neighboring

cells through gap junctions, where it binds and activates a protein called stimulator of interferon

genes (STING) (26). cGAS plays a pivotal role in the sensing of various DNA viruses,

retroviruses, bacteria, as well as DNA of self-origin (27-30).



STING is an endoplasmic reticulum (ER)-associated protein which normally resides in an
inactive dimerized state. The introduction of bacterial cyclic-dinucleotides such as c-di-GMP and
c-di-AMP, or mammalian cGAMP, is sensed by STING allowing for its activation (31). This
dual sensing role designates onto STING roles as an adapter protein downstream of cGAS and
also a stand-alone PRR for bacterial cyclic-dinucleotides. cGAMP binds to the STING C-
terminus exposed to the cytosol and induces a structural change in the cytosolic domain. While
definitive evidence is lacking, it is hypothesized this structural change allows for STING to
begin trafficking from the ER to ER-Golgi intermediate compartments and then the Golgi
apparatus (32). Along this trafficking route, and due to the structural change in STING, the
signaling kinase TBK1 binds to and phosphorylates STING at residue S366 (20). This
phosphorylation of STING then recruits IRF3 and allows for its phosphorylation and activation
by TBK1. IRF3 will then translocate to the nucleus to activate type I IFNs and 1SGs. The
STING-TBK1 interaction also promotes NF«xB activation; however the details regarding this
mechanism are not well-characterized (33).

Following its trafficking route, STING co-localizes with LC3 puncta, cellular markers for
autophagy (34); however, STING undergoes degradation through a lysosomal-mediated
pathway, independent of canonical autophagy (35). This degradation is a means for cells to cease
STING-mediated immune signaling, and also prevent STING-mediated cell death through
lysosomal rupture (36). Without STING, cells are completely impaired in the response to
cytosolic DNA and cyclic dinucleotides, highlighting its indispensable role in the innate immune

response to microbial and viral infections.



Regulation of cGAS-STING Signaling

The output of immune signaling circuits is tightly controlled through regulation at each
node of the circuit. This systems level regulation holds true for the cGAS-STING signaling
pathway, as much work has illustrated key proteins which can positively or negatively regulate
this pathway, thereby influencing the host response to infectious challenges while also limiting

tissue damage caused by inflammation.

Regulation of cGAS

As the principal intracellular DNA sensor, cGAS is subjected to various post-translational
modifications (PTM) which promote or inhibit its DNA-binding capability or enzymatic activity
(Table 1). The first PTM on cGAS described was phosphorylation by protein kinase B (AKT)
(37). Phosphorylation of cGAS residues S291 or S305 by AKT inhibits cGAS enzymatic activity
and impairs DNA-mediated immune gene induction. Glutamylation of cGAS by TTLL4 and
TTLL6 impairs its function by blocking cGAMP synthase activity and its DNA-binding ability,
respectively (38). The protein TRIM38 carries out the sumoylation of cGAS; this PTM prevents
basal cGAS degradation through a proteosomal-mediated pathway, thereby allowing optimal
gene expression to occur (39). Finally, a key PTM involved in regulating the cGAS protein is
ubiquitination, either the addition of single ubiquitin or poly-ubiquitin chains onto the protein. A
variety of ubiquitinating or deubiquitinating enzymes have been identified. TRIM56 mediates the
K335 monoubiquitination of cGAS (40). This modification enhances the ability of cGAS to
dimerize in response to DNA, and potentiates the immune response. TRIM41 also mediates

monoubiquitination of cGAS, and this is important for the intracellular DNA response; however



the mechanism of enhanced signaling remains unclear (41). The protein RNF185, in contrast to

monoubiquitin, catalyzes addition of K27-linked polyubiquitin chains onto cGAS, which

potentiates its cGAMP synthesis ability (42). USP14 is a deubiquitinating enzyme which

counters the addition of K48-linked polyubiquitin chains onto cGAS, thereby preventing basal

degradation through an autophagic pathway (43).

In addition to PTMs, cGAS has been reported to be regulated at the protein level through

inflammasome-mediated cleavage of the protein. During inflammasome activation, cGAS is

subjected to caspase-1 mediated cleavage at residues D140 and D157 (44). This cleavage leads

to the loss of the protein and thereby a loss in the ability to respond to intracellular dsSDNA

challenge.

Table 1: cGAS PTMs

Regulation of cGAS

Protein(s) PTM Residue(s) Function Ref
Modified
AKT Phosphorylation S291, S305 Inhibits cGAS enzymatic activity 37
TRIM38 | Sumoylation K217, K464 Antagonizes basal proteosomal 39
degradation of cGAS
TTLLA Polyglutamylation | E302 Inhibits cGAS enzymatic activity 38
TTLL6 Polyglutamylation | E272 Impedes DNA binding 38
USP14 Deubiquitination K414 Removes K48 ubiquitin chains to 43
prevent basal autophagic degradation
of cGAS
TRIM41 | Monoubiquitination | Unknown Promotes cGAS enzymatic activity 41
TRIM56 | Monoubiquitination | K335 Enhances cGAS dimerization and | 40
downstream signaling
RNF185 | Polyubiquitination | K173, K384 K27-linked chains promote cGAS 42

enzymatic activity

Regulation of STING

As STING was identified prior to the discovery of cGAS, its regulation is more well

characterized (Table 2). Similarly to cGAS, STING is subjected to several PTMs; among the
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most important is phosphorylation. Following cGAMP binding, STING is subjected to
phosphorylation by TBK1 at residue S366 (20). This phosphorylation is a key PTM as it allows
recruitment and activation of transcription factor IRF3 and activation of IFN signaling.

Several ubiquitinating proteins have been identified which directly target STING as
positive or negative regulators. Positive regulators of STING signaling through the addition of
polyubiquitin chains include INSIG1, RNF26, TRIM32, and TRIMS56 (45-48). These proteins
either append K27-, or K63-polyubiquitin chains onto STING, and either maintain protein
stability or promote other vital protein-protein interactions important for signal transduction.
There also exist positive regulators which deubiquitinate STING to promote its signaling and
these include EIF3S5, USP18 and USP20 (49, 50). These regulators all antagonize the basal
addition of K48 polyubiquitin chains onto STING, thus preventing the protein from being
degraded by the proteasome.

In contrast to positive regulators of STING, proteins which negatively regulate STING
through polyubiquitination include RNFS, TRIM29, and TRIM30a (51-54). All three of these
proteins catalyze the addition of K48-linked chains onto STING, thereby marking the protein for
degradation through the proteasome. Only USP13 has been reported to negatively regulate
STING through the removal of K27 polyubiquitin chains, a process which impairs TBK1
recruitment to STING (55). The interplay between all of these ubiquitin modifying enzymes is
complex, and remains incompletely understood in terms of how they are coordinated in the basal
and immune-challenged states to carry out STING signaling.

Several other PTMs on STING have been identified, albeit in less breadth as compared to

ubiquitination. STING undergoes palmitoylation at the Golgi in order to activate TBK1 and

11



downstream immune genes (56). This modification occurs at residues C88 and C91, and
mutation of these resides abolishes palmitoylation and impairs the STING-dependent immune
response. The first described pharmacological inhibitor of STING directly targets this
palmitoylation PTM and its application in vitro and in vivo abrogates STING-dependent
signaling (57).

Similar to cGAS, sumoylation of STING also regulates its activity as this PTM prevents
basal STING degradation through chaperone-mediated autophagy (CMA). TRIM38 sumoylates
STING at K337 (39). This modification prevents its degradation by preventing recognition of a
regulatory motif important in CMA. After STING activation, SENP2 desumolyates the protein,

leading to STING degradation (39).
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Table 2: STING PTMs

Regulation of STING

Protein (s) PTM Residue(s) Function Ref
Modified
AMFR/INSIG1 | Polyubiquitination | K137, K150, Add K27-ubiquitin chains to 45
K224, K236 recruit TBK1
RNF26 Polyubiquitination | K150 Antagonizes basal proteosomal | 46
degradation
TRIM32 Polyubiquitination | K20, K150, Adds K63-ubiquitin to promote | 47
K224, K236 TBK1 interaction
TRIM56 Polyubiquitination | K150 Adds K63-ubiquitin to induce 48
dimerization
EIF3S5 Deubiquitination | Unknown Removes K48-ubiquitin to 49
prevent basal proteosomal
degradation
USP18, USP20 | Deubiquitination | Unknown Removes K33/K48-ubiquitinto | 50
prevent basal degradation
RNF5 Polyubiquitination | K150 Adds K48-ubiquitin to induce 51
proteosomal degradation
TRIM29 Polyubiquitination | K228, K370, Adds K48-ubiquitin to induce 52
K377 proteosomal degradation
TRIM30a, Polyubiquitination | K275 Adds K48-ubiquitin to induce 53,
proteosomal degradation 54
USP13 Deubiquitination | Unknown Removes K27-linked ubiquitin | 55
chains to impair TBK1
recruitment
TBK1 Phosphorylation | S366 Recruit TBK1 and IRF3 to 20
STING
Unknown Palmitoylation C88, Ca1 Allows assembly of multimeric | 56
complexes at Golgi
TRIM38 Sumoylation K338 Antagonizes basal chaperone- 39
mediated autophagy
SENP2 Desumoylation K338 Promotes basal chaperone- 39
mediated autophagy

Aicardi Goutieres Syndrome
The regulation of innate immune signaling pathways is vital towards producing an
optimal immune response against pathogens. The cost and benefit towards producing such a

cellular response must be considered with the effects of inflammation on the host. Immune
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responses against self-ligands must be prevented, and following resolution of infection,
inflammation must cease in order to prevent tissue damage (58). As mentioned previously in the
CGAS-STING signaling pathway, numerous regulatory mechanisms are in place to control
inflammation following sensing of cytosolic DNA. Regulatory mechanisms such as PTMs are
not unique to cGAS or STING, but exist in all innate immune signaling pathways. Regulation
may occur at the PTM of immune signaling proteins, at transcriptional regulation of immune
genes, or through the removal of immunogenic ligands released from cellular damage. If immune
homeostasis is perturbed, such as when the host produces immune responses against self-ligands,
auto-inflammation and/or autoimmune diseases such as Aicardi Goutieres Syndrome (AGS) will
occur.

Clinically described in 1984 by Jean Aicardi and Francoise Goutiéres, AGS was believed
to arise from congenital viral infections (59). Patients characterized with the disease display
brain calcification, high blood titers of IFNa protein, and growth retardation (60). It was years
later determined that AGS is not caused by an infectious agent, but rather is a Mendelian auto-
inflammatory and autoimmune disease. Due to a chronic elevation in type | IFN proteins in the
blood and cerebral spinal fluid (CSF) of AGS patients, the disease is considered an
interferonopathy. While clinical data in humans is lacking, it is believed that pathology in this
disease arises from the destructive effects of type | IFN in host tissues, particularly the central
nervous system (CNS) (59). Since the first genetic characterization of the disease in 2006, it is
currently known that AGS arises from mutations in seven genes, with all genes encoding for
proteins involved in either the degradation, modification, or the sensing of nucleic acids (Table

3) (59).
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Trexl

TREXI1 is a 3’-5” exonuclease whose primary function is to degrade self- or viral-DNA
species within the cytosol (61). In 2006, mutations in the Trex1 gene were identified in AGS
patients (62). Currently there have been 33 mutations described within the Trex1 gene which
may give rise to AGS, with all mutations impairing the DNase activity of TREX1.

In TREX1-mutant associated AGS, self-DNA species from the nucleus will accumulate in
the cytosol and become detectable by cGAS, leading to chronic activation of type | IFN signaling
(63). In Trex1” mice, disease pathology can be rescued through genetic ablation of Cgas or
Tmem173 (STING) (64-67). It remains unclear the source of self-DNA which serves as a ligand
for cGAS, with reports of endogenous retroviruses or DNA-damage induced nuclear debris

serving as culprits (63, 68).

Samhd1l

SAMHD1 is a dNTP triphosphohydrolase which depletes free dNTPs in the cell (69).
This triphosphohydrolase is important in host-pathogen interactions, particularly with retroviral
infections. SAMHDL1 has been shown to be an HIV-1 restriction factor by prohibiting the virus
from using cellular dNTPs during the reverse transcription step of the life cycle (70). SAMHD1
is itself induced by type I IFNs; therefore it is considered an ISG and has an evolutionarily
important role in restricting retroviral infections (71).

The mouse model of Samhdl” does not exhibit overt inflammatory or autoimmune
disease characteristics as seen in the Trex1™” (72). The Samhd1™ mouse exhibits slightly elevated

+/+

ISGs as compared to Samhd1™", while no signs of tissue pathology or autoimmunity are
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observed. The elevation of 1SGs in the Samhd1” mouse depends on the cGAS-STING pathway
(73).

Similar to TREX1-mediated AGS, it remains unclear the source of endogenous nucleic
acid which activates cGAS during SAMHD1 deficiency. Endogenous retroviruses have been
proposed as a source; however, more definitive evidence has implicated sSDNA genomic debris
which arises from stalled replication forks (74). SAMHDL1 has been shown to be recruited to
these genomic regions to activate the DNase MRE11 and degrade stalled replication fork DNA.
In the absence of SAMHD1, these ssDNA species accumulate intracellularly to activate cGAS.
As cGAS is a dsDNA sensor, it is likely that sSSDNA is sensed through spontaneous formation of
dsDNA stem-loop regions; however definitive evidence is lacking (75). Importantly, this
genomic repair function of SAMHD1 occurs independently of its dNTPase activity, therefore
putting into question previous hypotheses on SAMHD1 controlling endogenous retroviral

replication.

Adarl

ADAR1 is a dsRNA editing enzyme which converts adenosines to inosines through
deamination (76). This editing ability leads to changes in molecular RNA processing events such
as aberrant expression, splicing or degradation of RNA. There are two isoforms of ADARL,
p110 and p150 (77). These two isoforms differ in cellular localization, but it is the p150 isoform
that is important in antiviral immunity and regulation of the innate immune response (78). In
2012, mutations in Adarl were reported in AGS patients (79). This report prompted the

characterization of the Adarl” mouse whose early embryonic lethality has been known since

16



2004. ISG upregulation in the Adarl” mouse has been shown to entirely dependent on the
MDAB5-MAVS signaling pathway, while the lethality is only partially dependent, as Adarl™
MAVS™ mice succumb to death shortly after birth (78, 80, 81). This death in the double knockout
animal is independent of ISGs or other antiviral signaling pathways, and the molecular
mechanism remains unknown.

ADAR1 has also been implicated as a negative regulator of protein kinase R (PKR) (82).
This regulation prevents PKR from sensing endogenous RNA and causing translational arrest.
These findings highlight the importance of AGS proteins in non-immune mediated functions,
and suggest non-immune mediated pathology in the development of AGS. It is unknown whether

this PKR activation may cause the lethality observed in Adarl”™ MAVS™ mice.

Ifihl

Ifihl encodes for the dsRNA sensor MDAS which senses long dsRNA ligands. In 2014,
AGS mutations in Ifihl were reported (83). This report suggested the MDAbS-associated AGS
mutations are gain-of-function in which MDADS is activated independently of ligand-binding. In
vitro, these mutations lead to activation of the MDA5-MAVS pathway and production of
inflammatory cytokines associated with AGS. Since this initial report, it has been demonstrated
that the MDAJS-associated AGS mutants respond to self-cellular nucleic acids, specifically in
response to endogenous retroelements called Alu elements (84). The MDAb5-associated AGS
mutants lead to a conformational change in the RNA sensor which alters its sensitivity to Alu

elements in the cellular cytosol, thereby allowing greater sensitivity in their recognition. While
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the answer regarding the ligands and immune pathways in this AGS subtype has been addressed
in vitro, in vivo studies are lacking.
Rnaseh2

RNASEH2 is a heterotrimeric protein composed of three subunits RNASEH2A,
RNASEH2B, and RNASEH2C (85). It belongs to the RNase H family of proteins which are
found in every organism in all kingdom of life, including even retroviruses (85). RNASEH2
performs two enzymatic activities: the cleavage of single ribonucleotides within a DNA duplex,
and the cleavage of long stretches of RNA annealed to DNA, structures termed RNA:DNA
hybrids. AGS mutations in the Rnaseh2 subunit genes have been observed as early as 2006, with
all mutants leading to a loss of function in the protein’s enzymatic activity, either through direct
impairment of ribonucleotide catalysis or through loss of protein expression (86).

In vivo studies of RNASEH2-mutant mediated AGS have not uncovered the etiology of
disease. Previous studies have generated knockouts of the Rnaseh2b and Rnaseh2c genes (87,
88). These mice succumb to early embryonic lethality at day E9.5. Cells derived from these
embryos display no upregulation in ISGs, nor do they express inflammatory cytokines.
Importantly, however, these studies have largely determined that complete knockouts of
RNASEH?2 lead to a lethal DNA damage response which can only partially rescued to E11 with a
cross onto p53™. These partially rescued embryos also do not exhibit upregulation of 1SGs;
therefore molecular and genetic studies in vivo regarding the immune pathways active in
RNASEH?2 deficiency have been elusive.

As RNASEH2-mutant mediated AGS represents over half of the total AGS patients and

with some subunit mutations manifesting the most severe clinical presentations of the disease,
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the understanding of disease etiology is paramount. 1 sought out to understand this disease

through the use of an Rnaseh2a mutant knock-in mouse model to molecularly and genetically

define disease manifestation.

Table 3: Basis of AGS
Aicardi Goutieres Syndrome
Gene % AGS Active Immune Ref
Patients Pathways
Trexl 23% cGAS-STING 64-67
Samhd1 13% cGAS-STING 73
Adarl 7% MDA5-MAVS 78, 80, 81
Ifihl 3% MDA5-MAVS 83
Rnaseh2a, Rnaseh2b, 54% CGAS-STING Published work in
Rnaseh2c Chapter 2
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CHAPTER TWO
RNASE H2 CATALYTIC CORE AICARDI-GOUTIERES SYNDROME-RELATED
MUTANT INVOKES CGAS-STING INNATE IMMUNE SENSING PATHWAY IN MICE
This chapter is a modification of the published article - RNase H2 catalytic core Aicardi-
Goutiéres syndrome—related mutant invokes cGAS-STING innate immune sensing pathway in

mice. Journal of Experimental Medicine February 15, 2016

Introduction

RNase H2 provides the main RNase H activity in humans (85) and is essential for
removing ribonucleotides incorporated in genomic DNA during replication, as well as for
resolving R-loops formed during transcription (87, 89, 90). The crystal structures of human and
mouse RNase H2 revealed the interactions of the subunits and the positions of the more than 50
known AGS-related mutations in the three subunits (91, 92). Some mutations are located near the
catalytic center and affect catalysis, whereas others affect stability or alter protein interactions.
The most common mutations reported in AGS patients are found in the B subunit (60) and are
associated with less severe disease phenotype than mutations in the catalytic A subunit. A
mutation in a highly conserved glycine (G37S) near the catalytic center on the RNase H2A
subunit causes a severe early onset presentation of AGS, likely as a result of a substantial loss of
RNase H activity (86). Many in vitro studies showed that Serine substitution for Glycine 37 in
RNases H2 of eukaryotes reduces RNase activity (86, 93-95). Mouse models using deletions of
RNASE?2B and RNASEH2C exhibit significant DNA damage, resulting in embryonic lethality at

E9.5 (87, 88). These mice have elucidated important information on the role of RNase H2 in

20



genome stability, but because of their early death, have not yielded insight into the innate
immune pathways responsible for disease manifestation. Likewise, neither do mice with residual
levels of RNase H2B (R2B KOF [88]). Therefore, it remains unclear how RNASEH2 mutations

lead to the development of AGS.

Experimental Procedure

Mice, cells, and viruses. G37S mice were generated by introducing the human disease associated

point mutation into the conserved residue of mouse Rnaseh2a gene. Ifnarl ™~ and Rag2 ™'~ mice
were obtained from Taconic Biosciences. p53~'  mice were obtained from The Jackson
Laboratory Mavs '~ and cGAS™" mice were obtained from Z. Chen (University of Texas
Southwestern Medical Center, Dallas, TX) and Tmem173~ mice were obtained from G. Barber
(University of Miami, Miami, FL). Primary MEFs were isolated from embryos of indicated
embryonic dates. These cells were maintained in DMEM with 20% (vol/vol) heat-inactivated
FCS, 2 mM I-glutamine, 10 mM Hepes, and 1 mM sodium pyruvate (complete DMEM) with the
addition of 100 U/ml penicillin and 100 mg/ml streptomycin and were cultured at 37°C with 5%
CO2. VSV-PeGFP is a gift from A. Pattnaik (University of Nebraska, Lincoln, NE). Cells were
plated overnight and, the next day, infected overnight with VSV-GFP at a multiplicity of
infection of 1. Cells were washed with PBS before standard fixation with 4% paraformaldehyde
in PBS (Affymetrix). Percentage of infectivity was assessed with FACS Calibur (BD). For viral
RNA measurement, total RNA was extracted at various time points after infection, and VSV-G
and -M RNA were measured with specific primers (96). Experiments performed in BSL-2

conditions were approved by the Environmental Health and Safety Committee at University of
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Texas Southwestern Medical Center. Experiments involving mouse materials were approved by
the Institutional Animal Care and Use Committees of the University of Texas Southwestern
Medical Center and the National Institute for Child Health and Human Development (Bethesda,

MD).

RNA isolation and quantitative RT-PCR. Total RNA was isolated with TRI reagent according to

the manufacturer’s protocol (Sigma-Aldrich), and cDNA was synthesized with iScript cDNA
synthesis kit (Bio-Rad Laboratories). iTaq Universal SYBR Green Supermix (Bio-Rad
Laboratories) and an ABI-7500 Fast Real-Time PCR system (Applied Biosystems) were used for
quantitative RT-PCR analysis. RNA-seq was performed as previously described (96).

Table 4: RT-PCR oligos

Oligo Sequence (5'-3")

Cgas Fwd: ACGAGAGCCGTTTTATCTCGTACCC
Cgas Rev: TGTCCGGAAGATTCACAGCATGTTT
Sting Fwd: TCAGTGGTGCAGGGAGCCGA

Sting Rev: CGCCTGCTGGCTGTCCGTTC

Mavs Fwd: CCTCCGGGGACCTCACTCCG

Mavs Rev: TGGGGACTCTGGTGGCTGGG

Tbk1 Fwd: CCAGTGGATGTTCAAATGAGAGAAT
Tbhk1l Rev: TCTAGAACAGTGTATAAACTCCCAC
Cxcl10 Fwd: GGGATCCCTCTCGCAAGGACGGTCC
Cxcl10 Rev: ACGCTTTCATTAAATTCTTGATGGT
Ifitl Fwd: ACGCTTTCATTAAATTCTTGATGGT
Ifitl Rev: TGCTCAGCTGCTCGCTCTGGATCAA
Rsad2 Fwd: AACCTGCTCATCGAAGCTGT

Rsad2 Rev: ATAGTGAGCAATGGCAGCCT

Ifit3 Fwd: TGGCCTACATAAAGCACCTAGATGG
Ifit3 Rev: CGCAAACTTTTGGCAAACTTGTCT
Linel Utr Fwd: GGCGAAAGGCAAACGTAAGA

Linel Utr Rev: GGAGTGCTGCGTTCTGATGA

Linel Orf2 Fwd: GGAGGGACATTTCATTCTCATCA
Line 1 Orf2 Rev: GCTGCTCTTGTATTTGGAGCATAGA
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CcGAMP activity bioassay. cCGAMP activity in MEFs was measured by a co-culture bioassay as

previously described (66). In brief, 2 x 10°> human fibroblasts/ml were plated overnight. After
attachment, 4 x 10° primary murine fibroblasts/ml were plated onto the human cells, with or
without 200 mM CBX (Sigma-Aldrich) treatment or with separation by 0.4-um polycarbonate
trans-well inserts (Corning) for 18 h. Subsequent analysis was performed using a human-specific

PrimePCR Array plate (Bio-Rad Laboratories).

shRNA knockdown and TBK1 inhibitor. ShRNA oligos were synthesized (Sigma-Aldrich) and

cloned into a pLKO.1-TRC cloning vector following Addgene’s protocol. Lentiviral particles
were packaged in HEK-293T cells and filtered with Amicon Ultra-15 centrifugal filters (EMD
Millipore). shRNA-harboring lentiviruses were allowed to infect cells overnight with polybrene
(10 pg/ml) treatment, and cells expressing the shRNA were selected with a puromycin
concentration (Life Technologies) for several days. Puromycin selection was removed several
days before subsequent analysis. For TBKL1 inhibitor experiments, cells were treated with DMSO
(% vol/vol) or 10 uM BX795 (Invivo-Gen) for 6 h. Cells were then washed with PBS and grown

in DMEM with 20% FCS alone for several hours before subsequent analysis.
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Table 5: shRNA oligos

Oligo Sequence (5'-3")

Sh-Control CCGGAACTTACGCTGAGTACTTCGACTCGAGTCGAAGTACTC
(Luciferase) sense AGCGTAAGTTTTTTTG

Sh-Control AATTCAAAAAAACTTACGCTGAGTACTTCGACTCGAGTCGAA

(Luciferase) as

GTACTCAGCGTAAGTT

Sh-mcGAS sense

CCGGAGGATTGAGCTACAAGAATATCTCGAGATATTCTTGTA
GCTCAATCCTTTTTTG

Sh-mcGAS as

AATTCAAAAAAGGATTGAGCTACAAGAATATCTCGAGATATT
CTTGTAGCTCAATCCT

Sh-mSting sense

CCGGCAACATTCGATTCCGAGATATCTCGAGATATCTCGGAAT
CGAATGTTGTTTTTG

Sh-mSting as

AATTCAAAAACAACATTCGATTCCGAGATATCTCGAGATATCT
CGGAATCGAATGTTG

Sh-mTBK 1 sense

CCGGCCAGAATCAGAATTTCTCATTCTCGAGAATGAGAAATT
CTGATTCTGGTTTTTG

Sh-mTBK 1 as

AATTCAAAAACCAGAATCAGAATTTCTCATTCTCGAGAATGA
GAAATTCTGATTCTGG

Sh-mMavs sense

CCGGGCTCTTTGATACCCTCTCCTACTCGAGTAGGAGAGGGTA
TCAAAGAGCTTTTTG

Sh-mMavs as

AATTCAAAAAGCTCTTTGATACCCTCTCCTACTCGAGTAGGAG
AGGGTATCAAAGAGC

Line-1 retroelements. E13.5 or E15.5 embryos were homogenized into single-cell suspensions

and cytosolic lysates obtained using a cytosolic extraction buffer as previously described (63). In

brief, PBS -washed cell pellets were lysed in 10 mM Hepes, pH 7.9, 10 mM KCI, 1.5 mM

MgCI2, 0.34 M sucrose, 10% glycerol, and 0.1% Triton X-100 for 5 min on ice. Cell lysates

were treated with Proteinase K at 55°C for 1 hr and with RNase | (Life Technologies) before

phenol/chloroform extraction and ethanol precipitation overnight. Isolated DNA was re-

suspended in nuclease free H20 and directly subjected to quantitative PCR analysis.
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Statistical methods. Data are presented as the mean £ SEM .Prism 6 (GraphPad) was used for

statistical analysis. Statistical tests performed are indicated in figure legends. *, P < 0.05; **, P <

0.01; *** P <0.001; and ****, P < 0.0001.

Results

G37S homozygous mice are perinatal lethal and G37S embryos show increased expression in

IEN-stimulated genes

In collaboration with the Dr. Robert Crouch lab of the NIH, we generated Rnaseh2a-

G378/+

G37S knock-in mice to mimic the exact mutation present in AGS patients. Rnaseh2a mice

G37S/+

were viable with no evident deleterious phenotype. Breeding of Rnaseh2a mice generate

still-born pups that were homozygotes for the mutation. No viable G37S homozygotes were
observed (die within hours after birth). The G37S homozygote embryos were developmentally
retarded from an early embryogenesis period of E10.5, present at expected Mendelian ratio, and

were approximately 20% smaller in size compared to their uterine mates (data not shown). I also

G37S/G37S

did not observe any inflammation in histology staining of Rnaseh2a embryos including

the brain (data not shown). The lack of neuroinflammation could be due to early death of the
animal, or due to different disease presentation in mouse versus human. Other AGS mouse
models such as Trex1-/- or Samhd1-/- also lack evidence of neuroinflammation (64, 97).

| next examined whether there is a molecular signature of immune activation in

G378/G37S

Rnaseh2a embryos, as it would be expected from its association with AGS. | performed

G378/+

RNA-seq analysis comparing gene expression profiles of WT, Rnaseh2a and

G37S/G37S

Rnaseh2a primary MEFs isolated from E13.5 embryos. | found that 388 genes were
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upregulated 2-fold or more in Rnaseh2a®*"¥®3"> MEFs compared to WT; of those, the most

enriched gene network was ‘immune response’ (DAVID GO term analysis, Figure 2.1A, 2.2B).

G37SIG3TS calls were interferon-stimulated

Many of the highly up-regulated genes in Rnaseh2a
genes (ISGs), such as Ifit44, Uspl8, Ifitl, Rsad2, Isgl5, Irf7, and Cxcl10 (Figure 2.1C). |
validated increased expression of Ifitl, Ifit3, Rsad2, and Cxcl10 by qRT-PCR (Figure 2.1D). As

G37S/+

ISGs provide defense mechanisms against viral infection, | infected WT, Rnaseh2a and

R nasehZaG37S/G37S

primary MEFs with Vesicular stomatitis virus, VSV-PeGFP, to assess their
functionality. | found that Rnaseh2a®*"¥®*"S MEFs were highly refractory to VSV infection, as
measured by reduced GFP fluorescence at 24 h or by reduced VSV G and M RNA from 6 to 24 h
post infection (Figure 2.1E, 2.2F). Taken together, this data showed that the homozygous G37S

mutation in mice invokes innate immune activation of 1ISGs similar to that of AGS patients (60).

Immune activation in Rnaseh2a®*"®* primary MEFs requires the c¢GAS-STING innate

immune pathway

| next aimed to determine the signaling pathway(s) responsible for the innate immune

G37S/G37S

activation in Rnaseh2a cells. Many of the upregulated 1SGs we observed are direct

targets of the transcription factor IRF3 (98, 99), which is activated by phosphorylation by TBK1.

G37S/G37S

| treated Rnaseh2a cells with a TBK1 inhibitor BX795, and observed reduced expression

G37S/G37S

of activated genes, Cxcl10, Ifitl and Rsad2 in Rnaseh2a cells (Figure 2.2A), suggesting

the involvement of a cytosolic immune sensing pathway. Using short-hairpin RNA directed
against Mavs or Sting (adaptor proteins for cytosolic RNA- or DNA-sensing, respectively) in

G37S/G37S

Rnaseh2a cells, I found that ShRNA against Sting restored the low expression levels of

26



Cxcl10 mRNA to WT levels. In contrast, Mavs-knockdown significantly reduced poly(l:C)-
induced IFN response, but had no effect on the G37S-induced ISG expression (Figure 2.2B,
2.2C), suggesting that the G37S mutation leads to activation of a DNA- but not RNA-sensing
pathway.

I next used shRNA to knockdown components of the cytosolic DNA-sensing pathway in

R nasehZaG37S/G37S

cells and examined expression of ISGs. shSting and shThkl effectively
restored MRNA levels to those seen in WT cells (Figure 2.2D). A prominent driver of cytosolic
DNA detection, cGAS, responds to microbial- or self-DNA and long, homopolymeric
RNA/DNA hybrids (64-67, 100). sShRNA-mediated knockdown of cGAS in Rnaseh2a®3"%/¢3"
cells also returned ISG expression to low WT levels (Figure 2.2D). As the production of cGAMP
by cGAS leads to activation of STING-mediated signaling, | next examined the presence of
cGAMP in Rnaseh2a®"¥%*"* cells using the gap-junction transfer cGAMP bioassay (Ablasser et
al., 2013). cGAMP can be transferred from producing cells to neighboring cells through gap
junctions, thereby enabling a co-culture-based trans-activation assay for cGAMP detection
(Ablasser et al., 2013). | co-cultured Rnaseh2a®*""**”* MEFs (producing cells) with human
fibroblasts (target cells), and then utilized human-specific primers to probe the immune
activation status of the human cells. Rnaseh2a®"¥*3’S MEFs induced strong immune activation
of the human ISGs tested while WT MEFs had no effect (Figure 2.2E). Importantly, | also found
that inhibiting gap junctions with carbenoxolone (CBX), a non-toxic gap junction inhibitor,
(Figure 2.2D), or trans-well separation, completely abolished Rnaseh2a®**'®*”* MEF’s trans-

G37S/G37S

activation activity (Figure 2.2E). These data suggest that Rnaseh2a primary MEFs

produce CGAMP that activates the STING pathway.
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Stinq"' partially rescues perinatal lethality of G37S mice

In the AGS mouse model of Trex1 gene deletion, viability of Trex1™” mice is extended
dramatically when the response to secreted type | IFN is ablated by deleting the interferon-
receptor, Infralor by eliminating the adaptive immune response through Rag2 gene deletion
(68). 1 thus bred G37S to Infarl” or Rag2” backgrounds and found that neither of these genetic

knockouts was able to rescue the perinatal lethal phenotype (Table 6). These findings are

G37S/G37S

consistent with lack of inflammation in the Rnaseh2a embryos, further suggesting cell-

intrinsic defects may be responsible. Partial rescue of the embryonic development defect seen in
Rnaseh2b-null mice was obtained by deleting the p53” gene (87). However, in collaboration

with the Dr. Robert Crouch lab of the NIH, we found Rnaseh2a®*’$®3"® p53” mice also

G37S/G37S

exhibited perinatal lethality indistinguishable from Rnaseh2a alone. | also did not

observe elevated expression of p53 pathway genes from our RNA-seq analysis (data not shown).

G37S/G37S G37S/G37S

| next bred Rnaseh2a onto Mavs”™ or Sting” background. Rnaseh2a

remains perinatal lethal on Mavs”™ background (Table 6), consistent with RNA-sensing pathways

being uninvolved (Figure 2.2). Remarkably, | obtained viable pups of Rnaseh2a®"¥®*"sting™

genotype, albeit at 6% of expected frequency (or 2% of weaned pups from heterozygous crosses

on the Sting” background, Table 6). Most of the Rnaseh2a®*"¥®*"sting™ still exhibited perinatal

G37S/G37S

lethality, similar to Rnaseh2a alone (Table 6), and I did not observe any intermediate

phenotypes. | compared ISG expression in primary E145 MEFs, and found that

G37S/G37SSting-/-

Rnaseh2a completely returned ISG expression to the low level in

Rnaseh2a*’*Sting”, whereas Mavs™ had no effect (Figure 2.3A). I also bred Rnaseh2a®%s/63*
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G37S/G37S

onto cGAS™ background and Rnaseh2a cGAS” embryos also restored 1SG expression to

WT levels (Figure 2.3A). Moreover, the mean ISG score is highly elevated in Rnaseh2a®"¥'6%"
and  Rnaseh2a®’¥%*"*Mavs™ MEFs, whereas both  Rnaseh2a®"¥**"Sting”  and

G37S/G37S

Rnaseh2a cGAS” MEFs show similar baseline values as in WT (Figure 2.3B). | also

measured CcGAMP in both rescued MEFs using the gap-junction bioassay. Both

R nasehZaG37S/G37S

and Rnaseh2a®*"¥®*"sting™ produce cGAMP as these cellular genotypes have
cGAMP-producing cGAS. Deletion of Cgas in Rnaseh2a®*"¥"¢**>cGAS™ MEFs failed to induce
transfer of gap-junction based immunity, indicating dependence on the DNA sensor cGAS
(Figure 2.3C). These data further demonstrate that the cGAS-cGAMP-STING pathway is
mediating the immune activation in G37S mice. Since only a small fraction of the progeny with

Rnaseh2a®"*®*"sting”" genotype is viable, our data also suggest that innate immune activation

through the cGAS-cCGAMP-STING pathway only partially contributed to the lethality of G37S

mice.
Table 6: Genetic crosses of G37S mice
Mice p537- INFAR- Rag2™" Mavs™- Sting™"
Neonates (no.  Weaned Neonates (no.  Weaned Neonates (no.  Weaned Neonates Weaned Neonates Weaned
embryos) pups (no. embryos) pups (no. embryos) pups (no. (no. pups (no. (no. pups (no.
mice) mice) mice) embryos) mice) embryos) mice)
WT 23% (7) 33% (17) 24% (8) 44% (67) 26% (10) 32% (30) 22% (4) 419% (52) 23% (7) 329 (95)
G375/+ 58% (18) 67% (34) 52% (17) 56% (87) 53% (20) 68% (65) 56% (10) 59% (74) 60% (18)  66% (196)
G375/ G375 19% (6) 0% (0) 24% (8) 0% (0) 21% (8) 0% (0) 22% (4) 0% (0) 17% (5) 2% (6)

White-spotting phenotype and increased LINE-1 expression

| also observed several interesting phenotypes in the viable Rnaseh2a®*"¥¢*Ssting”

mice. These mice are approximately 70% in body size and weight compared to WT or
heterozygous controls (Figure 2.3D). | have observed both male and female progeny for

G37S/G3788ti ng-/-

Rnaseh2a and all have so far failed to produce offspring, whereas littermate

controls are fertile. These rescued Rnaseh2a®*"¥“3"sting™ mice are grossly healthy, with the
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oldest animal approaching one year of age. Histopathology analysis did not find any
abnormalities or inflammation in internal organs including the brain of Rnaseh2a®*">¢*"sting”
mice (data not shown). Collectively, these results suggest an underlying developmental defect in
the rescued mice which occurs independently of the cGAS-STING dependent immune sensing

G37SIG3TS mjce alone.

observed in Rnaseh2a

Intriguingly, all of the viable Rnaseh2a®*¥*"sting™ mice presented a ventral white
spotting phenotype, as well as white hind- and fore-paws that are not observed in wild type or
heterozygous littermates (Figure 2.3E). This phenotype was consistent from birth and remained
throughout the lifespan of the mice. Skin histology from the white patches of
Rnaseh2a®*"*¢*"*sting™ mice is structurally normal, although lack of melanin in hair shafts is
evident (data not shown). It has been observed mice expressing a conditional, synthetic LINE-1
retroelement present a similar white patching phenotype. Retroelements are ancient viral
remnants which have stably integrated into the genome (68). These genetic elements can regulate
multiple cellular processes through their genetic replication and insertion into different sites in
the genome. LINE-1 retrotransposition was observed to disrupt melanocyte development at an
early embryonic time point (130). My observations align with previous literature implicating the
dysregulation of endogenous retroelements in the pathogenesis of AGS (68, 101), and it has been
proposed that the RNA/DNA hybrids or dsDNA derived from the endogenous retroelement
replication cycle can function as ligands of the cGAS-STING pathway (100). | thus measured
LINE-1 retroelement in WT, Rnaseh2a®*¥'¢*® and Rnaseh2a®*"¥®*Ssting” E13.5 and E15.5
embryos. Indeed, | found that LINE-1 DNA level from cytosolic extracts is increased in both

G37S/G37S

Rnaseh2al and Rnaseh2a®*""®*Ssting” embryos to similar levels compared to littermate
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WT embryos, suggesting that it is independent of immune activation (Figure 2.3F). It remains
unclear whether the increase in LINE-1 DNA is because of an increase in LINE-1 element
activity, or because of defects in genomic structures where LINE-1 elements are enriched as was
recently suggested (102). Regardless of this distinction, the G37S mutation causes white spotting
phenotype in Rnaseh2aG37S/G37SSting'/' mice, likely resulting from defects in melanocyte’s
development. G37S mutation also causes increased level of LINE-1 DNA, which may contribute
to the activation of the cGAS-STING pathway.

Discussion

In summary, the G37S mouse represents the first RNase H2 mouse model with a clear
immune activation phenotype, making it useful for understanding the associated human disease.
Embryonic development until birth allowed the expression of innate immune signaling proteins
or immune ligands, which uncovered the active cGAS-STING innate immune pathway in G37S
mice.

Utilizing a different RNase H2 AGS-mutant mouse model or in RNase H2-deficient cell-
line models, other groups have reported similar observations to my work, in that RNase H2
deficiency instigates cGAS-STING immune signaling (119, 120). These reports implicate
genotoxicity, which arises in the absence of RNase H2 (87, 88), to activate the cGAS-STING
pathway. DNA damage causes fragmentation of the nucleus into structures termed micronuclei
which have been proposed to serve as pools of dSDNA for cGAS-dependent recognition (119).
This DNA-damage mediated model suggests non-specificity of micronuclei-derived dsDNA as a
source of cGAS ligands. | reported an elevation in cytosolic DNA derived specifically from

LINE-1 retroelements in the cytosol of G37S cells, suggesting a specificity of certain DNA

31



-

1. LINE-1 DNA-derived
DNA-bound cGAS

cGAS

P
T

Cytosolic RNase H2

Negative
regulation

2. Micronuclei-derived

DNA-bound cGAS Cytosol

Nucleus

cGAMP

STING

Nuclear
RNase H2

Endoplasmic
reticulum

Figure 2.4: RNase H2-mediated regulation of the

CGAS-STING pathway
A model of how the cGAS-dependent immune response is
restrained by RNase H2.

RNase H2 acts as negative regulator of cGAS activation through the
degradation of immunogenic DNA species in the cytosol. The exact
source of these species is not well characterized; however, it may
derive from RNase H2-mediated degradation of 1. LINE-1
retroelements or 2. Micronuclei-derived DNA. Sensing of either
type of DNA ligand will instigate cGAS activation, leading to AGS
development.

ligands to trigger cGAS-STING

signaling during Rnaseh2-
deficiency. A more comprehensive
analysis of cytosolic DNA species
was not explored by me and it
remains unresolved whether this
elevation in cytosolic LINE-1 DNA
is simply derived from the pool of
micronuclei DNA in G37S cells, or
whether RNase H2 specifically
regulates LINE-1 retrotransposition
events. Direct evidence for the latter
RNase H2-dependent

retrotransposition model has been

published by several independent studies after publication of my work (131, 132); however,

more comprehensive experiments aimed at reconciling differences between these two models in

the context of AGS must be undertaken in future studies.

The lingering question regarding the source of cGAS ligands during RNase H2

deficiency also invokes another enigma regarding RNase H2 biology, in that which function of

the protein is responsible for immune activation in mammalian cells? The G37S mutation will

lead to the loss of both of RNase H2’s functions: the cleavage of single ribonucleotides within a

dsDNA duplex, and the degradation of the RNA strand in RNA: DNA hybrids (94). Either the
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accumulation of RNA/DNA hybrids or the accumulation of rNMPs in DNA could instigate
genotoxicity within cells, as ribonucleotides are prone to spontaneous hydrolysis and may lead to
double-stranded DNA breaks (87, 88). To distinguish between the two activities, a separate
mouse model should be established, one that is defective in one activity of RNase H2 but does
not impact the other role. In this model, lethality should be observed for, and importantly the
investigation of cell-intrinsic immunity should be characterized. Such a mutation has been
established in S. cerevisiae to unlink the two activities in their contribution to genotoxicity (94);
however, this distinction between activities has remained unanswered in higher order organisms.
Further biochemical analysis comparing G37S and other existing Rnaseh2 knockout mouse
models are necessary to elucidate the differences in biochemical defects and to shed light on the
possible source of nucleic acids that trigger the cGAS-STING pathway in the G37S mice.

The perinatal lethality of the G37S mice is likely caused in large part by a yet-to-be
identified biochemical defect associated with the mutation, one that has remained enigmatic.
Tmem173™" only partially rescued the lethality, despite complete suppression of ISG expression,
and p53~"~ failed to rescue the lethality. Similarly, another AGS mouse model, the Adarl ™"
mouse, exhibits early embryonic lethality, and it can be partially by Mavs "~ or Ifin1 ™~ (78, 80).
These findings indicate that Rnaseh2 and Adarl genes associated with AGS have important
functions that are critical for embryonic development in mice, beyond that of prohibiting
formation of aberrant nucleic acids that activate innate immunity (78, 82). While the loss of ISGs
coincides with the rescued G37S animal on the STING” background, it may also be possible
STING regulates other aspects within cell biology which would explain the partial rescue. Such

roles are the subject of intense investigation as STING is an evolutionary conserved protein
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predating the type | IFN response in lower order organisms (32). | speculate one role of STING
may be related to autophagy regulation within the cell, as this concept has been proposed within
this field (32). A potential for enhanced autophagy in the absence of STING may clear damaging
micronuclei or genomic debris which could limit embryonic cellular development in G37S mice.
It is also possible that loss of STING may positively affect cell-cycle progression as it has been
reported Sting™ cells are more resistant to cellular senescence than WT cells (125, 126). In such
a scenario, the absence of STING would allow for cells to avoid senescence caused by STING-
dependent sensing of micronuclei in the developing G37S mice. Rescued mice would indicate
the small fraction that could progress through the cell-cycle rather than undergo cell-cycle arrest
as has been reported to occur in the Rnaseh2b” mouse model (87, 88). As the rescued
Rnaseh2a®"*®*"sting” are born at a very low frequency, it is experimentally challenging to
track and define early stage embryos which can overcome these defects in development.
Regardless of the unresolved questions in RNase H2-mutant mediated AGS, our genetic and
immunological analysis of the G37S mice establish a critical role of the cGAS-STING pathway
in AGS, and suggest that therapeutic intervention of this pathway may be beneficial for treating

patients diagnosed with this subtype of the disease.
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Figure 2.1: Primary cells from Rnaseh2a®*"$®*’S embryos show increased expression in 1SGs.

(A) A heat map of immune gene expression in WT, Rnaseh2a®*"¥"* and Rnaseh2a®*"¥'**"s primary MEF s. Data
from RNA -seq. (B) Gene ontology analysis of 388 genes that are increased by twofold or more in
Rnaseh2a®**'%*”> compared with WT MEF s. Top five enriched pathways are shown. (C) Expression of ISG s in
WT, Rnaseh2a®*™"* and Rnaseh2a®*"¥**"* primary MEFs. Each dot represents a different 1SG. Data from RNA
-seq. (D) Quantitative RT-PCR analysis of Ifitl and Ifit3 mRNA (ISG s) in WT, Rnaseh2a®"** and
Rnaseh2a®*¥®*"s primary MEFs. (E) VSV -GFP replication in WT, Rnaseh2a®"¥", and Rnaseh2a®*"5/¢%"s
primary MEFs. FACS analysis measures VSV-GFP signal at 24 h after infection. Quantitative RT-PCR analysis
of VSV G and M RNA measure viral RNA replication at indicated time after infection (H). *, P < 0.05; **, P <
0.01. Mice were compared with littermate controls. Data are representative of at least three independent
experiments. Error bars represent the SEM . Unpaired Student’s t test (C—F).
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Figure 2.2: Immune activation in Rnaseh2a®"$®*” primary MEFs requires the cGAS-STING innate
immune pathway. (A) Quantitative RT-PCR analysis of Cxcl10, Ifitl and Rsad2 mRNA (all ISG s) in WT and
Rnaseh2a®*"$'%3" (G375, same below) MEF s treated with DMSO or TBK1 inhibitor BX795 (10 uM) for 6 h.
(B) Quantitative RT-PCR analysis of Cxcl10 mRNA in WT and G37S MEF s treated with sShRNA against
indicated genes involved in cytosolic nucleic acid-sensing. (C) shMAVS knockdown reduces poly(l:C)-induced
IFN response. Knockdown efficiency is shown on the right. (D) Quantitative RT-PCR analysis of Cxcl10, Ifitl,
and Rsad2 mRNA in WT and G37S MEF s treated with sShRNA against indicated genes involved in DNA -
sensing pathway. (E) Quantitative RT-PCR analysis of a panel of human ISG s and IFN genes in human
fibroblasts (BJ-1 cells) co-cultured with WT or G37S MEF s for 18 h, with or without CBX treatment (inhibits
gap junction). Left inset shows a schematic diagram of the gap junction assay. Right inset shows FAC S
analysis of cell death in mock- and CBX -treated cells. (F) Quantitative RT-PCR analysis of human ISG s in
human fibroblasts in a trans-well assay co-cultured with WT or G37S MEFs for 18 h. Mice were compared with
littermate controls. **, P < 0.01; *** P < 0.001. ns, not significant. Data are representative of at least three
independent experiments. Error bars represent the SEM . Unpaired Student’s t test (A-D).
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Figure 2.3: Sting™~ partially rescues perinatal lethality of G37S mice. (A) Quantitative RT-PCR analysis of
a panel of mouse 1SGs in WT or G37S embryos on Mavs '~ or Sting™~ or Cgas '~ background. Total RNA was
isolated from primary MEFs (E13.5) of indicated genotype. (B) Mean I1SG score of indicated genotypes. Data
from A. (C) Gap junction cGAMP bioassay. As in Fig. 2E, MEFs of indicated genotype were co-cultured with
human BJ-1 cells for 18 h, with or without CBX or direct contact (indicated on the bottom). Quantitative RT-
PCR analysis of IFNg and IFIT1 indicates cCGAMP activity in MEF s. (D) Mouse body weights. n = 4. (E)
White-spotting phenotype in Rnaseh2a®*"¥®"® Sting ™~ viable adults. (F) Quantitative PCR analysis of mouse
Line-15"UTR and ORF2 DNA in WT or G37S embryos (isolated from E13.5 or E15.5; n = 3). Each dot
represents an individual embryo. Mice were compared with littermate controls and with age-matched knock-out
mice **, P < 0.01. Data are representative of at least two independent experiments (A—C), or pooled data from
multiple animals (D—F). Error bars represent the SEM. Unpaired Student’s t test (F).
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CHAPTER THREE

TOLLIP PREVENTS IRE1a-MEDIATED STING DEGRADATION AT THE RESTING

STATE TO ESTABLISH IMMUNE HOMEOSTASIS

Introduction

The innate immune system senses non-self or altered-self molecular structures through
pattern recognition receptors in order to eliminate pathogens or damaged cells, and restore an
organism to its basal physiology. One important innate immune signaling pathway responsible
for detecting several microbial and viral pathogens is the cGAS-STING pathway (27-30). The
cytosolic localization of the innate immune sensor cGAS gives the sensor an indispensable role
in detecting double-stranded DNA of non-self or self-origin (21, 22). After binding to DNA,
CGAS produces a cyclic-dinucleotide, 2°3’-cGAMP, which activates STING, an ER-localized
protein (25). STING activation induces its translocation to ER-Golgi-intermediate compartments
(ERGIC) where it aggregates and activates branching TBK1-IRF3 and NF-«B axes, transcription
factors required for the induction of type | interferon, and inflammatory cytokines, respectively
(32). Following activation, STING embarks on a trafficking route from the ER to aggregated
vesicles where it activates downstream signaling and is then degraded through lysosome-
mediated autophagy (35). Such a degradative mechanism resembles the final signaling cascade
of the TLR4 receptor, where after receptor ligation and internalization, TLR4-containing

endosomes fuse with lysosomes for cessation of sensing (103).
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While activation-induced lysosomal degradation of STING is acknowledged, studies
addressing the mechanism that maintains resting state STING protein levels have largely focused
on proteasome-mediated degradation (46, 49-54). A fraction of STING is channeled towards
degradation through a proteosomal pathway initiated by addition of K48-ubiquitin chains. This
proteosomal degradation is antagonized by iIRHOM2 and the deubiquitinase EIF3S, thereby
allowing optimal STING signaling to occur (49). IRHOM2 has been previously reported to
influence TLR-mediated responses as well (129). Whether STING can be targeted by
degradation through other means and how resting-state STING protein level is maintained are
unclear and vital to understand. Chronic STING activation can lead to the development of fatal
auto-inflammatory and autoimmune diseases (64, 104). Reduced STING protein level has also
been found in several cancers (105, 106). As STING plays a critical role in infection,
autoimmune disease and cancer, a better understanding of the mechanism of basal STING
regulation will have broad clinical implications.

In this study, I discovered TOLL interaction protein (TOLLIP) as a critical regulator of
STING. TOLLIP regulates resting-state STING protein levels as well as downstream immune
signaling in a process dependent on the ER protein IREla and lysosomes. | also found that
Tollip-deficiency occludes development of STING-mediated auto-inflammatory disease in

Trex1” mice.

Experimental Procedure

Mice, cells, and viruses. Tollip™~ mice were obtained from Dr. Michel Maillard (CHUV)

Primary MEFs were isolated from embryos of either E10 or E13.5 embryonic dates. These cells

39



were maintained in DMEM with 10% (vol/vol) heat-inactivated FCS, 2 mM I-glutamine, 10 mM
Hepes, and 1 mM sodium pyruvate (complete DMEM) with the addition of 100 U/ml penicillin
and 100 mg/ml streptomycin and were cultured at 37°C with 5% CO2. Experiments performed in
BSL-2 conditions were approved by the Environmental Health and Safety Committee at
University of Texas Southwestern Medical Center. Experiments involving mouse materials were
approved by the Institutional Animal Care and Use Committees of the University of Texas

Southwestern Medical Center.

Reagents and antibodies

Herring testis DNA was used as dsDNA for immune stimulations (Sigma). 2°3’-cCGAMP and
DMXAA were used for STING agonists (Invivogen). Polyl:C was transfected as a MAVS-
pathway agonist (Invivogen). Lipofectamine 2000 was used as transfection reagent for
intracellular stimulations (Thermo Fisher).

Antibodies: ATF4 (CST D4B8), ATF6 (CST D4Z8V), BIP (CST C50B12), CHOP (CST
L63F7), phospho-EIF2a (CST D968), HMGBI (Abcam 18256), IRAK1 (CST D5167), IREla
(CST 14C10), phospho-IRE1a (Thermo Fisher PA1-16927), IRF3 (CST D83B9), phospho-IRF3
(CST 4D4G), MAVS (CST 4983), STING (CST D2P2F), TOLLIP (Abcam ab187198), goat

anti-rabbit IgG (Biorad 1706515), goat anti-mouse IgG (Biorad 1706516).

Western blotting

Cells were lysed in RIPA buffer (150mM NaCl, 5mM EDTA, 50mM Tris, 1.0% NP-40, 0.5%

sodium deoxycholate, 0.1% SDS) supplemented with protease and phosphatase inhibitors then
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centrifuged at 4°C to obtain cellular lysate. Equal amounts of protein (10-50ug) were loaded into
a 12% SDS-PAGE gel. Semi-dry transfer onto nitrocellulose membrane was performed.
Membrane was blocked in 5% milk in TBS-T buffer for one hour at room temperature, followed
by overnight incubation in 3% milk in TBS-T with primary antibodies. Membrane was washed
with TBS-T buffer, incubated at room temperature with HRP-conjugated IgG secondary
antibody, washed with TBS-T, and then developed with SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher) or SuperSignal West Femto Maximum Sensitivity

Chemiluminescent Substrate (Thermo Fisher).

Compound inhibition

Protein degradation inhibition: Cells were seeded overnight, then treated with 5mM 3-MA
(Invivogen tirl-3ma), 0.5uM Bafilomycin Al (Invivogen tlrl-bafl), and 5SuM MG-132 (Sigma
133407-82-6) for 16 hours. Cells were then collected and lysed in RIPA buffer for Western blot
analysis.

IREla inhibition: Cells were seeded overnight, and then treated with 100uM 4p8C (Sigma
SML0949) for 24 hours. Cells were then collected and lysed in RIPA buffer for Western blot

analysis.

siRNA knockdown Pre-designed siRNA oligomers were obtained from Sigma-Aldrich and re-

suspended in water at 20uM. 10° MEFs were plated and transfected with siRNA in Optimem

media (Thermo Fisher) for 48 hours with lipofectamine RNAIMAX (Thermo Fisher) then
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validated for knockdown efficiency with RT-PCR or Western blotting. Oligos with efficient
knockdowns (>50% mRNA reduction) were used in subsequent experiments.

Table 7: siRNA oligos

Oligo Sequence (5'-3")

Tollip #1 s CCAUCAAUCCUUGCUGCA

Tollip #1 as UGCAGCAAGGAAUUGAUGG

Tollip #2 s GCACUUACUUACAGGUUAU

Tollip #2 as AUAACCUGUAAGUAAGUGC

Tollip #3 s GAGUUCAUGUGCACUUACU

Tollip #3 as AGUAAGUGCACAUGAACUC

Tollip #4 s CCAAGAACCCUCGCUGGAA

Tollip #4 as UUCCAGCGAGGGUUCUUGG

LentiCRISPR CRISPR oligos against Tollip (Fwd 5°-3:
CACCGCCCTTACTGCCGTCTGCGTC; Rev primer 5°-3”:

AAACGACGCAGACGGCAGTAAGGGCc) were designed for the LentiCRISPRv2 plasmid
(Feng Zhang, Broad Institute). Oligos were cloned into the plasmid according to recommended
instructions (GeckoCRISPRv2). Final plasmid was transfected into Lenti-X 293T cells along
with lentiviral packaging plasmids psPAX2 and pMD2.G. Cell culture media was collected 72
hours after transfection and concentrated with Lenti-X concentrator overnight, then re-suspended
in 1/10 of original supernatant in DMEM media. CRISPR-harboring lentiviruses were allowed
to infect cells overnight with polybrene (10pug/ml) treatment, and cells expressing the plasmid
were selected with a puromycin concentration (Life Technologies) for several days. Single cell

clones were identified by Western blotting for cells lacking protein expression.

RNA isolation and quantitative RT-PCR. Total RNA was isolated with TRI reagent according to

the manufacturer’s protocol (Sigma-Aldrich), and cDNA was synthesized with iScript cDNA
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synthesis kit (Bio-Rad Laboratories). iTaq Universal SYBR Green Supermix (Bio-Rad

Laboratories) and an ABI-7500 Fast Real-Time PCR system (Applied Biosystems) were used for

quantitative RT-PCR analysis.

Table 8: RT-PCR oligos

Oligo Sequence (5'-3")

Chop Fwd: TTGCCCTCTTATTGGTCCAGC

Chop Rev: TAGCGACTGTTCTGTTCCCAC
Cxcl10 Fwd: GGGATCCCTCTCGCAAGGACGGTCC
Cxcl10 Rev: ACGCTTTCATTAAATTCTTGATGGT
Ifit2 Fwd: GGAGAGCAATCTGCGACAG

Ifit2 Rev: GCTGCCTCATTTAGACCTCTG

Ifit3 Fwd: TGGCCTACATAAAGCACCTAGATGG
Ifit3 Rev: CGCAAACTTTTGGCAAACTTGTCT
Ifitm3 Fwd: CCCCCAAACTACGAAAGAATCA
Ifitm3 Rev: ACCATCTTCCGATCCCTAGAC

Ifnb Fwd: CTGCGTTCCTGCTGTGCTTCTCCA
Ifnb Rev: TTCTCCGTCATCTCCATAGGGATC
Oasla Fwd: GCCTGATCCCAGAATCTATGC
Oasla Rev: GAGCAACTCTAGGGCGTACTG

Sting Fwd: TCAGTGGTGCAGGGAGCCGA

Sting Rev: CGCCTGCTGGCTGTCCGTTC

Tollip Fwd: CCTCAGCCCCGCTGTAATG

Tollip Rev: CAGCATCTTTGTTCCCTCTCTG
Usp18 Fwd: TGCCTCGGAGTGCAGAAGA

Uspl8 Rev: CGTGATCTGGTCCTTAGTCAGG
Xbpl Fwd: TGCTGAGTCCGCAGCAGGTG

Xbpl Rev: GCTGGCAGGCTCTGGGGAAG
Spliced Xbpl Fwd: CGATGGGAAGATGTTCTGGG
Spliced Xbpl Rev: ACACGCTTGGGAATGGACAC

Statistical methods. Data are presented as the mean + SEM .Prism 6 (GraphPad) was used for

statistical analysis. Statistical tests performed are indicated in figure legends. *, P < 0.05; **, P <

0.01; ***, P <0.001; and ****, P < 0.0001.
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Results

TOLLIP is required for the STING-mediated immune response

Through a pilot genome-wide screening approach, | had identified a candidate list of
genes which may play a role in regulating the expression of STING protein (data not shown).
The targets from this screen were subjected to a secondary arrayed screening approach using
pooled siRNA oligos in order to assess which genetic perturbations could impact the cellular
response to 2’3’-cCGAMP, but not intracellular dsRNA. 1 identified TOLLIP as a critical
regulator of the STING-mediated IFN response in this arrayed siRNA screen. Pooled siRNA
knockdown of Tollip in wild type MEFs potently inhibited the intracellular 2’3’ cGAMP- but not
the dsRNA-induced IFN response (Figure 3.1A, 3.1B). This pooled oligo mixture was then
separated into its constituent sequences, and each different oligo was used in a knockdown of
Tollip. Knockdown cells were then stimulated with cGAMP and Ifnb mRNA induction was
measured. | observed a dose-dependent requirement of TOLLIP in the cGAMP-induced IFN
response, as the levels of TOLLIP mRNA positively correlated with STING-signaling output
(Figure 3.1C). The impairment of STING-signaling in Tollip-knockdown cells persisted
throughout a time-course of stimulation and under a broad-range of cGAMP concentrations
(Figure 3.1D, 3.1E). These results demonstrate Tollip-deficiency negatively affects the STING
response throughout stimulation, rather at a single time point, and that saturating amounts of
STING ligand could not induce a similar immune response as WT cells. Downstream of STING
are two transcription factor pathways, IRF3 and NF-kB. Tollip-knockdown significantly
inhibited immune genes by both of the aforementioned pathways by the cell-permeable STING

agonist DMXAA, suggesting TOLLIP plays a role either at both branches of the STING
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pathway, or at a common step above the bifurcation, potentially at the level of STING (Figure
3.1F). The reduced immune gene expression was restored in Tollip-knockdown cells when they
were reconstituted with wild type TOLLIP (siRNA-resistant, Figure 3.1G), suggesting that
TOLLIP itself, rather than an off-target effect, is required for STING signaling activation. Tollip®
" MEFs also showed a reduced response to DMXAA but not to intracellular dsRNA (Figure
3.1H, 3.11). Bone marrow-derived macrophages (BMDM:s) isolated from Tollip” mice were also
dampened in response to cGAS or STING ligands (Figure 3.11J). These results collectively

suggest that TOLLIP regulates the STING signaling pathway.

TOLLIP maintains the resting-state STING protein level

Activation of STING induces post-translational modifications of the protein, thereby
allowing it to activate the transcription factor IRF3 before STING is subjected towards ligand-
induced degradation (35). | analyzed STING signaling kinetics by immunoblots of STING
protein and IRF3 phosphorylation. Tollip-knockdown cells showed reduced IRF3
phosphorylation after DMXAA stimulation and a similar rate of STING degradation compared to
control cells (Figure 3.2A). Importantly, | observed substantially reduced STING protein level in
unstimulated Tollip-knockdown cells compared to control cells, suggesting that Tollip plays a
role in maintaining resting-state STING protein level. Sting mRNA levels are the same in control
and Tollip-knockdown cells, indicating this difference in STING protein was post-transcriptional
(Figure 3.2B). I also did not observe any changes in MAVS protein (involved in RNA sensing)
or IRAK1 protein (involved TLR signaling) in Tollip-knockdown cells compared to control cells

indicating specificity for STING (Figure 3.2A). Tollip” MEFs also contain reduced STING
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protein, but not mRNA, as compared to WT MEFs, and stable expression of wild type TOLLIP
(using a retroviral vector) in Tollip” MEFs completely restored STING protein to the WT level
(Figure 3.2C, 3.2D) suggesting TOLLIP function to stabilize STING protein at the resting-state.

| next investigated which protein degradation pathways may be responsible for the
decreased level of STING protein in Tollip” cells. | treated Tollip” cells with inhibitors for
autophagosome formation (3-MA), proteosomal degradation (MG-132), and lysosomal
acidification (BafAl). | observed that Tollip” cells treated with BafAl completely restored
STING protein to the wild type level, while MG132 treatment only led to a slight increase
(Figure 3.2E). | speculate the partial increase in STING protein caused by MG132 treatment was
due to antagonism of basal STING protein degradation through separate and non-related
proteosomal degradative pathways previously described (51-54).

It has previously been shown that STING activated by DNA transfection is rapidly
degraded through trafficking to the lysosomes (35). | thus examined whether STING may be
auto-activated in Tollip” cells by comparing basal I1SG expression in WT and Tollip” cells. Both
genotypes expressed similar levels of 1SGs, with no consistent trend in ISG upregulation in the
Tollip” cells (Figure 3.2F). This lack of upregulation is in contrast to what is observed in

Rnaseh2aG37S/G37S

ISGs when compared against those of WT cells (Figure 2.1D). These results
suggest TOLLIP prevents resting-state STING protein degradation principally through a

lysosomal-mediated degradative pathway independent of STING protein activation.
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TOLLIP negatively regulates IREla

Lysosomal-mediated degradation of STING protein has recently been reported to
coincide with activation of the unfolded protein response (UPR), a pathway that counters
endoplasmic reticulum stress (107). ER stress occurs during accumulation of unfolded proteins
in the ER. Mammalian cells contain three major UPR effectors, IREla, PERK and ATF6 (108).
Each UPR effector instigates a distinct regulatory pathway which acts to restore protein folding
in the ER. If ER stress is too severe and chronic, these effectors can induce cell death to clear
damaged cells within the host (133). To assess activation of the UPR in Tollip” cells, | measured
several UPR-dependent genes that are known to be activated by each of the three major UPR
pathways. ATF6- or PERK-dependent genes were not upregulated in Tollip” cells compared to
WT cells (Figure 3.3A). In contrast, Xbpl mRNA splicing, a marker for IRE1a activation, was
significantly upregulated in Tollip” cells compared to WT cells (Figure 3.3A). Stable expression
of wild type Tollip suppressed Xbpl mRNA splicing in ToIIip"' cells back to WT levels (Figure
3.3A). These data suggest that Tollip-deficiency leads to chronic activation of the IREla-
mediated UPR pathway.

To further substantiate these findings, | assessed induction of the UPR after treating cells
with ER stress-inducing agent thapsigargin (Tg). Compared to WT cells, Tollip” cells showed an
elevation in IREla protein at the basal state, an indication of the protein’s activation.
Furthermore, Tg-induced ER stress led to an increase in BIP protein, an IREla-regulated
chaperone, to a greater extent in Tollip” cells compared to WT cells, indicating enhanced
signaling through the UPR IRE1x branch (Figure 3.3B). In contrast, other UPR effectors such as

CHOP, phospho-elF2a. and ATF4 (downstream of PERK) were induced equally by Tg in WT
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and Tollip"' cells (Figure 3.3B). ER stress induces cleavage of ATF6 from a full-length 90-kDa
protein (ATF6 p90) to a 50-ka protein (ATF6 p50) (133). Tg-treated and non-treated Tollip”cells
displayed reduced ATF6 cleavage compared to WT cells (Figure 3.3B), suggesting these cells
have reduced basal activity of the ATF6 branch. | speculate this reduction of the UPR may
reflect altered UPR homeostasis caused by active IREla activity in the Tollip” cells. These
results collectively demonstrate that Tollip-deficiency selectively activates the IRE1a branch of

the UPR in the basal state and after induction of ER stress.

IRE1la requlates resting-state STING protein level independently of XBP1

Since Tollip-deficiency leads to increased activity of IREla and decreased STING
protein level, | next assessed whether IREla regulates STING’s protein level. Interestingly, I
found that, at resting-state, STING protein level is substantially higher in Irela™ cells compared
to WT cells, while Sting mRNA levels are similar in both cells (Figure 3.4A, 3.4B). | next
examined whether IRE1 is responsible for the reduced STING protein level in Tollip” cells. |
used siRNA to knockdown Tollip in WT and IRE1a” cells. Knocking down Tollip in WT MEFs
led to reduced STING protein level as expected; however, Tollip-knockdown did not alter
STING protein level in IRE1la’ cells, suggesting that IRElc is required for STING protein
degradation in cells that lack TOLLIP (Figure 3.4C). | also performed a complimentary
experiment where | inhibited IRE1a activity with a small molecule compound 4u8C in WT and
Tollip” cells. Treatment of Tollip” cells with 4u8C restored STING protein level to that
observed in WT cells, further supporting that IRE1la plays an important role in regulating

resting-state STING protein level (Figure 3.4D).
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When IRE1a is activated, it induces two processes via its RNase domain: the cleavage of
Xbpl mRNA to its spliced form; and the degradation of cytosolic RNA, a process termed
regulated IRElax-dependent decay (RIDD). To distinguish between these two functions, |
assessed XBP1’s role in regulating STING protein level by examining WT and Xbpl” cells.
Surprisingly, Xbp1™ cells displayed a lower basal amount of STING protein resembling that of
the Tollip” cells (Figure 3.4E). Several studies have demonstrated that Xbp1™ cells serve as a
cellular model for chronically activate IRE1o due to the loss of a regulatory feedback loop
limiting IRE1a activation (108-110). Similar to Tollip” cells, STING in Xbp1” cells may thus
also undergo IREla-dependent degradation. To test this hypothesis, | treated Xbpl™ cells with
4u8C to inhibit IREla, and indeed | observed restoration of STING protein to the WT level.
These data collectively suggest that in two cellular models of chronic IRELla activation, resting-
state STING protein is reduced compared to WT cells and this occurs independently of XBP1,

indicative of a role for RIDD in this phenomenon.

Tollip”” ameliorates STING-mediated autoimmune disease in Trex1” mice

To examine the in vivo function of TOLLIP in regulating the STING-mediated immune
response, | crossed Tollip” mice to an autoimmune mouse model Trex1”. TREX1 (also known
as DNASEIII) is a cytosolic DNase which plays an important role in degrading self-DNA in the
cytoplasm. Trex1-deficiency leads to accumulation of self-DNA in the cytosol which activates
the cGAS-STING pathway and leads to severe systemic autoimmune and auto-inflammatory
disease pathology (63, 68). Genetic ablation of either cGAS or STING fully rescues Trex1™

mouse disease (65 67). Since Tollip” mice are healthy with no detectable immune phenotypes, |
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bred the Trex1” mice on to the Tollip” background and analyzed disease outcomes of the Trex1”
"Tollip” mice.

| found that Trex1” mice, due to severe auto-inflammatory disease, exhibit decreased
body size and weight compared to littermate WT mice (produced by Trex1* crosses).
Remarkably, Trex1”Tollip” mice are equal in size and weight as WT or Tollip” mice (Figure
3.5A). Trex1”Tollip™ mice also display no visible signs of health issues such as hunched back,
ungroomed fur or body trembling that is often observed in Trex1” mice (data not shown). | also
analyzed tissues of WT, Trex1™, Tollip” and Trex1”Tollip™ mice. Trex1” mice develop
splenomegaly and inflammation in multiple tissues especially the heart leading to the majority of
the animals succumbing to severe myocarditis (64). | found that Trex1” Tollip” mouse heart
lacked signs of inflammatory cell infiltrates and is much improved comparing to Trex1” mouse
heart (Figure 3.5B). Trexl"'ToIIip"' mouse spleens were also significantly smaller in size
compared to Trex1” mice spleens (Figure 3.5C). BMDMs from Trex1”Tollip” mice show
significantly reduced expression of several I1SGs compared to Trex1” BMDMs (Figure 3.5D),
consistent with impaired STING signaling. Together, these data demonstrate that Tollip-
deficiency impairs STING signaling and ameliorates STING-mediated auto-inflammation in

Vivo.

Discussion
Through a genetic screen, | identified TOLLIP as a novel regulator of the STING-
signaling pathway. Specifically, through regulation of resting-state STING protein level,

TOLLIP fine-tunes the cellular response to DNA or cyclic dinucleotides. Mechanistically,
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TOLLIP negatively regulates the UPR effector protein IREla. Tollip-deficiency chronically
activates a previously uncharacterized IREla-lysosome pathway that selectively degrades
STING. This regulation has important implications for auto-inflammatory diseases caused by
CGAS-STING, as ablation of Tollip in Trex1” mice ameliorated symptoms of immune disease.
TOLLIP was originally identified as a negative regulator of the TLR2, TLR4 and IL-1R
signaling pathways in vitro through overexpression studies (111-112). In vivo characterization of
the Tollip” mouse demonstrated a minor reduction in immune gene induction following TLR or
IL-1R signaling pathways (113). The defect in the induced immune response in Tollip” mice or
cells was not in the TLR or IL-1R protein signaling cascades, but was rather at the transcription
of inflammatory genes following receptor ligation (113). One interpretation of these results is
that the absence of TOLLIP may indirectly impair immune gene induction through separate
signaling pathways. An early report on the DNA sensor cGAS implicated the cGAS-STING
pathway in regulating the basal expression of immune genes (134). In the absence of cGAS,
induction of immune genes was slightly impaired in response to non-DNA PAMPs in a manner
dependent on canonical cGAS-STING signaling. An explanation for this phenomenon is that the
CGAS-STING pathway normally senses cytosolic dsDNA which passively or actively
translocates from the nucleus or the mitochondria during the resting-state. This basal sensing of
DNA debris may thus contribute to steady-state expression of immune cytokines. | speculate that
the reduction of STING-signaling in Tollip-deficient cells may thus also impact this basal
priming of immune genes, thereby leading to some reduction of immune signaling for non-
CGAS-STING mediated immune pathways originally reported in the first description of the

Tollip” mouse.
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My study has demonstrated that in two models of selective and chronic activation of
IRE1a, Tollip” and Xbp1™ cells, STING protein is reduced compared to WT cells in a manner
dependent on IRE1a RNase activity. In Tollip” cells, this reduction in basal STING protein is
caused lysosomal-mediated degradation dependent on IRE1a RNase activity but not XBP1. How
IRE1a, or its RNase activity in particular, recruits lysosomes to degrade STING remains unclear.
The RIDD pathway functions to cleave RNA proximal to IREla’s ER localization (114). In D.
melanogaster, RIDD can regulate key biological processes within cells through the degradation
of MRNA or regulatory RNA (114). RIDD’s role in mammalian cells is relatively unexplored,
particularly in the context of innate immunity. Chronic activation of RIDD can cleave miRNA
miR-125a which impedes apoptotic programs within cells (108). This miR-125a degradation has
implications in antiviral immunity, as cells are rendered more susceptible to viral infections.
Chronic RIDD does not impact the innate immune response following RNA virus infection;
however, the immune response downstream of DNA viruses was not reported. | hypothesize that
RIDD may regulate STING protein through the regulation of ER biology, specifically autophagy
of the ER, or through a separate process termed ER-phagy. The degradation of the ER has been
implicated in STING protein degradation (107); however, ER-phagy remains incompletely
understood in the context of this immune pathway, and as a process itself. Future work should
determine the exact RIDD RNA targets which are degraded in Tollip” cells and which of these
targets is responsible for STING protein degradation.

It has been reported that TOLLIP functions as a selective autophagy receptor for proteins
harboring polyQ rich domains that are associated with neurodegenerative diseases such as

Huntington’s disease (HD) (135). Accumulation of neurodegenerative-related protein aggregates
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in cells may activate ER stress and the UPR (139). | speculate that in Tollip-deficient cells, the
accumulation of proteins with polyQ tracts may lead to STING protein degradation through
either a selective activation of IREla or a weak induction of ER stress below the limits of
detection in the assays utilized in this work. In either scenario, the implications of this work
suggest broader implications of STING in neurodegenerative disease. If my findings regarding
STING are observed in cells derived from HD patients, it is of interest to determine the
significance, as loss of STING may influence an aspect of HD development. As HD is associated
with inflammation, it is likely this role of STING would be independent of innate immune
signaling (136). The understanding of additional roles for STING independent of immune gene
induction is a focus of great study as STING predates the evolution of the type I IFN response
(32).

The relationship between the IREla-mediated stress response and the STING-mediated
antiviral response may have broad implications in many disease conditions. It is established that
obesity, alcohol, cigarette smoking, high cholesterol or high fat diets, and other harmful lifestyle
regimens can lead to the formation of chronic ER stress and IREla activation (115-117). It will
be interesting to investigate whether STING protein or downstream immune signaling is also
impaired in these diseases. | showed that Tollip” completely rescued STING-mediated
autoinflammatory disease in Trex1” mice. Targeting resting-state STING protein level through
the TOLLIP-IRE1a-lysosome pathway may be a novel therapeutic strategy for STING-mediated

diseases.
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Figure 3.6: TOLLIP-mediated regulation of STING
A model of how the STING-dependent immune response occurs between Tollip** and Tollip”cells.

In Tollip™”* cells, TOLLIP acts as negative regulator of the IREla UPR effector through an undefined
mechanism. This negative regulation restrains sustained activation of IREla, preventing its effector function
from negatively regulating STING protein. When 2°3’-cGAMP is in the cytosol, there exists an optimal amount
of STING protein which can mediate a robust immune response.

Tollip” cells display activation of IRE1la RNase activity. Activation of this effector function leads to a
lysosomal-dependent degradation of resting-state STING protein. STING-dependent signaling is impaired in this
genotype due to a sub-optimal amount of basal STING protein.
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Figure 3.1: Tollip deficiency impairs STING-mediated signaling.

(A and B) Arrayed siRNA screen which 21 different gene targets were knocked down (KD) in MEFs.
Quantitative RT-PCR (gQRT-PCR) expression of [fisf mRNA following cGAMP stimulation (2ug/ml) for 5 hrs
(A) or intracellular polyl:C (1pg/ml) for 5 hrs (B). (C) Expression of Ifaf mRNA following cGAMP-
stimulation (2pug/ml) for 5 hrs of KD MEFs with 4 distinct siRNA sequences targeting Tollip. Cells with
greater Tollip KD had greater impairment in Ifin mRNA expression. (D) qRT-PCR of Ifnf mRNA in Tollip
KD MEFs stimulated with cGAMP (2ug/ml) over a 24-hour timecourse. (E) qRT-PCR of Ifaf mRNA in
Tollip KD MEFs stimulated with a dose-curve of cGAMP (0, 2, 3, S5ug/ml) for Shrs. (F) qRT-PCR of Ifif, 116,
and 1ISG mRNA in Tollip KD MEFs stimulated with STING agonist DMXAA (50ug/ml) for 2hrs. (G) qRT-
PCR of Ifap in Tollip KD cells expressing an empty vector or siRNA-resistant Tollip plasmid. Cells were
stimulated with DMXAA (50pg/ml) for 2hrs. (H) Tollip™* or Tollip” LentiCRISPR MEFs were stimulated
with a dose-curve of DMXAA (0, 1, 10, 100pg/ml) for 2 hrs and assessed for expression of /fnf mMRNA with
gRT-PCR. (1) Same as in (H) but cells were stimulated with dose-curve of intracellular polyl:C (0, 0.01, 0.1,
1.0, 5.0, 10.0 ng/ml) for 5hrs. (J) Bone marrow-derived macrophages (BMDMs) from Tollip** or Tollip™
cells were stimulated with intracellular dsDNA (1pg/ml) cGAMP (2pg/ml) or DMXAA (50ug/ml) and Ifnfs
mRNA was measured with gRT-PCR*, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001. Data are
representative of at least three independent experiments. Error bars represent the SEM. Unpaired Student’s t
test (C-F).
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Figure 3.2: TOLLIP antagonizes basal lysosomal-mediated degradation of STING.

(A) Western blot of scrambled control or Tollip KD cells stimulated with DMXAA (50pg/ml) for indicated time
points. Relative intensity of STING protein bands quantified on the right. (B) gRT-PCR measurement of basal
Sting MRNA in scrambled control siRNA or Tollip KD cells. (C) Tollip™* and Tollip” LentiCRISPR MEFs
were stably transduced for stable expression of empty retroviral vector or retroviral-encoded FLAG-TOLLIP.
Relative protein band intensity quantification on the right. (D) gRT-PCR measurement of basal Sting mRNA in
Tollip*™* and Tollip” MEFs. (E) Western blot of Tollip"* and Tollip” MEFs treated overnight with 3-MA
(5mM), MG-132(5uM) and BafA1(0.5uM). (F). gRT-PCR measurement of basal ISG mRNA in Tollip*"* and
Tollip” MEFs. Error bars represent the SEM. Unpaired Student’s t test (B, D).
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Figure 3.3: Tollip™ cells display selective activation of IRE1a

gRT-PCR measurement of basal UPR-dependent genes in Tollip** and Tollip” MEFs stably transduced

with retroviral empty vector or retroviral-encoded FLAG-TOLLIP. (B) Western blot of Tollip** and Tollip™
MEFs treated with thapsigargin (500nM) for indicated time points. Error bars represent the SEM. *, P < 0.05;
** P <0.01; *** P <0.001; and **** P <0.0001 Unpaired Student’s t test (A).
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Figure 3.4: IREla regulates STING protein levels

(A) Western blot of Irela™ and Irelo” MEFs stimulated with DMXAA (10pg/ml) for indicated time points.
(B) qRT-PCR measurement of basal Sting mRNA in Irelo™’* and Irela”™ MEFs. (C) Western blot of Irelo™*
and Irela”” MEFs after KD with scrambled control siRNA or siTollip. (D) Western blot of Tollip™* and Tollip™
MEFs treated overnight with IREla inhibitor 4u8C (100uM). (E) Western blot of Xbp1*™* and Xbpl” MEFs
treated with 4u8C (100uM) overnight. Data are representative of at least three independent experiments. Error
bars represent the SEM. Unpaired Student’s t test (B).
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Figure 3.5: Tollip”™ ameliorates symptoms of autoinflammatory disease in Trex1” mice

(A) Weights of mice of indicated genotypes at 16 weeks. (B) H&E-stained hearts from 16 week old mice of
indicated genotypes, with blue indicating infiltrating leukocytes. (C) Heatmap of 1SGs from BMDMs of indicated
genotypes with qRT-PCR quantification of representative genes to right. (D) Spleen weights of 16 week old mice
with representative images to right. Error bars represent the SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; and
**%% P <0.0001Unpaired Student’s t test (A-D).
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CHAPTER FOUR

CONCLUDING REMARKS

The cGAS-STING signaling pathway is vital in the sensing of intracellular DNA from
bacteria or viruses (21, 22). Intricate regulation of this pathway allows optimal immune
responses while also preventing harmful tissue destruction arising from overt inflammation.
Dysregulation of the cGAS-STING pathway or its chronic activation has the potential to
instigate auto-inflammatory and/or autoimmune diseases (59).

| have identified the involvement of the cGAS-STING pathway in the development of
RNASEH2-mutant mediated AGS. During loss of function of RNASEH2, self-nucleic acid
species activate the cGAS-STING pathway. My findings have also been confirmed by others
using another RNASEH2 knock-in mouse model (118). These studies suggest cCGAS activation
during RNASEH2 deficiency depends on the sensing of self-DNA derived from nuclear bodies
termed micronuclei (119-120). Work by others has shown that cGAS can enter the nuclei during
cellular migration through tight junctions (121). Cells traversing through spaces smaller than 5
um apart undergo a nuclear breakdown which permits cGAS to shuttle into the nucleus and bind
to genomic DNA. As the membrane of micronuclei may be less intact compared to the nucleus, it
may allow cGAS to access a pool of nuclear DNA and bind to ligands in a non-specific manner.

The micronuclei model is difficult to completely distinguish from the proposed role for
RNase H2 in regulating retrotransposition of endogenous retroelements. Either cytosolic or
nuclear RNase H2 could play a role in degrading the RNA: DNA hybrids of retroelements such

as LINE-1 elements. In other work describing the dysregulation of LINE-1 or other
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retroelements, it has been noted that genotoxicity can arise following the reintegration of
retroelements within sites of the genome (137). This genotoxicity can potentially promote the
formation of micronuclei in Rnaseh2-deficient cells, while also leading to the additional source
of immunogenic cGAS ligands in the form of retroelement-derived nucleic acids. Regardless of
the source of immunogenicity during Rnaseh2-deficiency, multiple bodies of work now
implicate the cGAS-STING pathway in this subtype of AGS.

From a basic science standpoint, a lingering question is why disease hallmarks of AGS
differ between humans and their respective mouse models. AGS patients have severe destruction
of the CNS, while all mouse models of AGS fail to develop CNS tissue damage (64-67, 73, 78,
80, 81). Genetic diversity of AGS patients and differential brain development in human and mice
are possibilities. Another interesting possibility is differences in human and mouse cGAS.
Human cGAS contains a nuclear localization signal, while mouse cGAS does not (57, 122). This
difference highlights one of many key species differences in the innate immune system between
mice and humans. Does human cGAS have an enhanced ability to enter nuclear or micro-nuclear
bodies in order to sense nucleic acids as compared to mouse cGAS? If true, this more accessible
nuclear entrance may allow for higher induction of type I IFNs and ISGs within human cells.

Regardless of the discrepancies between human patients and mouse models of disease, it
is imperative to develop inhibitors for innate immune sensors involved in AGS. Current work
implicates MDA5-MAVS signaling as the instigator of Ifihl- and Adarl-mutant mediated AGS,
while cGAS-STING initiates Trex1-, Samhdl-, and Rnase2a/b/c-mutant mediated AGS (Figure

4.1). Pharmacological inhibition of cGAS or STING in the Trex1” mouse model shows promise

61



(123), as both inhibitors ameliorated symptoms of Trex1”-mediated disease. Clinical trials with

these and future inhibitors in human patients hold promise.
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Figure 4.1: Immune pathways active in AGS

A model of how AGS subtypes develop. The cGAS-STING pathway
is responsible for ISG upregulation in mouse models of AGS
subtypes mediated by loss-of-function mutations in the Trexl,
Rnaseh2a/b/c, and Samhdl genes. The MDA5-MAVS pathway is
responsible for AGS in loss-of-function mutations in Adarl and in
gain-of-function mutations of Ifih1.

A motivating force in my
studies has been to further unravel
regulators of the CcGAS-STING
pathway so that novel therapeutic
inhibitors of this pathway may be
considered for development. | had
identified TOLLIP as a regulator of
STING signaling, as it normally
STING

maintains  resting-state

protein  level by preventing

degradation through the lysosomes.

TOLLIP does so through its

regulation of an ER-associated protein, IRE1a. Chronic activation of IRE1a diminishes STING

protein levels, thereby impairing STING-mediated signaling in response to dsDNA, cyclic

dinucleotides and STING agonist DMXAA.

My data also implicates a possibility of impaired STING signaling in certain

neurodegenerative disease. TOLLIP plays a critical role in removing Huntington’s disease-linked

polyQ proteins in the cell. Although it is technically challenging to detect endogenous polyQ

protein in Tollip”™ mice, Tollip” has been shown to cause accumulation of B-amyloid and -

synuclein and promote neurodegenerative disease when crossed to ApoE™ mice (138). PolyQ
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protein exerts cytotoxicity through entrapment of ER chaperones, thus causing ER stress (139).
The Tollip™ mice do not exhibit any signs of neurodegeneration or other pathological symptoms,
and | speculate that the mice are healthy due to undetectable amounts of ER stress. Tollip-
deficient cells, rather than demonstrating a quantifiable induction of the UPR, undergo a
measureable activation of IRELla. The molecular mechanism as to how this selective activation
of the IREla branch occurs remains unresolved but will be important to characterize in
subsequent work.

Different neurodegenerative protein aggregates are believed to trigger different cellular
responses, raising an intriguing possibility that STING signaling may be impaired in certain
neurodegenerative diseases such as HD. STING has also been implicated in Parkinson’s disease
and NGLY1 disease through sensing mitochondrial DNA (140, 141). These findings together
highlight an expanding role of STING signaling in autoimmune and neurodegenerative diseases.
| have demonstrated that Tollip” rescued STING-mediated autoimmune disease in Trex1” mice.
Targeting resting-state STING protein level through the TOLLIP-IRE1ax-lysosome pathway may
be a novel therapeutic strategy for STING-mediated diseases.

These findings represent another example of a crosstalk between stress responses and the
innate immune system. Many studies have focused on the immune pathways directly activated as
a result of cellular stress. For example, in the absence of the RNA exosome, SKIV2L, ER stress
has been shown to activate a RIG-I-MAVS dependent pathway (124). An important question
which has not been examined in as much detail is how do these cellular stressors affect other
innate signaling pathways? This is an important area to pursue in future research as diseases are

complex and their etiologies may lie at the intersection of several signaling pathways. For
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example, with the findings from my work, one disease to pursue this concept in is cancer. In the
non-stressed physiological environment, senescence is allowed to occur through the sensing of
self-DNA by the cGAS-STING pathway (125, 126). Chronic activation of IREla through ER
stress may impair this cGAS-STING signaling response. This impairment in signaling may allow
for the proliferation of oncogenic cells, and the formation of tumors. Such hypotheses are
important to examine in future work.

As early as 2004, it was observed that DNA virus infections can activate an innate
immune response independently of the extracellular-DNA sensor, TLR9 (127). This observation
motivated the pursuit to identify the DNA-sensing equivalent of the RIG-I-MAVS pathway,
largely accelerated in 2008 with the discovery of the DNA-sensing adapter STING and climaxed
in late 2012 with the discovery of cytosolic DNA sensor cGAS (21, 128). Since that time, our
understanding of the immune sensing of the fundamental building blocks of life has grown
exponentially, with reports of its involvement in viral and bacterial infections, auto-inflammatory
and autoimmune diseases, and also cancer. Work in this field will continue to grow as we begin
considering the roles of this pathway in non-immune roles, such as regulation of apoptosis,

cellular proliferation, autophagy, and many more yet unappreciated phenomena.
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Figure 4.2: Regulation of the cGAS-STING pathway in health and disease
A model of how positive and negative regulators can influence the cGAS-STING pathway.

TOLLIP acts as a positive regulator of the STING pathway through negative regulation of the UPR
effector IRE1a. TOLLIP restrains constitutive IRE1a activation, thereby preventing STING from being
degraded through a lysosomal pathway. The molecular mechanism of TOLLIP regulating IRE1a remains
undefined; however, it may be through direct regulation of the effector or through degradation of
unfolded proteins which may activate IRE1a.

RNase H2 acts as a negative regulator of the cGAS-STING pathway through the negative regulation of
immunogenic DNA which can appear in the cytosol. This DNA remains a topic of debate as it may come
from the accumulation of endogenous retroelements in the cytosol of cells in the absence of RNase H2.
Cytosolic DNA may also arise as a consequence of DNA damage which occurs in the absence of RNase
H2. The sources of DNA remain a contested topic; however, a pivotal role of cGAS in detecting this
DNA is well-established.
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