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CHAPTERI

Introduction

Some of this chapter includes text adapted from an article that is under review ‘The
p150 Isoform of ADAR1 Blocks Sustained RLR signaling and Apoptosis during

Influenza Virus Infection’

Host Antiviral Response: Interferon Signaling

The host innate immune response to viral infection is mediated through the Pattern
Recognition Receptors (PRRs) that recognize distinct molecular components of
invading pathogens called pathogen-associated molecular patterns (PAMPs), which
includes viral nucleic acids. Extracellular viral nucleic acids are sensed by Toll-like
receptor (TLR) family of PRRs, which are transmembrane proteins expressed on the
plasma membrane or in the endosomal compartments. TLR7/8 and TLR9 recognize
single stranded RNA (ssRNA) and CpG DNA in the endosomal compartment,
respectively; TLR3 detects viral double stranded RNA (dsRNA) (Diebold et al., 2004;
Heil et al., 2004; Alexopoulou et al., 2001; Choe et al., 2005; Liu et al., 2008). Upon
binding to viral nucleic acid, TLRs initiate signaling cascades that ultimately lead to the
production of type | interferons (IFN) and inflammatory cytokines. In the cytoplasmic
compartment, viral DNA can be sensed by AIM2-like receptors (ALRs) and cyclic GMP-
AMP synthase (cGAS) (Hornung et al., 2009; Unterholzner et al., 2010; Sun et al.,
2013; Wu, Sun, et al., 2013). Viral RNAs are recognized by the retinoic acid inducible
gene | (RIG-I)-like receptor (RLR) family of PRRs. The RLR family includes the

melanoma differentiation-associated gene 5 (MDAS), RIG-I, and Laboratory of Genetics



and physiology 2 (LGP2). RIG-I recognizes the 5’-triphosphate on short dsRNA,

whereas MDAS has been shown to sense long dsRNA (Pichimair et al., 2006; Hornung
et al., 2006; Schlee et al., 2009; Schmidt et al., 2009; Kato et al., 2008; Pichlmair et al.,
2009; Peisley et al., 2012). The role of LGP2 is not completely defined yet; however, it

is proposed to act as a negative regulator of other RLRs.

Three members of the RLR family share common structural features with a conserved
central helicase domain, and a C-terminal domain with RNA binding activity. RIG-I and
MDADS5 contain tandem caspase activation and recruitment domains (CARD) in their N-
termini. In the absence of viral nucleic acid, RIG-I and MDA5 are constitutively
phosphorylated at specific residues on the CARD domain to prevent aberrant activation
(Gack et al., 2010; Maharaj et al., 2012; Sun et al., 2011; Takashima et al., 2015; Nistal-
Villan et al., 2010). Following sensing of viral RNA, RIG-I and MDA5 undergo a
conformational change and are dephosphorylated (Wies et al., 2013; Kowalinski et al.,
2011; Wu, Peisley, et al., 2013). Additionally, RIG-I must be ubiquitinated by the E3
ligases TRIM25 and Riplet, which add Lys63-linked ubiquitin chains to the CARD and
C-terminal domains of RIG-I (Gack et al., 2007; Oshiumi et al., 2009; Gack et al., 2008).
Upon activation, RIG-I and MDAS translocate to the mitochondrial membrane using the
mitochondrial trafficking proteins 14-3-3¢ and 14-3-3n, respectively, to interact with
mitochondrial antiviral signaling protein (MAVS) (Liu et al., 2012; Lin et al., 2019). This
interaction is mediated by the CARDs of both MAVS and the RLRs, leadings to the
activation of MAVS (Kawai et al., 2005; Horner et al., 2011). Activated MAVS molecules

form prion-like filamentous structures to generate a signaling platform that recruits



several kinases, such as TBK1 and IKKg, to activate transcription factors IRF3, IRF7
and NF-«B (Xu et al., 2005; Seth et al., 2005; Hou et al., 2011). Activated IRF3/7 and
NF-kB translocate to the nucleus and initiate the transcription of type | IFN and
proinflammatory cytokines, respectively. IFN is secreted from the cells and can signal in
an autocrine or paracrine manner by binding to IFN receptors on the cell surface
(Schneider et al., 2014). Binding of IFN to IFN receptors leads to the activation of the
janus kinase (JAK) and signal transducer and activators of transcription (STAT)
signaling pathway that enables the production of a wide range of IFN-stimulated genes
(ISG) (Schneider et al., 2014). These ISGs can then amplify the IFN response,
generating an antiviral environment within the cell as well as alerting the neighboring

cells.

Host Antiviral Response: Cell Death

In addition to transcriptional upregulation of IFN expression, PRR mediated detection of
viral nucleic acids can also lead to the induction of cell death. There are 3 major types
of cell death: apoptosis, necroptosis, and pyroptosis. Apoptosis is mediated by effector
caspases 3 and 7 and is immunologically silent, resulting in cell shrinkage and the
formation of apoptosis bodies (EImore 2007; Lindqvist et al., 2018; White et al., 2014;
Rongvaux et al., 2014). In contrast, necroptosis and pyroptosis induction require the
action of gasdermin D (GSDMD) and mixed lineage kinase domain-like protein (MLKL)
respectively to induce membrane damage, enabling the release of damage associated
molecular patterns (DAMPs) and cytokines that can then trigger inflammatory

responses in neighboring cells (Wang et al., 2017; Aglietti et al., 2016; Sborgi et al.,



2016; Liu et al., 2016; Frank et al., 2019; Wang et al., 2014; Dondelinger et al., 2014,
Cai et al., 2014; Chen et al., 2014). Activation of cell death can serve as an additional

method of controlling viral infection through elimination of infected cells (Maelfait et al.,

2020).

Apoptosis can be categorized into two distinct pathways: extrinsic apoptosis and
intrinsic apoptosis. Extrinsic apoptosis is initiated following the triggering of cell death
receptors like members of the tumor necrosis factor (TNF) receptor family or Fas
receptors (Elmore 2007). Activation of cell death receptors are mediated by death
ligands, including TNF-a and FasL (Elmore 2007). Intrinsic apoptosis is stimulated via
internal stimuli, such as DNA damage, metabolic stress, or viral infection (EImore 2007).
Activation of intrinsic apoptosis results in the destabilization of the mitochondrial
membrane, leading to the release of cytochrome C (Elmore 2007). Both extrinsic and
intrinsic apoptosis culminate in the activation of effector caspases 3, 6, and 7 (Slee et
al., 2001). These caspases cleave a variety of substrates, ultimately resulting in the
morphological characteristics associated with the induction of apoptosis (Slee et al.,

2001).

While RIG-I pathway is predominantly associated with transcriptional upregulation of
IFN genes, RIG-I activation can also induce intrinsic apoptosis through the RLR-induced
IRF3 Mediated Pathway of Apoptosis (RIPA) (Chattopadhyay et al., 2017;
Chattopadhyay et al., 2010; Chattopadhyay et al., 2011; Chattopadhyay et al., 2016). In

this pathway, activated RIG-I translocates to the mitochondria and MAVS; however,



instead of RIG-I and MAVS interactions promoting IRF3 phosphorylation, the RIG-I-
MAVS complex recruits the linear ubiquitin chain assembly complex (LUBAC) and
stimulates the activation of IRF3 through linear polyubiquitination. Upon linear
polyubiquitin modification, IRF3 interacts with the pro-apoptotic protein Bax,
translocates to the mitochondria, and stimulates the release of cytochrome C, ultimately

resulting in the induction of cell intrinsic apoptosis and inhibition of viral replication.

Negative Regulators of Host Antiviral Responses

While robust activation of the RLR pathway is necessary to mount effective antiviral
responses, the downregulation of the RLR mediated host innate immune response is
also necessary once the viral infection is cleared. Unregulated inflammatory responses
can have detrimental consequences for the host including, immune-related tissue
damage as well as autoimmunity. Indeed, several autoimmune diseases, such as

Aicardi-Goutiéres syndrome (AGS), are linked to hyperactive innate immune responses.

Ubiquitination of RIG-I1 and MDAS play an important role in the regulation of RLR
signaling. Under steady state conditions, RIG-I and MDAS5 are actively phosphorylated
and prevented from aberrant activation. As mentioned previously, K63-linked
polyubiquitination of RIG-I is necessary for the activation of RIG-I (Gack et al., 2007).
Therefore, removal of K63-linked chains from RIG-I is important for the downregulation
of RIG-I mediated signaling. The removal of K63-linked ubiquitin from RIG-I| is mediated
by de-ubiquitinating enzymes (DUBSs), such as USP3 and USP15, which bind to RIG-I

and remove K63-linked polyubiquitin chains, thereby inactivating RIG-I (Cui et al., 2014;



Zhang et al., 2015). While K63-linked polyubiquitin is necessary for RIG-| activation,
K48-linked ubiquitination of RIG-I can target RIG-I for proteasomal degradation.
RNF122 and RNF125 are E3 ligases that have been shown to add K48-polyubiquitin
chains to RIG-I CARDs, which prevent the activation of RIG-I and target it for

degradation (Wang, Jiang, et al., 2016; Arimoto et al., 2007).

Broadly, members of the suppressor of cytokine signaling (SOCS) family have been
shown to inhibit IFN signaling (Trengove et al., 2013). For example, SOCS proteins
have been shown to bind to JAK proteins and inhibit their tyrosine kinase activity,
preventing interaction with STAT proteins (Yasukawa et al., 1999; Naka et al., 1997;
Sasaki et al., 1999; Endo et al., 1997). Likewise, SOCS can inhibit IFN signaling by
binding to the IFN-a receptor 1 (IFNAR1) associated kinase Tyk2 (Piganis et al., 2011).
Furthermore, the box domain of SOCS proteins has also been implicated in the
recruitment of factors important for the ubiquitination and degradation of proteins
involved in the JAK/STAT signaling cascade (Zhang et al., 1999; Kamura et al., 2004).
Taken together, RLR and IFN signaling pathways are tightly controlled through negative

regulators to ensure appropriate levels of innate responses elicited against infection.

Viral Evasion of Antiviral Responses

Just as the host has developed mechanisms to downregulate innate immune
responses, viruses must also develop strategies to suppress host antiviral responses for
efficient viral propagation. For example, influenza A virus (IAV) encodes the

multifunctional protein nonstructural protein 1 (NS1) that targets several host antiviral



processes. Notably, NS1 has been shown to inhibit TRIM25 mediated ubiquitination of
RIG-I, thereby preventing the activation of the RIG-I pathway during IAV infection (Gack
et al., 2009; Mibayashi et al., 2007; Rajsbaum et al., 2012). RIG-I-mediated signaling is
an important aspect of the innate immune response to IAV infection, with RIG-I
functioning as the predominant sensor of IAV viral RNA (VRNA) (Pichimair et al., 2006).
Similarly, Zika and Dengue viruses encode nonstructural protein 3 (NS3) that bind and
sequester host protein 14-3-3¢ to prevent translocation of RIG-I to the mitochondria and
subsequent interaction with MAVS, ultimately suppressing the induction of IFN-3
expression (Chan et al., 2016; Riedl et al., 2019). Hepatitis C virus (HCV) NS3/4a
protein directly targets and cleaves the mitochondrial adaptor protein MAVS to prevent

downstream signaling (Li et al., 2005; Meylan et al., 2005).

In regards to apoptosis, both proviral and antiviral roles have been attributed to the
induction of apoptosis during viral infection. As a result, viruses have developed
methods to either inhibit or promote apoptosis induction. For example, poxviruses
encode soluble TNF decoy receptors to bind TNFa and prevent activation of cell death
receptors and subsequent apoptosis induction (Reading et al., 2002). For IAV, the
nonstructural protein 1 (NS1) has been shown to upregulate PI3K/AKT signaling to
promote cell survival (Ehrhardt et al., 2007). In contrast, the 7a protein from SARS-CoV

inhibits the anti-apoptotic protein Bcl-X. to promote apoptosis (Tan et al., 2007).

ADAR1 as a Negative Regulator of Innate Immune Signaling



Recent studies demonstrate that the host RNA editing enzyme Adenosine Deaminase
Acting on RNA (ADAR1) is a negative regulator of innate immunity. ADAR1 deaminates
adenosine (A) to inosine (I) in endogenous dsRNA to destabilize dsRNA structures and
prevent aberrant activation of MDA5. ADAR1 is expressed as two isoforms: a
constitutively expressed p110 isoform that localizes to the nucleus, and an inducible
p150 isoform that is predominantly present in the cytoplasm (George et al., 1999;
Poulsen et al., 2001; Patterson and Samuel 1995; Patterson, Thomis, et al., 1995;
Eckmann et al., 2001; Desterro et al., 2003). The p150 isoform is induced by viral
infection as well as by IFN receptor signaling. In addition to ADAR1, there are two other
ADARs, ADAR2 and ADARS3, which are expressed in a cell type specific manner.
ADAR1 and ADARZ2 have both been shown to exhibit RNA editing activity and are
expressed ubiquitously, whereas ADARS3 lacks catalytic activity (Chen et al., 2000;
Melcher, Maas, Herb, Sprengel, Higuchi, et al., 1996; Melcher, Maas, Herb, Sprengel,

Seeburg, et al., 1996; Jacobs et al., 2009; Kim et al., 1994).

ADAR1 was identified in Xenopus laevis studies where it was initially shown to have
dsRNA unwinding activity and was subsequently found to possess A-to-l editing activity
(Bass et al., 1988; Rebagliati et al., 1987; Bass et al., 1987; Wagner et al., 1989; Kim et
al., 1994). ADAR1 editing predominantly occurs in transcripts produced from Alu
elements, which are transposable elements that when inserted into the genome in
reverse orientation form dsRNA duplex structures. Alu elements are commonly found in
the introns of transcribed genes and make up almost 10% of the human genome

(Athanasiadis et al., 2004; Kim et al., 2004; Lander et al., 2001; Blow et al., 2004;



Levanon et al., 2004; Ramaswami et al., 2012; Bazak et al., 2014). As a result, it has
been proposed that ADAR1 editing of Alu elements helps contribute to the
diversification of the human genome (Paz-Yaacov et al., 2010). Other editing targets of
ADAR1 include RNA encoding the neurotransmitter receptors, glutamate receptor
(GluR-B) and serotonin receptor (5-HT2cR) (Liu, Emeson, et al., 1999; Liu and Samuel
1999). In addition to the editing of RNA transcripts, ADAR1 has also been implicated in

the regulation of kidney development and intestinal homeostasis (Pestal et al., 2015).

Mutations in ADAR1 have been associated with the development of AGS, a fetal
encephalopathy associated with increased type | IFN activity in the cerebrospinal fluid
and serum (Lebon et al., 1988; Rice et al., 2013). In addition to mutations in ADAR1,
mutations in TREX1, RNase H2 complex, SAMHD1, ADAR1 and MDA5 have been
shown to cause AGS (Rice et al., 2012; Crow, Chase, Lowenstein Schmidt, et al.,
2015). In a study examining ADAR1 mutations associated with AGS, a vast majority of
the amino acid substitutions were found within the catalytic domain as well as a small
number of substitutions occurring around the Z-DNA/RNA binding domains (Rice et al.,

2012).

Genetic ablation of ADAR1 in mice results in embryonic lethality due to increased
upregulation of IFN stimulated gene (ISGs) and apoptosis of hematopoietic cells (Pestal
et al., 2015; Liddicoat et al., 2015; Mannion et al., 2014). Specific deletion of the p150
isoform also resulted elevated expression of ISGs as compared control embryos,

suggesting that the embryonic lethality is due to the loss of p150. However, concurrent



ablation of both ADAR1 and MDAS or p150 and MDADS in mice led to improved survival
as well as reduction in ISG expression to levels similar to control embryos, suggesting
that the p150 isoform of ADAR1 prevents MDAS5 from sensing endogenous dsRNA
under basal conditions. Additionally, using ADAR1 editing deficient knock-in mice, it was
demonstrated that the catalytic activity of ADAR1 was required to suppress MDAS
sensing of endogenous dsRNA (Liddicoat et al., 2015). In addition to preventing MDA5
sensing of endogenous dsRNA, ADAR1 has also been implicated in preventing PKR
sensing of viral and endogenous RNA, thereby preventing PKR-mediated translational
shutdown and IFN production (Chung et al., 2018; Wang et al., 2009; Li et al., 2012;
Clerzius et al., 2009; Toth et al., 2009). As with MDAS5, the catalytic activity of ADAR1
was required to suppress PKR sensing of endogenous RNA (Chung et al., 2018).
Similarly, concurrent deletion of ADAR1 and RNaseL rescued the cell lethal phenotypes
the authors observed in ADAR1 KO human lung adenocarcinoma (A549) cells,
suggesting that ADAR1 may also inhibit the activation of the OAS/RNaseL pathway (Li
et al., 2017). ADAR1 has also been implicated in the inhibition of apoptosis, with the
loss of ADAR1 in mice leading to the upregulation of apoptosis in hematopoietic stem
cells (Qiu et al., 2013; Hartner et al., 2009). Additionally, PARP cleavage, a byproduct of
apoptosis, has been shown to increase following measles infection in ADAR1
knockdown Helas, suggesting a role for ADAR1 in suppressing virally induced
apoptosis (Toth et al., 2009). However, the molecular mechanism contributing to

increased apoptosis in ADAR1 deficient cells is yet to be determined.

ADAR1 as a Viral Factor

10



While ADAR1 has numerous endogenous roles within the cell, ADAR1 has also been
implicated in the replication of several viruses from diverse families, with ADAR1 acting
as either a proviral or antiviral factor. One of the best characterized proviral role of
ADAR1 is during hepatitis delta virus (HDV) replication in which p110 mediated editing
of viral RNA is necessary for the production of the large HDV antigen, thereby
regulating the switch from replication of the viral genome to packaging (Wong et al.,
2002; Jayan et al., 2002). In terms of antiviral roles for ADAR1, knockdown of ADAR1
during hepatitis C virus (HCV) infection has been shown to increase viral RNA
production, suggesting an antiviral role for ADAR1 in HCV replication (Taylor et al.,

2005).

Viral genomes have also been shown to be targets of ADAR1 hyperediting. ADAR1
hyperediting has been shown to occur during persistent measles virus infection of the
central nervous system, which results in subacute sclerosing panencephalitis (SSPE).
Measles RNA isolated from SSPE patients showed increased A-to-G mutations in the
matrix gene, a characteristic signature of ADAR1 editing (Baczko et al., 1993; Cattaneo
et al., 1988; Cattaneo et al., 1986; Suspene et al., 2008). While hyperediting of the
matrix gene is hypothesized to contribute to persistent measles infection, how ADAR1
contributes to normal measles virus replication is less defined. In one study using p150
KO MEFs, measles virus replication was shown to be increased compared to control
cells, suggesting an antiviral role for ADAR1 in measles infection (Ward et al., 2011). In
contrast, several other studies suggest that ADAR1 may promote measles infection via

inhibition of PKR. Indeed, loss of ADAR1 expression during measles infection led to

11



increased cell death, IFN- expression, and stress granule formation (Toth et al., 2009;
Okonski et al., 2013; Li et al., 2012). This increase in cell death and IFN- expression
was associated with increased activation of PKR, suggesting that ADAR1 inhibits PKR
mediated signaling during measles infection. Interestingly, cONA complementation
studies in HelLa cells deficient in ADAR1 expression demonstrated that the catalytic

activity of p150 was required for suppression of PKR (Okonski et al., 2013).

ADAR1 and Influenza A Virus

IAV is a member of the Orthomyxoviridae family and is a common cause of acute upper
respiratory tract infections in humans, leading to significant morbidity and mortality
within the population. The IAV genome, single-stranded RNA with a 5’-triphosphate, is
predominantly recognized by RIG-I (Pichlmair et al., 2006). The IAV viral antagonist
NS1 was found to interact with ADAR1 in yeast two-hybrid screens (de Chassey et al.,
2013; Ngamurulert et al., 2009). In addition, NS1 has been shown to stimulate RNA
editing functions of ADAR1 (de Chassey et al., 2013). In regards to IAV infection, the
role of ADAR1 has yet to be completely understood. p150 KO mouse embryonic
fibroblasts (MEFs) infected with IAV exhibited increased cytopathic effect likely due to
increased viral replication as compared to control MEFs, suggesting an antiviral role for
p150 in IAV infection (Ward et al., 2011). In contrast, knockdown of ADAR1 in A549s
led to increased IAV replication, suggesting a proviral role for ADAR1 in IAV replication
(de Chassey et al., 2013). Moreover, analysis of viral genomes from influenza vaccines

showed in hyperediting by ADAR1 (Suspéne et al., 2011). While the exact function of
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ADAR1 in IAV replication has yet to be fully elucidated, these studies highlight the

potential for ADAR1 as a host factor involved in IAV replication.

CRISPR/Cas9 Technology

To determine the contribution of the different ADAR1 isoforms to IAV replication, we
utilized the CRISPR/Cas9 gene disruption strategy to abolish expression of ADAR1 and
the individual isoforms of ADAR1. This gene disruption strategy was first identified as a
microbial immune defense mechanism for targeting and cleaving foreign nucleic acids
(Ran et al., 2013). Three types of CRISPR systems have been identified in bacterial and
archaeal species (Ran et al., 2013). Each CRISPR systems is composed of CRISPR-
associated (cas) genes, noncoding RNAs, and the CRISPR RNA (crRNA) array (Ran et
al., 2013). The crRNA array is composed of repetitive elements and variable sequences
derived from exogenous DNA targets called protospacers (Brouns et al., 2008;
Barrangou et al., 2007). The DNA target for each CRISPR system must contain a
protospacer adjacent motif (PAM), which can vary depending upon the CRISPR system

(Marraffini et al., 2008, 2010; Deveau et al., 2008).

The best characterized and most commonly used CRISPR system is the type Il
CRISPR system. The type Il CRISPR system is composed of the Cas9 nuclease and a
crRNA array that encodes the guide RNA and auxiliary trans-activating crRNA
(tracrRNA) (Garneau et al., 2010; Jinek et al., 2012; Gasiunas et al., 2012;
Sapranauskas et al., 2011; Magadan et al., 2012). The tracrRNA is necessary for the

processing of cRNA into individual crRNA units that can then form a complex with Cas9
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for gene targeting (Deltcheva et al., 2011). Previous studies have demonstrated that the
crRNA and tracrRNA can be fused together to form a single-guide RNA (sgRNA), which
can then be utilized for targeting of the desired gene to abolish expression (Jinek et al.,

2012).

The CRISPR/cas9 system can be employed in mammalian cells through the expression
of Cas9 and sgRNA designed to target the gene of interest. Once expressed, the
sgRNA will direct Cas9 mediated cleavage through sgRNA base paring with the target
DNA upstream of the PAM (Sapranauskas et al., 2011). For the type Il CRISPR system
derived from Streptococcus pyogenes utilized in our studies, the DNA target must
immediately precede a 5-NGG PAM (Deveau et al., 2008). Cas9 nuclease activity will
generate a double stranded break in the DNA that then undergoes one of two pathways
for DNA repair: Non-homologous end joining (NHEJ) or homology-directed repair
(HDR). The HDR pathway requires a repair template in order to repair the DNA break
and can, therefore, be utilized to insert modifications within the gene of interest through
the use of an exogenous template (Ran et al., 2013). In the absence of a repair
template, NHEJ occurs. NHEJ is an error prone repair pathway that can result in
insertion or deletion mutations within the gene, which can lead to frameshift mutations
or premature stop codons that can negatively impact gene expression (Ran et al.,

2013).

The CRISPR/Cas9 system derived from Streptococcus pyogenes has been utilized by

several groups to screen for host factors necessary for efficient viral replication of
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different viruses including IAV, human immunodeficiency virus (HIV), Epstein-barr virus
(EBV), and flaviviruses (Park et al., 2017; Savidis et al., 2016; Ma et al., 2017; Marceau
et al., 2016; Han et al., 2018; Li et al., 2020). To determine the contribution of ADAR1
during IAV replication, we employed the CRISPR/Cas9 gene disruption strategy to
generate ADAR1 knockout (KO) A549s, as well as ADAR1 isoform specific KOs. The
cell lines generated through the CRISPR/Cas9 mediated gene disruption strategy were
crucial for examining the role of ADAR1 during IAV infection and the role of ADAR1 in

suppressing antiviral signaling.

Thesis Goals

Viruses are constantly developing strategies to evade host innate immune responses in
order to replicate within the host, creating an evolutionary “arms race” between the host
immune response and viral immune evasion. Given the significant public health and
economic burden that can be imposed upon society during viral outbreaks, it is crucial
to understand how the host responds to viral infection as well as the ways in which the
virus subverts these defenses. In doing so, we gain a greater understanding of the
virus-host interplay, enabling the development of antiviral therapeutics and treatments

against viruses.

Using IAV as a model virus, we examined the role of ADAR1 in regulating the life-cycle
of IAV. Through the use of CRISPR/Cas9 technology, we revealed opposing functions
for the two isoforms, with the cytoplasmic p150 isoform acting as a negative regulator of

RIG-I signaling and the nuclear p110 isoform acting as an IAV restriction factor. We

15



show that p150 promotes IAV replication independent of its role in the suppression of
MDAS5 mediated sensing of endogenous dsRNA. Through concurrent deletion of p150
and RLR pathway components, we demonstrate that p150 suppresses sustained
activation of the RIG-I signaling cascade, resulting in decreased levels of IFN-3
expression and apoptosis. In p150 deficient cells, IAV replication was restored by
inhibiting both apoptosis and IFN receptor signaling. p150 mediated suppression of RLR
signaling was dependent on RNA binding functions but independent of RNA editing

activity.

Our studies illustrate a broad role for p150 in preventing the hyperactivation of innate
immune responses, with p150 suppressing both the MDAS pathway under basal
conditions and the RIG-I pathway during viral infection. Additionally, these results
demonstrate that dampening of RIG-I mediated signaling by p150 enables efficient IAV
replication, illuminating an additional mechanism utilized by IAV to subvert cell intrinsic
responses. Together, these studies contribute to a deeper understanding of how the
host responds to viral infection and the ways in which viruses undermine these

responses to replicate within the host.
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CHAPTERIII
Materials and Methods
This chapter includes experimental procedures from an article that is under review ‘The
p150 Isoform of ADAR1 Blocks Sustained RLR signaling and Apoptosis during

Influenza Virus Infection’

Cell Culture and Viruses

Human lung epithelial (A549) and human embryonic kidney (HEK293) cells were
cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S). Madin-Darby canine kidney (MDCK) cells were cultured in
MEM supplemented with 10% FBS and 1% P/S. Dr. Adolfo Garcia-Sastre at the Icahn
School of Medicine at Mount Sinai, NY kindly provided the IAV strains A/Puerto
Rico/8/1934 (H1N1), low pathogenic version of A/Vietnam/1203/2004 (H5N1), and
A/Hong Kong/1/1968 (H3N2). 1AV strains were grown in 10-day old specific pathogen-
free eggs (Charles River) and titered by standard plaque assay on MDCK cells, using
2.4% Avicel RC-581 (a gift from FMC BioPolmer, Philadelphia, PA). Two days post
infection plaques were quantified via crystal violet staining. Vesicular stomatitis virus
expressing GFP (VSV) was kindly provided by Dr. Glenn Barber at the University of
Miami, FL (Stojdl et al., 2003). VSV viruses were grown in Vero cells and titered by

plaque assay with 1% methylcellulose (Sigma).
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Generation of CRISPR KO and cDNA Complemented Cells

ADAR1 KO A549s were generated using the lentiCRISPR v2 single vector system,
which has been previously described (Sanjana et al., 2014). Oligonucleotides were
annealed and cloned into the lentiCRISPR v2 vector through BsmBI sites (Table II.1).
A549s were transduced with lentivirus expressing specific sgRNA and selected with 2
ug/ml puromycin for 14 days. CTRL A549s were generated through the same method
using the lentiCRISPR v2 vector without sgRNA. To generate clonal KO A549s,
puromycin selected population were seeded at ~100-150 cells per 15cm plates and
individual colonies were isolated using cloning cylinders. Subsequently, gDNA was
extracted from isolated KO cells using the Blood and Cell Culture Mini kit (Qiagin) per
the manufacturers specification and the targeted region was PCR amplified using
EconoTaq and gene specific primers. PCR products were cloned into pGEM-T vector
and approximated 12-15 individual bacterial colonies were sequenced (University of
Chicago DNA sequencing facility). Sequences were analyzed by SeqMan program

(LaserGene).

To generate isoform specific KO A549s, WT A549s were transduced with lentiCRISPR
v2 containing sgRNA targeting a region 200-300 nucleotides upstream of transcription
start site and lentiCRISPR v2-GFP containing a sgRNA downstream of the transcription
start site. Cells were selected with 2 ug/ml puromycin for 14 days and then selected for

GFP expression by single-cell sorting, to ensure the presence of both sgRNA. Individual
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KO clones were identified by PCR analysis of targeted region and confirmed by western

blot for ADAR1 expression.

To generate p150/MDA5 DKOs, clonal p150 KOs were transduced with a lentiCRISPR
v2-hygro vector containing gene specific sgRNA followed by selection with 600 ug/ml
hygromycin for 14 days. For the p150/Bax DKOs, clonal p150 KOs were transduced
with a lentiCRISPR v2-neo vector containing the gene specific sgRNA followed by
selection in 600 ug/ml neomycin for 14 days. The RIG-I/MDA5/p150 and
MAVS/MDAS5/p150 TKO A549s were generated by transducing the p150/MDA5 DKOs
with the lentiCRISPR v2-neo vector containing gene specific sgRNA followed by
selection in 600 ug/ml neomycin for 14 days. Individual KO clones were isolated as

described above and screened by western blot and Sanger sequencing.

To generate complemented cell lines, p150 cDNA was cloned into the pLX304 lentivirus
vector. p150 KO and p150/MDA5 DKOs were transduced with lentivirus carrying either
empty vector or p150 cDNA, and selected with 15 ug/ml blasticidin for 14 days.
Polyclonal population were seeded at limiting dilutions and individual clones were
isolated and confirmed via western. After selection, complemented clones were

maintained in 5 ug/ml blasticidin.

Virus Infections
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To assess viral replication, CTRL A549s or KOs were seeded at a density of 1.2x10°
cells per well in triplicate in a 6-well dish. For IAV infection, cells were washed twice with
phosphate buffer saline (PBS) and 500 pul of infection media (DMEM supplemented with
0.2% bovine serum albumin (BSA) and 1ug/ml TPCK-treated trypsin (T1426, Sigma))
was added per well. Cells were infected at indicated MOI based on cell numbers
determined prior to infection and incubated for 1 hour at 37°C. After the 1 hour
incubation, the inoculum was removed and the cells were washed twice in PBS and
placed in 2 ml of fresh infection media. Supernatants were harvested at the indicated
times and titered by plaque assay in MDCK cells (Han et al., 2018). For VSV, infections
were performed as described above with DMEM supplemented with 2% FBS. VSV titers
were assessed by plaque assay in Vero cells using 1% methylcellulose. To examine
viral replication following inhibition of IFN signaling, cells were seeded at a density of
1.2x10° cells per well in a 6-well dish in DMEM supplemented with 10% FBS, 1% P/S,
and either DMSO or 0.2 uM Ruxolitinib (INCB018424 Selleckchem). IAV infection was
performed as described above using infection media containing DMSO or 0.2 uM
Ruxolitinib. Viral titers were assessed as described above. All infection experiments
were performed with biological triplicates and data is presented as the mean titer of the

triplicate samples(+SD).

For western blotting and gPCR, cells were seeded at a density of 1.2x10° cells per well
in a 6-well dish. Cell numbers were calculated the next day prior to infection. Cells were

mock treated or inoculated with H1N1 at MOI of 1 or SeV at a 1:100 dilution in DMEM
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supplemented with 0.2% BSA and 1% P/S at 37°C. Cells were harvested at the

indicated time points for RNA or protein isolation.

QPCR Analysis of Host Gene Expression

Total RNA from pooled triplicates was isolated by TRIzol (Invitrogen) extraction method.
Residual genomic DNA contamination was removed by treatment with recombinant
DNAse | (Roche). cDNA was generated using Superscript Il reverse transcriptase and
Oligo d(T) (Invitrogen). Using SYBR Green PCR Master Mix (Applied Biosystems),
gPCR was performed with technical duplicates and gene specific primers. Tubulin was
used as an endogenous housekeeping gene to calculate delta delta cycle thresholds.

Results are represented as fold expression relative to mock vector CTRL A549s.

RT and qPCR primers: hIFN-B: forward TCTGGCACAACAGGTAGTAGGC and reverse
GAGAAGCACAACAGGAGAGCAA; hTub: forward GCCTGGACCACAAGTTTGAC and

reverse TGAAATTCTGGGAGCATGAC.

Western Blot Analysis

To confirm ADAR1 isoform specific KO and MDA5 KOs, CTRL A549s and various KOs
cells were treated with 1000U/ml of universal type | IFN (PBL Assay Science) for 24
hours and lysed for western blot analysis. To confirm RIG-I KO, vector control and KO
cells were infected with SeV for 16 hours and then lysed for western blot analysis.

Whole cell lysates for western blot analysis was prepared using RIPA buffer (50 mM
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Tris pH 7.8, 150 mM NacCl, 0.1% SDS, 0.5% Sodium deoxycholate, 1% Triton X-100)
containing protease inhibitors and quantified by Bradford protein assay. Approximately
50-80 ng of total protein was loaded on to SDS gel. Antibodies used for western blot
analysis: ADAR1 (Abcam 88574; Santa Cruz sc-271854 ), MDAS5 (Alexis Biochemicals
AT113), RIG-I ((1C3 clone) (Nistal-Villan et al., 2010)), IRF3 (Santa Cruz sc-9082), V5
(Bio-Rad), cleaved PARP (Cell Signaling 5625), total PARP (Cell Signaling 9542), and

Ku (#K2882 Sigma).

RLR agonist transfection

For vRNA transfection, IAV vRNA from H1N1 was extracted using the QlAamp Viral
RNA Mini Kit per the manufacturer’'s recommendations. Cells were seeded at a density
of 1.2x10° cells per well in a 6-well dish a day prior to transfection. Cells were
transfected with VRNA using polyethylenimine reagent (PEI) in OptiMem (OMEM) and
were collected at the indicated time points for RNA or protein extraction. For low
molecular weight (LMW) and high molecular weight (HMW) poly(l:C) (pl:C)

transfections, 1ug of LMW or HMW pl:C (Invivogen) was transfected into cells

For siRNA transfection, cells were seeded at a density of 1.5x10° cells per well in a 12-
well dish. 50 nM pooled siRNA (Dharmacon) was transfected using RNAIMAX reagent
(2.4 ul per well). At 48 hours post siRNA transfection, cells were transfected with H1N1

VRNA and cell lysates were collected 24 hours post VRNA transfection for western blot.
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IFN-B reporter assay

p150 KO 293s was transfected with a plasmid mixture containing p150 (100ng), IFN--
Firefly reporter (100ng), and SV40 Renilla (50ng) using PEI (1:5 DNA:PEI ratio). A GFP
expressing plasmid was included in place of p150 as controls. To measure p150 and
NS1 mediated suppression of IFN-B-Firefly reporter activity, 293s were transfected with
a PEI and plasmid mixture containing p150 (100ng), NS1 (2ng), IFN-B-Firefly reporter
(100ng) and SV40 Renilla (50ng). A GFP expressing plasmid was included in place of
p150 or NS1 as a control. IFN-B-Firefly reporter activity was induced by infecting cells
with SeV (1:100) at 6 hours post transfection. At 48 hours post transfection, cells were
lysed in 1x Passive Lysis Buffer (Promega), and firefly and renilla luciferase activity in
the lysates were measured using Dual-Luciferase Reporter Assay System (Promega) in
GloMax 20/20 luminometer (Promega). Data from biological triplicates is presented as

percent luciferase activity relative to GFP + SeV control.

ANNEXIN V Staining

ADAR1 KOs were seeded at a density of 1.0x108 cells per well in a 6-well dish. The
following day, cells were transfected with H1N1 vRNA as described above. At 40 hours
post transfection, cells were stained with Annexin V-PE (BD Pharmingen) per the
manufacturer’'s recommendations. Annexin V staining was analyzed by flow cytometer.

Data analysis was performed using FlowJo Software

Immunofluorescence
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To analyze p150 and NS1 localization, cells were seeded at a density of 8x10° cells per
well on a glass coverslip in a 24-well dish. Cells were infected at a MOI of 5 on ice for 1
hour in OMEM, allowing virus to bind to the cells. After 1 hour incubation on ice, cells
were washed twice with PBS and 0.5 mL of OMEM was added per well. After 16 hours,
cells were fixed with 4% formaldehyde for 10 minutes, washed with PBS twice, and
permeabilized with 0.1% Triton-X for 15 minutes. Cells were then incubated with
blocking buffered for 1 hour. After blocking, cells were incubated with a mixture of NS1
(anti-rabbit clone 155) and ADAR1 or Flag (M2, Sigma) antibodies in blocking buffer for
1 hour and then washed three times with blocking buffer. A mixture of Alex-488 and
Alexa-546 secondary antibodies with DAPI was added to the cells and incubated for 1
hour. Following incubation with secondary antibodies and wash steps, slides were

mounted onto coverslips with Prolong and then visualized using a confocal microscope.

For FlAsh staining, cells were incubated with FIAsH staining solution (1-1.5uM FlAsH
(Invitrogen) and 10 uM 1,2-ethanedithiol (Sigma)) one hour prior to fixation. After
incubating cells in FIAsH solution for 30 minutes at 37°C, cells were washed with PBS
once. Cells were then incubated in wash buffer (500 uM 1,2-ethanedithiol diluted in
DMSO and 1x 2,3-dimercapto-1-propanol (Sigma)) for 7 minutes at 37°C. Incubations

with wash buffer were repeated twice and then cells were washed with PBS and fixed in

4% formaldehyde. Staining for ADAR1 and Flag was performed as described above.
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CHAPTERIII

The p150 Isoform of ADAR1 Suppresses RLR Signaling during Infection

Some of this chapter includes text adapted from an article that is under review ‘The
p150 Isoform of ADAR1 Blocks Sustained RLR signaling and Apoptosis during
Influenza Virus Infection’. Olivia Vogel performed all of the experiments in this chapter,
except for the basal ISG experiments in Figure 1.5 panels A and C as well as the IFN-
kinetics experiments in Figure 11.7 panels C-E which were performed by Dr. Jasmine

Perez. The FACS experiment in Figure 111.7 panel H was performed by Chieh-Yu Liang.

Introduction

The cell intrinsic response to viral infection activated through PRRs is essential for
restricting viral infection. For many RNA viruses, detection of viral nucleic acids in the
cytoplasm are primarily mediated by the RLR family of PRRs, which include RIG-I and
MDAS5. RIG-I has been demonstrated to detect the 5’triphosphate or 5’diphosphate with
short dsRNA structures and MDAS5 has been shown to detect long dsRNA (Pichimair et
al., 2006; Hornung et al., 2006; Schlee et al., 2009; Goubau et al., 2014; Kato et al.,
2008; Pichlmair et al., 2009; Peisley et al., 2012). Following binding of 1AV viral
(genomic) RNA, RIG-I is activated through dephosphorylation and ubiquitination
processes, which enables interaction with MAVS at the mitochondrial membrane via the
CARD domains (Kawai et al., 2005). At this junction, activated RIG-I and MAVS can
either stimulate the IRF3 transcriptional pathway or IRF3 mediated apoptosis pathway,

both of which are crucial aspects of the host responses to control viral infection. For the
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transcriptional pathway, Tank binding kinase (TBK1) and inhibitor of nuclear factor
kappa B kinase (IKKb) are recruited by the E3 ligase TNFR associated factor 3 (TRAF3)
to the RIG-I-MAVS complex to phosphorylate and activate the transcription factors IRF3
and NF-kB. Phosphorylated IRF3 and NF-kB, translocate to the nucleus to initiate
transcription of IFN-B and other proinflammatory cytokines, respectively (Xu et al., 2005;
Seth et al., 2005; Hou et al., 2011; Goubau et al., 2013; Loo et al., 2011). This
transcriptional upregulation of antiviral genes is critical for generating an antiviral
environment within the cell and surrounding cells through the induction of IFN
stimulated gene (ISG) expression (Schneider et al., 2014). The IRF3-mediated
apoptosis pathway is activated by the recruitment of LUBAC complex to the RIG-I-
MAVS complex and subsequent linear ubiquitination of IRF3. Ubiquitinylated IRF3 in
complex with the pro-apoptotic protein Bax translocate to the mitochondrial membrane
and stimulate the release of cytochrome C, triggering cell intrinsic apoptosis process
(Chattopadhyay et al., 2016; Chattopadhyay et al., 2010; Chattopadhyay et al., 2017).
Intrinsic apoptosis is immunologically silent and plays an important role in clearing

infected cells from the site of infection (Elmore 2007).

While robust activation of cell intrinsic immune responses is necessary for effective
control of viral infection, timely downregulation of these processes is also important to
prevent hyperactive inflammatory responses. In addition, recent studies demonstrate
that endogenous RNA ligands can stimulate antiviral responses through RLRs under
physiological conditions. As a result, many proteins involved in RNA sensing and RNA

metabolism have been implicated in preventing activation of RLR signaling under basal
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conditions (Crow, Chase, Schmidt, et al., 2015). The RNA editing enzyme ADAR1 has
been shown to prevent various RNA sensors, such as MDAS5, PKR, and RNaseL, from
aberrant activation through endogenous dsRNA ligands (Pestal et al., 2015; Liddicoat et
al., 2015; Mannion et al., 2014; Chung et al., 2018; Li et al., 2017). By inhibiting the
sensing of endogenous RNA ligands, ADAR1 aids in preventing erroneous activation of

antiviral signaling pathways within the cell under basal conditions.

In addition to the regulation of basal cell intrinsic immunity, ADAR1 has also been
shown to modulate viral replication. Both proviral and antiviral roles have been
attributed to ADAR1, depending upon the virus family (Samuel 2011). In regards to IAV
replication, the contribution of ADAR1 and its different isoforms are less defined, with
conflicting findings as to whether ADAR1 demonstrates a proviral or antiviral role during
IAV infection (Ward et al., 2011; de Chassey et al., 2013). IAV belongs to an unique
group of RNA viruses that replicate in the nucleus (Fields et al., 2013). Considering the
differential intracellular localization of the ADAR1 isoforms, with p110 localizing in the
nucleus and p150 predominantly localizing in the cytoplasm, we sought to determine

how these two isoforms of ADAR1 may contribute to the replication of IAV.

Here, we investigated the role of ADAR1 in the life-cycle of IAV by generating ADAR1
and isoform specific KOs in A549s using the CRISPR/Cas9 technology. We
demonstrate that the loss of ADAR1 or the p150 isoform resulted in increased
expression of ISGs under homeostatic conditions, due to activation of MDA5 by

endogenous dsRNA ligands. Although concurrent deletion of p150 and MDAS reduced
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basal IFN-B expression, IAV replication was significantly reduced in p150/MDAS double
KOs (DKOs) due to sustained IFN-f expression and increased cell intrinsic apoptosis.
Furthermore, stimulation of the RIG-I pathway through RIG-I agonists, demonstrated
that both IFN-B expression and apoptosis induction are increased in the p150/MDA5
DKO A549s compared to control A549s. Together, these studies illuminate another
aspect of p150 mediated suppression of innate immune signaling, with p150

suppressing RLR signaling during viral infection.

Results

ADAR1 is a proviral factor for IAV replication

To assess the role of ADAR1 in IAV replication, we generated CRISPR/Cas9 knockouts
of ADAR1 in A549s (ADAR1 KOs) using a single guide RNA (gRNA) targeting the open
reading frame shared by both isoforms (Figure 1ll.1A). Individual ADAR1 KO clones
were identified by Sanger sequencing of the region flanking the sgRNA target site. To
confirm the loss of ADAR1 protein expression, we performed western blot analysis for
the p110 and p150 isoforms in ADAR1 KOs, vector control A549s (CTRL), and parental
wild-type A549s (WT A549) under mock and universal interferon (IFN-I) treatment
conditions, which induces p150 expression (Figure 111.1B). ADAR1 KOs showed loss of
expression for both p110 and p150 under mock and IFN-I treated conditions, confirming
successful knockout of both isoforms. Next, to assess the importance of ADAR1 in IAV
replication, ADAR1 KOs and CTRL A549s were infected at a low MOI with different
strains of IAV (A/Puerto Rico/8/1934 H1N1, A/Vietnam/1203/04 H5N1-low pathogenic,

and A/HongKong/1/1968 H3N2) and observed decreased IAV replication in ADAR1
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KOs as compared to CTRL A549s (Figure Ill.1C; Figure Ill.2.A). Interestingly, the
replication of vesicular stomatitis virus (VSV), also an RNA virus, was similar in both
ADAR1 KOs and CTRL A549s (Figure IIl.1C). These results suggest that ADAR1 is

important for optimal IAV replication.

The p150 isoform of ADAR1 is important for optimal IAV replication

Next, to identify the isoform of ADAR1 promoting IAV replication, we generated isoform
specific KO A549s by deleting either the p110 or p150 promoter (p110 KOs or p150
KOs, respectively) using sgRNA (Figure III.3A). Individual KO clones were identified by
PCR screening for deletion and the loss of specific ADAR1 isoforms was analyzed by
western blot analysis following IFN-I treatment (Figure 111.3B). Under mock conditions,
p110 expression was abolished in p110 KOs but not in p150 KOs or CTRL A549s.
Following treatment with IFN-I, p150 KOs did not show induction of p150 expression,
confirming successful deletion of the p150 promoter. In the p110 KOs, treatment with
IFN-I led to induction of both p110 and p150 expression, albeit at lower levels as
compared to p150 KOs and CTRL A549s. This is in accordance with a prior study
suggesting that p110 can be expressed from a cryptic promoter present before exon 1C

(Figure 111.3A) (Chung et al., 2018; Nachmani et al., 2014).

Next, we assessed IAV replication in the isoform specific KOs, ADAR1 KOs, and CTRL
A549s (Figure 111.3C; Figure 111.4A). The replication of all three IAV strains was
decreased in p150 KOs to levels similar to ADAR1 KOs, demonstrating that the p150
isoform is critical for optimal IAV replication. In a multi-cycle growth kinetics assay, we

also observed reduced viral titers in the p150 KOs as compared to CTRL A549s at all
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tested time points (Figure 111.4B). In contrast, IAV replication was increased in p110 KOs
as compared to CTRL A549s, indicating a potential antiviral role for p110 during IAV
infection (Figure 111.3C; Figure 111.4A). However, VSV replication was mostly unaffected

by the loss of either the p110 or p150 isoform.

Next, to confirm that the reduction in IAV replication observed in p150 KOs was due to
loss of p150 expression, as well as to rule out any off-target effects, we complemented
the p150 KO with V5-tagged wildtype p150 (p150 KO/p150) and confirmed the
expression of exogenous p150 by western blot analysis of clonal cells (Figure 111.3D). As
anticipated, IAV replication was increased in p150 KO/p150 clones as compared to
empty vector p150 KOs for three different IAV strains, indicating that the decreased IAV
replication observed in p150 KOs was due to loss of p150 expression (Figure I11.3E;
Figure 111.4C). Together, these results demonstrate that the two isoforms of ADAR1
have opposing roles during IAV replication, with the p150 isoform of ADAR1 being
important for efficient IAV replication, and the p110 isoform playing a potential antiviral

role in 1AV replication.

p150 promotes IAV replication independent of MDAS5 suppression

Prior studies indicate that loss of ADAR1 results in increased upregulation of IFN-$ and
ISGs due to MDAS5 mediated sensing of endogenous dsRNA (Liddicoat et al., 2015;
Pestal et al., 2015). To test this, we first assessed basal IFN- expression in ADAR1
and isoform specific KOs by qRT-PCR (Figure Il11.5A). As compared to CTRL A549s,

ADAR1 KOs and p150 KOs exhibited elevated levels of basal IFN-B expression,
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confirming the role of p150 in suppressing MDAS5 activation by endogenous ligands
(Pestal et al., 2015; Liddicoat et al., 2015; Mannion et al., 2014). To determine whether
the elevated basal IFN- expression observed in p150 KOs contributed to reduced IAV
replication, we generated p150 and MDAS5 double knockout A549s as well as MDAS
single KO A549s (p150/MDAS DKOs or MDAS5 KOs). We confirmed successful
knockout of MDAS expression by western blot analysis (Figure 111.5B). As expected,
p150/MDA5 DKOs exhibited reduced basal IFN-B expression as compared to p150 KOs
(Figure 111.5C), further confirming that p150 suppresses sensing of endogenous ligands
by MDAS5. Next, to determine if the reduced basal IFN-f levels rendered p150/MDA5S
DKOs more permissive to IAV replication, we assessed IAV replication in various MDAS
KOs. Interestingly, 1AV replication was reduced in p150/MDA5 DKOs to levels similar to
p150 KOs (Figure 111.5D; Figure 111.6A). We observed a similar reduction in IAV
replication in p150/MDA5 DKOs in multicycle replication assays for both H1N1 and
H5N1 strains (Figure 111.6B). Complementation of p150/MDAS DKOs with V5-p150
restored IAV replication to levels similar to CTRL A549s, demonstrating that the
reduction in viral titer in p150/MDA5 DKOs was due to loss of p150 expression (Figure
[11.5E). Taken together, these results demonstrate that p150 promotes IAV replication

independent of MDAS5 suppression.

p150 suppresses exogenous RLR ligand induced IFN-B expression and apoptosis

Prior studies indicate that RLR-mediated sensing of viral PAMPS activates both IRF3
mediated transcriptional upregulation of antiviral genes as well as apoptosis through the

RIPA pathway as means to control viral replication (Figure IIl.7A) (Chattopadhyay et al.,
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2010; Chattopadhyay et al., 2011; Chattopadhyay et al., 2016; Chattopadhyay et al.,
2017). As we observed decreased IAV replication in p150/MDA5 DKOs, we next
investigated the role of p150 in RIG-I mediated induction of IFN- expression and
apoptosis. We first examined IFN- expression in p150/MDA5S DKOs following
transfection of low molecular weight (LMW) pl:C and high molecular weight (HMW) pl:C,
which predominantly stimulate RLRs RIG-I and MDAS, respectively (Figure 111.7B).
Transfection of LMW pl:C showed elevated IFN- expression in p150/MDA5 DKO as
compared to CTRL cells; however, transfection of HMW pl:C did not result in higher
IFN-B expression in p150/MDAS DKOs due to the lack of MDAS. These results suggest
that, in addition to suppressing MDAS sensing of endogenous ligands, p150 also
suppresses RIG-I mediated induction of IFN-B expression from exogenous stimuli. Next,
we examined the kinetics of IFN-f expression during SeV infection, a potent activator of
RLRs, in various A549 KO cells (Figure II1.7C). At 8 hpi, IFN-$ expression levels were
similar in all cell types analyzed; however, starting at 16 hpi, IFN-f3 expression remained
elevated in p150/MDA5 DKOs and p150 KOs; in contrast, MDA5 KOs and CTRL A549s
showed down regulation of IFN- expression. To rule out altered viral replication
contributing to the observed differences in IFN-B expression, we performed IAV vVRNA
transfections and observed sustained IFN-3 expression in p150/MDA5S DKOs as
compared to CTRL A549s (Figure 111.7D). For further validation, we generated human
embryonic kidney cells lacking p150 (p150 KO 293) and examined IFN- expression
following Sendai virus (SeV) (Figure III.7E; Figure 111.8A). IFN-B expression in the p150
KO 293s was elevated at each time point, further confirming the importance of p150 in

suppressing sustained RIG-I mediated induction of IFN- expression. Taken together,
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these results reveal a novel role for p150 in suppressing sustained RIG-I activation

during viral infection.

To assess the contribution of apoptosis via the RIPA pathway in p150 deficient cells, we
examined the levels of PARP cleavage, a byproduct of apoptosis, by western blot in
p150 KOs and CTRL A549s cells following stimulation with various RLR agonists
(Figure 111.8B-D). p150 KOs exhibited increased PARP cleavage in response to IAV
VRNA transfection, H1N1 infection and pl:C transfection; in contrast, little or no PARP
cleavage was observed in CTRL A549s (Figure 111.8B-D). Similarly, p150 KO 293s
exhibited increased PARP cleavage following IAV vRNA transfection (Figure Il1.8E).
These data indicate that loss of p150 results increased apoptosis upon stimulation with

RLR agonists.

Next, we examined PARP cleavage in p150/MDA5 DKOs following IAV vVRNA
transfection or H1N1 infection (Figure I1l.7F-G). p150/MDA5 DKOs also showed
increased PARP cleavage as compared to CTRL A549s in response to both vVRNA
transfection and H1N1 infection. We also examined apoptosis by staining with Annexin
V, which binds phosphatidylserine, an early marker for apoptosis (Figure 111.7H). Flow
cytometric analysis of ADAR1 KOs transfected with IAV vRNA showed increased
binding of Annexin V as compared to CTRL A549s. Taken together, these results

demonstrate that p150 is critical for suppressing RLR induced apoptosis.

Discussion
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Here, we investigated the role of ADAR1 in IAV replication and revealed opposing
functions for the two isoforms, with the cytoplasmic p150 isoform acting as a negative
regulator of RIG-I signaling and the nuclear p110 isoform acting as an IAV restriction
factor. Additionally, we show that p150 promotes IAV replication independent of its role
in the suppression of MDAS mediated sensing of endogenous dsRNA. Through
concurrent deletion of p150 and RLR pathway components, we demonstrate that p150
suppresses sustained activation of the RLR signaling cascade, resulting in decreased

levels of IFN-B expression and apoptosis.

ADAR1, a member of the ADAR family, has been implicated in several cellular functions
including editing of dsRNA from repetitive elements, miRNA biogenesis/processing and
regulation of cell intrinsic immunity (Athanasiadis et al., 2004; Kim et al., 2004; Blow et
al., 2004; Levanon et al., 2004; Ramaswami et al., 2012; Bazak et al., 2014; Yang et al.,
2006; Kawahara et al., 2008; Zipeto et al., 2016; Lamers et al., 2019). Moreover,
ADAR1 has been shown to have both proviral and antiviral roles during viral infection
(Samuel 2011). One well characterized proviral function of ADAR1 is in the hepatitis
delta virus life cycle, where ADAR1 editing of viral RNA is critical for production of the
large delta antigen (Jayan et al., 2002; Wong et al., 2002). Similarly, ADAR1 editing is
critical for polyomavirus replication as it facilitates the switch from early to late gene
expression (Gu et al., 2009; Kumar et al., 1997). As these viruses replicate in the
nucleus, ADAR1 mediated editing of viral RNA has been mostly attributed to the p110
isoform. Our studies with IAV show that p110 isoform of ADAR1 is antiviral, as

evidenced by increased viral titers in p110 KOs. It should be noted that the p110 KOs

34



showed low levels of p110 induction upon treatment with IFN likely due to a cryptic
promoter, as previously reported (Figure [11.3B) (Chung et al., 2018; Nachmani et al.,
2014). Despite low levels of p110, replication of different IAV strains was 5-10 fold
higher in p110 KOs to CTRL A549s (Figure 111.3C — Figure IIl.4A). In agreement, prior
studies suggest that p110 is relocalized from the nucleoplasm to the nucleolus during
IAV infection, perhaps to prevent antiviral activity (de Chassey et al., 2013; Emmott et
al., 2010). Future studies will determine if the RNA editing activity or other functional

domains in p110 is critical for antiviral activity.

Recently, several studies have focused on understanding the role of ADAR1 in
regulating cell intrinsic immunity (Lamers et al., 2019). Loss of ADAR1 or p150 results in
embryonic lethality in mice, due to aberrant upregulation of ISGs and increased
apoptosis in hematopoietic cells (Liddicoat et al., 2015; Pestal et al., 2015; Mannion et
al., 2014; Ward et al., 2011). Embryonic lethality from ADAR1 deficiency can be
rescued by concurrent deletion of RLR components MDAS or MAVS, as doubly deficient
mice show decreased ISG expression; however, ADAR1/MDAS DKO mice display early
lethality after birth (Pestal et al., 2015; Liddicoat et al., 2015; Mannion et al., 2014). In
agreement, our studies in p150 KOs showed elevated basal IFN- expression, which
was reduced with concurrent deletion of MDAS, demonstrating the role of p150 in
suppressing MDA5 mediated sensing of endogenous ligands under physiological
conditions (Figure 111.5A and I11.5C). Despite displaying reduced basal IFN-3 expression,
the p150/MDA5 DKOs were unable to support robust IAV replication, suggesting that

the role of p150 during IAV replication is independent of MDAS5 suppression. Thus, our
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studies reveal an additional role for p150 in the suppression of RLR signaling during

viral infection.

In addition to genetic deletion studies in mice, previous studies show increased ISG
expression upon deletion of ADAR1 or p150 in transformed cell lines (Li et al., 2017;
Chung et al., 2018; Li et al., 2012; George et al., 2016). Furthermore, treatment of these
cells with exogenous type | IFN enhanced endogenous dsRNA induced antiviral
responses, including activation of dsRNA protein kinase (PKR) and the OAS-RNase L
pathway, resulting in shutdown of global protein translation by elF2a phosphorylation
and indiscriminate RNA degradation, respectively (Chung et al., 2018; Li et al., 2017;
Pfaller et al., 2018). In this system, siRNA KD of PKR in ADAR1 KO cells or concurrent
deletion of ADAR1 with RNase L resulted in restoration of protein translation and
abrogation of RNA degradation, respectively. However, in our studies in p150 KOs and
p150/MDA5 DKOs without addition of exogenous IFN, VSV replication was mostly
unaffected, suggesting that restriction of IAV replication occurred via a mechanism
independent of PKR and RNase L (Figure I11.3C and 111.5D). These results are in
agreement with prior studies demonstrating that VSV replication is unaffected by loss of

ADAR1 alone (Ward et al., 2011).

In addition to viral restriction through IRF3-mediated transcriptional upregulation of IFN-
B and ISGs, viral spread can be restricted by cell death through cell intrinsic and
extrinsic pathways (Elmore 2007). The RIPA pathway is a cell intrinsic apoptosis

process that is triggered by activation of RLRs and subsequent linear
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polyubiqutinylation of IRF3 (Chattopadhyay et al., 2016). Polyubiquitinylated IRF3 in
complex with Bax associates on the mitochondrial membrane and initiates apoptosis by
promoting the release of Cytochrome C. Prior studies in ADAR1 deficient mice showed
increased cell death in hematopoietic cell compartments along with elevated ISG
expression (Qiu et al., 2013; Hartner et al., 2009). Moreover, measles virus infection of
ADAR1 KD cells showed increased apoptosis (Toth et al., 2009). In our studies, ADAR1
KOs, p150 KOs, and p150/MDA5 DKOs showed elevated apoptosis upon IAV infection
or stimulation with RLR agonist as compared to CTRL A549 (Figure III.7F-H; Figure
[11.8B-E). These results demonstrate that loss of p150 predisposes cells to RLR induced

apoptosis.

In conclusion, we demonstrate that p150 is a negative regulator of RLR signaling during
viral infection, expanding upon the previously established role of p150 as a negative
regulator of RLR signaling under basal conditions. While our studies confirm p150
suppresses MDAS sensing of endogenous ligands, we also highlight the potential for
p150 as a negative regulator of RIG-I signaling. Following stimulation with RLR agonists
or 1AV, p150/MDAS DKOs exhibit elevated IFN- expression and apoptosis compared
to CTRL A549s, suggesting that p150 also suppresses RIG-I mediated induction of IFN-
B expression and apoptosis. Together, these studies broaden the role of p150 as a
negative regulator of RLR signaling, demonstrating p150 suppresses both MDA5 and

RIG-I signaling pathways.
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CHAPTER IV

The p150 Isoform of ADAR1 Suppresses RIG-I Mediated Induction of IFN- and

Apoptosis

Some of this chapter includes text adapted from an article that is under review ‘The
p150 Isoform of ADAR1 Blocks Sustained RLR signaling and Apoptosis during

Influenza Virus Infection’. Olivia Vogel performed all of the experiments in this chapter.

Introduction

The detection of cytoplasmic viral RNA is mediated by the RLR family of cytoplasmic
PRRs, which includes RIG-I and MDAS (Rehwinkel et al., 2020). MDAS has been
shown to sense long dsRNA, while RIG-I senses short VRNA containing a 5’-triphoshate
or 5’-diphosphate with a duplex structure lacking 2’-O-methylation (Pichlmair et al.,
2009; Peisley et al., 2012; Pichimair et al., 2006; Hornung et al., 2006; Schlee et al.,
2009; Schmidt et al., 2009; Schuberth-Wagner et al., 2015). Upon binding to cognate
ligands, RIG-I and MDADS5 are activated through dephosphorylation and ubiquitination,
which allows their interaction with the adaptor protein MAVS at the mitochondrial
membrane (Kawai et al., 2005). This interaction then leads to the aggregation and

activation of MAVS, enabling the initiation of downstream signaling (Hou et al., 2011).

Following activation of the RIG-I-MAVS pathway, one of two cell intrinsic signaling

cascades are initiated: a transcriptional pathway or an apoptosis pathway. In the
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transcriptional pathway, RIG-I-MAVS interactions leads to the recruitment of signaling
molecules necessary for the activation of transcription factors IRF3 and NFkB (Kawai et
al., 2005; Xu et al., 2005; Seth et al., 2005). For IRF3 transcriptional responses,
phosphorylated IRF3 dimerizes and translocates to the nucleus to initiate the
expression of type | IFN and a small subset of ISGs (Schneider et al., 2014). These
secreted IFN bind to the type | IFN receptor (IFNAR) expressed on the cell surface, and
activate intracellular JAK kinases to phosphorylate IFNAR (Schneider et al., 2014).
Subsequently, STAT proteins are recruited to the IFN receptor, phosphorylated by JAKs
and released from the IFN receptor for downstream signaling (Schneider et al., 2014).
Phosphorylated STAT1 and STAT2 heterodimerize and interact with IRF9 to form the
ISG factor 3 (ISGF3) complex, which translocates to the nucleus and stimulates the
transcription of genes containing IFN-stimulated regulatory elements (ISREs)

(Schneider et al., 2014).

In the apoptosis pathway, RIG-I activation and interaction with MAVS can result in an
alternative mode of activation for IRF3 which pivots the cells towards apoptosis, rather
than the IRF3 transcriptional pathway (Chattopadhyay et al., 2010; Chattopadhyay et
al., 2016). In this RIPA pathway, IRF3 is activated through linear ubiquitination of
specific lysine residues on IRF3 by the LUBAC, which is composed of the enzymes
SHARPIN, HOIP, and HOIL-1L (Kirisako et al., 2006; Tokunaga et al., 2009; Ikeda et
al., 2011; Gerlach et al., 2011; Tokunaga et al., 2011; Chattopadhyay et al., 2016). In
addition to LUBAC, IRF3 activation has been shown to require the E3 ligases TRAF2

and TRAF6 (Chattopadhyay et al., 2016). The exact function of these E3 ligases in the
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RIPA signaling pathway is unknown; however, lack of TRAF2 or TRAF6 expression
results in reduced interaction between LUBAC and IRF3, indicating a role for these
proteins in the RIPA pathway (Chattopadhyay et al., 2016). Following linear
ubiquitination, IRF3 interacts with the pro-apoptotic protein Bax through the BH3
domains (Chattopadhyay et al., 2010). This IRF3:Bax complex translocate to
mitochondria and triggering the release of cytochrome C, thereby initiating the induction

of cell intrinsic apoptosis (Chattopadhyay et al., 2010).

Although viral nucleic acids are potent stimulators of RLRs, recent studies suggest that
endogenous RNA encoded from the host genome can bind and stimulate RLRs. As
such, RLRs are tightly regulated and are prevented from aberrant activation through
negative regulation under homeostatic conditions. The RNA editing enzyme ADAR1 has
been implicated as a negative regulator of RLR signaling and has been show to
suppress MDAS sensing of endogenous dsRNA transcribed from the Alu elements in
the genome (Mannion et al., 2014; Pestal et al., 2015; Liddicoat et al., 2015). ADAR1 is
expressed as two isoforms: p110 and p150. Both isoforms are composed of three
central dsRNA binding domains and a C-terminal deaminase domain, which is
responsible for ADAR1 RNA editing activity (Lamers et al., 2019). The full length p150
isoform also contains two Z DNA binding domains at the N-terminus, while the N-
terminally truncated p110 isoform contains a single Z DNA binding domain (George et

al., 1999; Poulsen et al., 2001).
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The RNA editing activity of ADAR1 is postulated to contribute to the role of ADAR1 as a
negative regulator of RLR signaling by editing and destabilizing dsRNA structures on
endogenous RNA ligands (Liddicoat et al., 2016; Vitali et al., 2010). This was confirmed
through murine genetics studies using ADAR1 editing deficient knock-in mice carrying
the ADAR1 editing deficient allele ADAR1587A which is homologous to the editing
deficient human ADAR1E%12A gllele (Liddicoat et al., 2015; Lai et al., 1995). The elevated
ISG expression and embryonic lethality associated with ADAR1 and p150 KO mice was
also observed in the ADAR1 editing deficient mice and was only rescued by concurrent
deletion of MDAS, demonstrating that ADAR1 editing of endogenous RNA is necessary

to prevent activation of MDAS5 under physiological conditions (Liddicoat et al., 2015).

While murine genetics studies have described a role for ADAR1 and the p150 isoform of
ADAR1 in suppressing MDAS signaling, these studies could not fully examine the
relationship between ADAR1 and RIG-I in mice due to the embryonic lethality
associated with the ablation of ADAR1 or RIG-I expression (Pestal et al., 2015; Kato et
al., 2005). However, several studies have begun addressing the impact of ADAR1
expression on RIG-I mediated signaling through the use of primary and transformed cell
lines. Using primary macrophages, it was demonstrated that knockdown of ADAR1
expression led to an increase in MDAS, RIG-I, and STAT1 phosphorylation, suggesting
a role for ADAR1 in suppressing RLR mediated IFN signaling (Pujantell et al., 2017).
Similarly, increased IFN-a and IFN- expression was observed in ADAR1 knockdown
hepatocytes following hypoxia and reoxygenation and this was reduced following

concurrent knockdown of RIG-I and ADAR1 (Wang, Wang, et al., 2016). Knockdown of
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RIG-1 and ADAR1 in these cells also increased cell viability following hypoxia and
reoxygenation when compared to ADAR1 knockdown hepatocytes (Wang, Wang, et al.,
2016). Finally, experiments in human embryonic kidney cells (HEK293) demonstrated
that increased expression of ADAR1 resulted in a reduction in the amount of RIG-I
pulled down by poly(l:C) (pl:C), suggesting that ADAR1 may also have a role in
preventing the sensing of viral and cellular RNA by RIG-I (Yang et al., 2014). Together,
these results demonstrate the potential for ADAR1 as a negative regulator of the RIG-I
signaling pathway; however, these studies provide limited ADAR1 isoform specific data

regarding the ADAR1 mediated down regulation of the RIG-I pathway.

In the previous chapter, we demonstrate that p150 isoform of ADAR1 suppresses RLR
mediated signaling during infection, resulting in reduced IFN-B expression and
apoptosis. Here, we demonstrate that p150 suppresses IFN-f3 expression and apoptosis
through the RIG-I-MAVS-IRF3 pathway. Both elevated IFN receptor signaling via the
JAK-STAT pathway and increased apoptosis contributed to restriction of IAV replication
in various cells deficient in p150. The restoration of IAV replication in p150/MDA5/RIG-I
and p150/MDA5/MAVS triple KOs (TKOs) demonstrate that p150 prevents sustained
RIG-I activation induced IFN-3 expression and apoptosis. Importantly, we demonstrate
that the RNA binding activity, not the editing activity, of p150 is critical for the
suppression of RIG-I signaling during IAV infection. Together, these results demonstrate
that p150-mediated suppression of RIG-I signaling creates a more hospitable

environment for efficient 1AV replication.
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Results

p150 suppresses induction of IFN-B and apoptosis via the RIG-I-MAVS-IRF3 pathway

In the previous chapter, we demonstrated that p150 suppresses RLR signaling during
infection. To investigate if the RIG-I signaling cascade through IRF3 results in increased
apoptosis in p150/MDA5 DKOs, we performed siRNA knockdown of RIG-I or IRF3 and
assessed PARP cleavage after IAV vRNA transfection (Figure IV.1A). Knockdown of
RIG-I or IRF3 in p150/MDA5 DKOs led to reduced PARP cleavage as compared to
control siRNA transfected p150/MDAS DKOs, demonstrating that the RIG-I signaling
cascade through IRF3 leads to increased apoptosis in p150 deficient cells. To further
validate our findings, we generated p150/MDAS5/RIG-I and p150/MDA5S/MAVS triple
knockout (TKO) A549s and assessed IFN- expression and apoptosis. Following SeV
infection, both the p150/MDA5/RIG-I and p150/MDA5/MAVS TKOs showed reduced
IFN-B expression as compared to p150/MDAS DKOs (Figure IV.1B). Similarly, both
TKOs showed reduced PARP cleavage during IAV infection as compared to
p150/MDA5 DKOs (Figure IV.1C). These data demonstrate that p150 is critical for
suppressing RIG-1 induced IFN- expression and apoptosis. As expected, IAV
replication in both p150/MDA5/RIG-I and p150/MDA5/MAVS TKOs increased to levels
similar CTRL A549s, while replication remained lower in p150/MDA5S DKOs (Figure
IV.1D). Taken together, these results demonstrate that the p150 isoform of ADAR1
promotes IAV replication through suppression of the RIG-I signaling cascade via MAVS-

IRF3.
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Inhibition of apoptosis and JAK-STAT signaling restores IAV replication in p150

deficient cells

To determine the relative contribution of elevated IFN-3 expression versus increased
apoptosis to IAV restriction in p150 deficient cells, we generated p150/Bax DKO A549s
using the CRISPR/Cas9 technology. Bax is a pro-apoptotic protein in the Bcl-2 protein
family and has also been implicated in the RIPA pathway (Figure 111.7A) (Chattopadhyay
et al., 2016; Chattopadhyay et al., 2017). We first assessed apoptosis in p150/Bax
DKOs by PARP cleavage following IAV vRNA transfection and observed reduced PARP
cleavage as compared to p150 KOs (Figure IV.2A). As anticipated, while PARP
cleavage was reduced, IFN-f3 expression remained elevated in p150/Bax DKOs as
compared to CTRL A549s (Figure 1V.2B). IAV replication was increased in the p150/Bax
DKOs as compared to p150 KOs yet remained lower than CTRL A549s (Figure 1V.2C).
These results indicate that inhibition of apoptosis via Bax deletion partially restores IAV
replication in p150 deficient cells. Next, to assess the contribution of elevated IFN-3
signaling through the IFN receptor to reduced IAV replication in p150 deficient cells, we
treated various A549 KO cells with Ruxolitinib, an inhibitor of Janus kinases 1 and 2
(JAK 1/2), to block IFN receptor signaling. Treatment of p150 KOs with Ruxolitinib
showed a modest increase in IAV viral titers, while Ruxolitinib treatment had no
significant impact on viral replication in CTRL A549s (Figure IV.2D). In contrast,
treatment of p150/Bax DKOs with Ruxolitinib led to a greater increase in viral titers as
compared to DMSO treated p150/Bax DKOs (Figure IV.2D). Taken together, these
results demonstrate that both increased apoptosis and elevated IFN receptor signaling

contribute to the inhibition of IAV replication in the absence of p150.
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RNA binding activity of p150 is required for suppression of the RIG-I pathway

To identify the functional domains in p150 important for suppression of RIG-I signaling,
we generated V5-tagged p150 mutant constructs including (1) Z alpha mutant (p150 Za)
with K169A/Y177A mutations in Z DNA/RNA binding domain, (2) RNA binding mutant
(p150 RBM) with KKxxK->EAXxxA mutations in all three RNA binding domains, and (3) a
catalytic mutant that lacks the deaminase domain (p150 Cat) (Figure IV.3A) (Valente et
al., 2007) (Ng et al., 2013). We first assessed the ability of these mutants to suppress
RIG-I signaling in IFN-B reporter assay in p150 KO 293s. Different p150 mutant
constructs were co-transfected with the IFN-B-firefly reporter and the RIG-I pathway was
stimulated with SeV. As compared to GFP control, wildtype (WT) p150, p150 Za, and
p150 Cat transfected cells showed decreased IFN-B reporter activity (Figure IV.3B); in
contrast, p150 RBM transfected cells showed increased IFN- reporter activity. Next,
we complemented the p150/MDAS DKO A549s with different p150 mutant constructs
(DKO/WT, DKO/ Za., DKO/RBM, and DKO/Cat) and generated clonal populations
(Figure 1V.3C). Following IAV vRNA transfection in complemented DKOs, IFN-3
expression was elevated in DKO/RBMs at levels similar to p150/MDA5 DKOs,
demonstrating that the RNA binding activity of p150 is required for suppression of IFN-3
expression (Figure IV.3D). Similarly, DKO/RBMs showed increased PARP cleavage
following IAV VRNA transfection, suggesting that the RNA binding activity of p150 is
also required for suppression of apoptosis (Figure IV.3E). Finally, we assessed IAV
replication in complemented DKOs and observed increased viral titers in DKO/WTs and

DKO/Cats yet not in DKO/RBMs (Figure IV.3F). Interestingly, DKO/Zas showed
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decreased replication despite showing decreased IFN- expression and apoptosis upon
VRNA transfection. Taken together, these results demonstrate that the RNA binding
activity and not the catalytic activity of p150 is required for the suppression of RIG-|

mediated induction of IFN-3 expression and apoptosis.

Discussion

Here, we investigated whether p150 suppresses IFN- expression and apoptosis via the
RIG-I-MAVS signaling pathways. In p150 deficient cells, we observed increased IAV
replication only upon inhibition of both apoptosis and IFN receptor signaling. p150
mediated suppression of RLR signaling was dependent on RNA binding functions but
independent of RNA editing activity. Taken together, our studies illustrate a broad role
for p150 in preventing the hyperactivation of innate immune responses, with p150
suppressing both the MDAS pathway under basal conditions and the RIG-I pathway

during viral infection.

As previously mentioned, murine genetic studies have been unable to fully examine the
relationship between ADAR1 and RIG-I in mice due to the unrelated embryonic lethality
associated with RIG-I ablation (Pestal et al., 2015). A study in human embryonic kidney
cells (HEK293) showed that over expression of p110 or p150 resulted in decreased
association of pl:C with RIG-I, suggesting that ADAR1 may prevent the sensing of
dsRNA by RIG-I (Yang et al., 2014). Our studies in p150/MDA5/RIG-| or
p150/MDA5/MAVS TKOs showed restoration of IAV replication and reduced IFN-f3

expression to levels similar to CTRL A549s, demonstrating that the p150 isoform is
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critical for suppressing RIG-I signaling during IAV infection (Figure IV.1D). We observed
sustained IFN-3 expression in p150/MDA5 DKOs, whereas IFN- expression declined
after initial induction in CTRL A549s (Figure 111.7C-D). Furthermore, the differences in
IAV replication between p150/MDAS DKOs and CTRL A549s, were more pronounced at
later times during infection (Figure 111.6B). Together, these results indicate that p150

acts as a negative regulator for ramping down RIG-I signaling during viral infection.

In the previous chapter, we demonstrated that loss of p150 expression predisposes
cells to RIPA mediated apoptosis. As further validation, concurrent deletion of Bax with
p150 as well as p150/MDA5/RIG-I and p150/MDA5/MAVS TKOs showed decreased
apoptosis upon VRNA transfection or IAV infection, demonstrating that p150 suppresses
apoptosis via the RIPA pathway (Figure IV.2A; Figure IV.1C). A recent study shows that
concurrent deletion of Bax with ADAR1 is not sufficient to rescue mice from embryonic
lethality (Walkley et al., 2019). In our studies with p150/Bax DKOs, we observed
reduced apoptosis yet high IFN-B expression upon RLR stimulation (Figure IV.2A-B). As
such, treatment of p150/Bax DKOs with Ruxolitinib, a JAK inhibitor, resulted in
significantly higher viral replication, demonstrating that restriction of IAV replication in
p150 deficient cells occurred due to both elevated IFN receptor signaling and increased

apoptosis via the RIPA pathway.

Both editing dependent and independent ADAR1 functions have been implicated in the

suppression of innate immunity. Previous studies show that the RNA binding functions

and editing functions of p110 and p150 were necessary for suppressing endogenous
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dsRNA or pl:C induced RLR signaling (Liddicoat et al., 2015; Yang et al., 2014).
Similarly, in the context of measles virus infection, ADAR1 KO cells complemented with
a catalytic mutant of p150 showed a modest increase in viral replication as compared to
control ADAR1 KO, whereas wildtype p150 completely restored viral replication (Pfaller
et al., 2018). Moreover, murine genetic studies also highlight the importance of ADAR1
mediated editing of endogenous dsRNA in the suppression of MDAS activation
(Liddicoat et al., 2015). However, in another study, overexpression of p110 or p150
catalytic mutants was sufficient to suppress RIG-I activation upon SeV infection (Yang
et al., 2014). Our studies with p150/MDAS DKOs complemented with different p150
mutants demonstrated that the RNA binding ability of p150 but not the catalytic activity
was critical for suppression of RIG-I signaling. We hypothesize that p150 may function
upstream of RIG-| activation, possibly by binding and sequestering cellular or viral RNA

to prevent sustained RIG-I sensing and activation.

Our data shows that the role of p150 in promoting viral replication is specific to IAV, as
VSV replication was unaffected in p150 deficient cells (Fig 111.5D). The NS1 of IAV has
been show to interact with ADAR1 in yeast-2-hybrid screening and immunoprecipitation
assays, as well as to increase the editing activity of ADAR1 in reporter assays (de
Chassey et al., 2013; Ngamurulert et al., 2009). However, the significance of these
interactions has yet to be determined. Importantly, NS1 has been shown to antagonize
several host antiviral pathways, including activation of the RIG-I pathway via its
interactions with the E3 ligases TRIM25 and RIPLET (Gack et al., 2009; Mibayashi et

al., 2007; Rajsbaum et al., 2012). Despite the presence of this viral antagonist, we

48



observed decreased IAV replication in p150 deficient cells due to increased RIG-I
signaling, suggesting that NS1 is likely incapable of suppressing the amplification of
RIG-I signaling in cells lacking p150 (Fig IV.1B). Future studies will determine the

importance of NS1:ADAR1 interactions in suppression of the RIG-I pathway.

In conclusion, our studies demonstrate the importance of p150 as a negative regulator
of RLR signaling. p150 prevents endogenous dsRNA mediated activation of the innate
immune sensor MDAS under basal conditions (Liddicoat et al., 2015; Pestal et al., 2015;
Chung et al., 2018). Our studies demonstrate that p150 also functions to dampen host
antiviral signaling via suppression of RIG-I during IAV infection. This dampening of RIG-
| mediated signaling by p150 enables efficient IAV replication. Future studies are
required to determine the exact mechanism of p150 mediated suppression of the RIG-I

pathway and the significance of NS1-p150 interactions in this process.
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CHAPTER V

The p150 Isoform of ADAR1 and Influenza A Virus Nonstructural Protein 1

Suppress Antiviral Signaling

Introduction

To effectively establish infection and replicate within a host, IAV must evade host innate
immune responses mediated by pattern recognition receptors (PRRs). Given the ssRNA
nature of the IAV genome, 1AV viral RNA (VRNA) is primarily detected by the
cytoplasmic PRR retinoic acid-inducible gene-l (RIG-I) (Pichlmair et al., 2006). RIG-I is
a member of the RIG-I like receptor (RLR) family, which also includes the melanoma
differentiation-associated protein 5 (MDAS). Both RIG-I and MDAS detect cytoplasmic
VRNA, with RIG-I sensing the 5’triphosphate or 5’diphosphate on vVRNA and MDAS
sensing long dsRNA (Pichimair et al., 2006; Hornung et al., 2006; Schlee et al., 2009;
Goubau et al., 2014; Kato et al., 2008; Pichlmair et al., 2009). These RLRs are a crucial
aspect of the host response to viral infection, enabling the production of type |
interferons (IFN) and inflammatory cytokines through activation of downstream signaling
cascades that culminate in the activation of transcription factors IRF3 and NFxB

(Schneider et al., 2014).

To overcome host innate immune responses, IAV encodes the nonstructural protein 1

(NS1) that antagonizes several host antiviral pathways. NS1 is composed of two

domains: an N-terminal RNA binding domain (RBM) and a C-terminal effector domain
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(Fields et al., 2013). Although NS1 is non-essential for viral genome replication, NS1
has been shown to promote efficient viral replication through its interactions with several
host proteins/pathways (Fields et al., 2013). The best characterized role of NS1 in
regulating innate immune signaling revolves around the ability of NS1 to inhibit RIG-I
mediated signaling, thereby preventing transcription of type | IFNs and interferon
stimulated genes (ISG). It has been demonstrated that NS1 interacts directly with RIG-I
via the RIG-I caspase activation and recruitment domains (CARDSs) to inhibit RIG-I
mediated signaling (Pichlmair et al., 2006; Mibayashi et al., 2007; Jureka et al., 2020).
Additionally, NS1 has been shown to interact with the E3 ligases TRIM25 and Riplet,
which are necessary for the ubiquitination and activation of RIG-I (Gack et al., 2007;
Oshiumi et al., 2009; Gack et al., 2008; Gack et al., 2009; Rajsbaum et al., 2012). By
interacting with TRIM25 and Riplet, NS1 inhibits the E3 ligase activity of these proteins,
thereby preventing the activation of RIG-I and the induction of type | IFN. Indeed,
recombinant IAV strains that lack NS1 expression are more susceptible to host IFN
signaling (Garcia-Sastre et al., 1998). Through interactions with cleavage and
polyadenylation specificity factor 30 (CPSF30), NS1 also interferes and blocks host
antiviral gene expression at a post-transcriptional step (Nemeroff et al., 1998; Noah et

al., 2003; Twu et al., 2006).

In addition to restriction of viruses through upregulation of IFN and ISG, viral replication
and spread can be blocked by apoptosis of infected cells. Several viruses encode
factors to directly promote or block apoptosis for efficient viral replication. The NS1 of

IAV has been shown to downregulate apoptosis by upregulating phosphoinositide-3-
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kinase (PI3K) and Akt signaling, which provides a pro-survival signal to the cells
(Ehrhardt et al., 2007; Zhirnov et al., 2002). NS1 upregulates PI3K signaling by binding
to the PI3K regulatory subunit p85 thus releasing PI3K from an inhibitory conformation
and enabling interaction with the PI3K effector protein Akt for downstream signaling
(Hale et al., 2006; Hale et al., 2008; Hale et al., 2010; Shin et al., 2007; Zhirnov et al.,
2007). While several studies have established a relationship between NS1 and the
suppression of apoptosis, NS1 expression has also been shown to stimulate the
induction of apoptosis late in IAV infection, supposedly for efficient release of viral
ribonucleoprotein complexes from the nucleus (Zhirnov et al., 2007; Schultz-Cherry et

al., 2001).

Previous studies examining the interactome of NS1 via yeast two-hybrid screens
identified adenosine deaminase acting on RNA (ADAR1) as an additional host interactor
of NS1 (de Chassey et al., 2013; Ngamurulert et al., 2009). ADAR1 is a cellular RNA
editing enzyme that catalyzes the deamination of adenosine to inosine and is expressed
as two isoforms: p110 and p150. The p110 isoform is constitutively expressed within the
nucleus, while p150 has an IFN inducible promoter and is expressed in both the
cytoplasm and the nucleus. The ADAR1 and NS1 interaction was found to be partially
mediated by the RNA binding domains of ADAR1 and NS1 in immunoprecipitation
experiments using RNA binding mutants of both ADAR1 and NS1 (de Chassey et al.,
2013). Furthermore, immunofluorescence experiments demonstrated that ADAR1
relocalized during IAV infection and colocalized with NS1 in the nucleolus (de Chassey

et al., 2013). While these studies highlight the potential for a relationship between
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ADAR1 and NS1 during IAV infection, they did not examine the ADAR1 isoform specific

contributions involved in the relationship between ADAR1 and NS1.

Our previous studies using p150 KO human lung adenocarcinoma (A549) cells
demonstrated that during IAV infection both RIG-I mediated induction of IFN- and
apoptosis were elevated despite the expression of NS1. This suggests that in the
absence of p150 expression NS1 is unable to sufficiently suppress RIG-I mediated
signaling. Therefore, we sought to determine whether p150 and NS1 may cooperate to
suppress RIG-I mediated signaling during 1AV infection. Utilizing a reporter virus that
encodes a tetracysteine-tagged NS1 as well as p110 and p150 overexpressing A549s,
we were able visualize isoform specific localization of ADAR1 and NS1 during IAV
infection through fluorescent microscopy. Following infection, we demonstrated that
p110 and NS1 relocalized to the nucleolus, while p150 and NS1 colocalized in punctate
structures in the cytoplasm. Furthermore, overexpression of p150 and NS1 showed
increased suppression of IFN-f luciferase reporter activity. Together, these results
suggest that p150 and NS1 could potentially cooperate in order to suppress RIG-I

mediated signaling during 1AV infection.

Results

ADAR1 Relocalizes during IAV Infection

To examine the relationship between ADAR1 and NS1 during IAV infection, we first
assessed the localization of ADAR1 and NS1 using fluorescent microscopy. Under

mock conditions, ADAR1 is expressed throughout the nucleus in wild-type (WT) A549s
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(Fig V.1A). Following A/Puerto Rico/8/1934 (PR8) infection, we observed relocalization
of ADAR1 into the nucleolus and to punctate structures in the cytoplasm were ADAR1
colocalized with NS1 (Fig V.1A). To further examine the requirements for ADAR1 and
NS1 colocalization, we infected WT A549s with mutant strains of PR8 that express a
NS1 RNA binding mutant (PR8 RBM) or that lack NS1 expression (PR8 ANS1).
Following infection with PR8 RBM or PR8 ANS1, ADAR1 (p110) did not relocalize to the
nucleolus and instead remained dispersed throughout the nucleus (Fig V.1B). This
suggests that NS1 is required for ADAR1 relocalization to the nucleolus and that this

relocalization is dependent upon the RNA binding ability of NS1.

Differential Localization of ADAR1 Isoforms during IAV Infection

To further examine ADAR1 and NS1 localization we used a recombinant PR8
expressing a tetracysteine-tagged NS1 (PR8-Tc) (Fig V.1C). To generate the PR8-Tc
reporter virus, the splice acceptor site on the IAV NS segment, which encodes NS1 and
the nuclear export protein (NEP), was mutated to enable incorporation of the
tetracysteine-tag on the C-terminus of NS1 (Manicassamy et al., 2010). To ensure
expression of the NEP, the splice acceptor site was duplicated to allow for NEP
expression along with the NS1 Tc tag. The NS1-Tc tag localization can then be
visualized through fluorescent microscopy by staining with fluorescein arsenical hairpin
binder—ethanedithiol (FIAsH-EDT2), which fluoresces upon binding to the tetracysteine
motif. Utilization of PR8-Tc enabled improved visualization of NS1, particularly in the

nucleolus, which we were unable to visualize through regular antibody staining of NS1.
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To specifically examine relocalization of the different ADAR1 isoforms, we infected
A549s overexpressing Flag-tagged p150 and Flag-tagged p110 with PR8-Tc (Fig V.1D).
As with wildtype PR8, ADAR1 relocalized to the nucleolus following infection with PR8-
Tc. In the Flag-p110 overexpressing A549s, p110 relocalized to the nucleolus where it
colocalized with NS1. In contrast, Flag-p150 relocalized to cytoplasmic puncta
colocalized with NS1. These results demonstrate that the ADAR1 isoforms colocalize
with NS1 in distinct regions of the cell during IAV infection, with p110 in the nucleolus

and p150 in punctate structures within the cytoplasm.

Co-expression of p150 and NS1 show increased suppression of IFN-B Expression

Next, we assessed the impact of NS1 and p150 co-expression in an IFN-B-firefly
reporter assay following stimulation with SeV. As expected, IFN-B-firefly reporter activity
was reduced following expression of NS1 alone (Fig V.2A). Interestingly, co-expression
of NS1 with p150 led to a greater reduction in IFN-B-firefly reporter activity than that
observed with either NS1 or p150 alone (Fig V.2A). We also sought to determine the
functional domains of p150 required to suppress IFN-B-firefly reporter activity in the
presence of NS1. Reflecting the results of our previous IFN-B-firefly reporter assay, the
p150 RBM was unable to suppress IFN-B-firefly reporter activity when co-expressed
with NS1, with suppression levels resembling that of NS1 alone (Fig V.2B). Together,
these results suggest that p150 and NS1 may work together to suppress the activation

of RIG-I pathway during IAV infection.

Discussion
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NS1 of IAV is critical for the evasion host innate immune signaling by targeting several
cellular processes to generate an optimal host environment for viral replication. As a
result, lack of NS1 expression during IAV infection severely attenuates IAV replication in
immune competent cells (Garcia-Sastre et al., 1998). Amongst the several host
processes targeted by NS1, NS1 inhibition of RIG-I mediated signaling is critical for the
suppression type | IFN production (Pichimair et al., 2006; Mibayashi et al., 2007; Jureka
et al., 2020; Oshiumi et al., 2009; Gack et al., 2009; Rajsbaum et al., 2012). Likewise,
NS1 has been shown to downregulate apoptosis induction, enabling efficient IAV
replication (Ehrhardt et al., 2007; Zhirnov et al., 2002). Despite the well characterized
role of NS1 in suppressing IFN-B expression and apoptosis, our studies demonstrate
that these processes remain elevated during IAV infection in the absence of p150
expression. This suggests that without the expression of p150, NS1 is unable to

completely suppress the induction of IFN- expression and apoptosis.

Here, we assess the relationship between ADAR1 and NS1 by first examining ADAR1
and NS1 localization during IAV infection. We demonstrate that during 1AV infection
ADART1 relocalizes to the nucleolus and colocalizes with NS1, confirming previous
studies (de Chassey et al., 2013). These results suggest that NS1 restricts the antiviral
functions of ADAR1 in the nucleus. We also demonstrate that ADAR1 relocalizes to
punctate structures within the cytoplasm where it colocalizes with NS1. Through the
utilization of p110 and 150 overexpressing A549s, we were able to confirm that the
p150 isoform of ADAR1 relocalized to cytoplasmic puncta and colocalized with NS1

while p110 and NS1 relocalized to the nucleolus. This illuminates the differential
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localization of the ADAR1 isoforms during IAV infection, with NS1 colocalizing with each
isoform despite the different locations within the cell. These results mirror our previous
studies using p110 KO and p150 KO A549s, in which we observed an increase in IAV
replication in the p110 KO A549s and a reduction in IAV replication in the p150 KO
A549s. This is of particular interest considering that 1AV replicates within the nucleus
where p110 localizes; while RIG-I mediated signaling occurs within the cytoplasm where
p150 localizes during infection. Together, these results highlight the potential for
opposing roles of the ADAR1 isoforms during IAV infection, with p150 acting as a
proviral factor and p110 acting as an antiviral factor. However, further studies are
necessary to characterize the nature of the interaction between NS1 and the different

ADAR1 isoforms.

To further examine the relationship between p150, NS1, and IFN signaling, we
examined the impact of p150 and NS1 expression on IFN-B luciferase reporter activity.
IFN-B luciferase reporter experiments demonstrate that p150 and NS1 together
suppress IFN-B luciferase reporter activity to a greater extent than when expressed
alone. In addition, we demonstrate that this enhanced suppression of IFN-B luciferase
reporter activity is mediated by p150 RNA binding activity. Together, these results
suggest that p150 and NS1 may work together to suppress IFN- expression during
infection in a manner that is dependent upon RNA binding. We hypothesize that NS1
may recruit p150 to cytoplasmic puncta where they then work together to sequester IAV
VRNA, preventing RIG-I activation. Alternatively, NS1 and p150 may both work

independently to suppress RIG-I mediated signaling, with both NS1 and p150 mediated
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suppression of RIG-I being necessary for optimal IAV replication. However, further
studies are required to conclusively determine the nature of NS1 and p150 suppression.
Considering that NS1 is unable to efficiently suppress IFN-B expression and apoptosis
in the absence of p150 expression, these studies highlight the potential for a
cooperative interaction between p150 and NS1 to ensure an optimal cellular

environment for IAV replication.
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CHAPTER VI
Discussion
Some of this chapter includes text adapted from an article that is under review ‘The
p150 Isoform of ADAR1 Blocks Sustained RLR signaling and Apoptosis during

Influenza Virus Infection’

Viral pandemics pose a significant public health and economic burden, as evidenced by
past Influenza virus pandemics and the current SARS-CoV-2 pandemic. While the
development of vaccines is crucial for the containment of viral outbreaks and the
prevention of further viral spread, it is also necessary to develop antiviral therapeutics to
improve disease outcomes following viral infection. To do so, it is necessary to
understand how the host responds to viral infection and the strategies utilized by

different viruses to evade these host responses.

The innate immune response is a crucial first line of defense against viral infection,
helping to generate an antiviral environment within the cell as well as alerting and
recruiting immune cells to the sight of infection. For RNA viruses, detection of
cytoplasmic nucleic acids is primarily mediated by the RLR family of PRRs, including
RIG-1 and MDAS. By detecting specific viral RNA motifs, activated RIG-1 and MDA5
stimulate downstream signaling cascades that ultimately lead to the production of type |
IFNs and inflammatory cytokines. These cytokines can then be secreted from the cell to
signal in an autocrine or paracrine manner, stimulating the induction of ISGs via the

JAK-STAT pathway (Schneider et al., 2014). In addition to the IFN signaling arm of the
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cell intrinsic response, apoptotic cell death is an important component involved in the
host response to viral infection. Immunologically silent, apoptosis serves as a method of
removing infected cells for viral clearance and can be induced following activation of
RIG-I via RIPA (Elmore 2007; Chattopadhyay et al., 2010; Chattopadhyay et al., 2011;
Chattopadhyay et al., 2016). Together, these pathways are crucial for restricting viral

replication.

The p150 Isoform of ADAR1 Negatively Regulates RLR Signaling

Cell intrinsic signaling cascades are tightly regulated through a combination of
posttranslational modifications and structural changes, enabling timely and rapid
responses to viral infection. Similarly, the ramping down of these signaling cascades is
crucial for the prevention of overactive inflammatory responses. While finely tuned for
the detection of viral RNA, RLRs can also sense endogenous RNA ligands that, when
unregulated, can lead to the initiation of inflammatory antiviral responses under basal
conditions (Mannion et al., 2014; Pestal et al., 2015; Liddicoat et al., 2015). As a result,
mutations in proteins involved in RNA metabolism or RNA sensing are often associated
with the development of autoimmune disorders, such as AGS, which is characterized by
elevated IFN activity reminiscent of viral infection (Crow, Chase, Lowenstein Schmidt, et
al., 2015; Rice et al., 2013). In studies examining host proteins involved in the
development of AGS, mutations within ADAR1 were shown to be one of the causes of
AGS, demonstrating a role for ADAR1 in the downregulation of cell intrinsic immunity
(Crow, Chase, Lowenstein Schmidt, et al., 2015; Rice et al., 2012). Similarly, loss of

ADAR1 expression in hematopoietic cells leads to an upregulation of ISG expression
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and apoptosis (Hartner et al., 2009). The role of ADAR1 as key regulator of cell intrinsic
immunity was further highlighted through murine genetics studies that demonstrated
that the embryonic lethality and elevated ISG expression in ADAR1 KO and p150 KO
mice could be rescued by concurrent deletion of MDAS or MAVS (Mannion et al., 2014;
Pestal et al., 2015; Liddicoat et al., 2015). Studies using transformed cell lines, have
described additional roles for ADAR1 in suppressing activation of PKR and OAS-
RNaselL pathways by endogenous RNA ligands (Chung et al., 2018; Li et al., 2017).
Together, these studies underscore the importance of ADAR1 as a negative regulator of

cell intrinsic immunity during uninfected conditions.

While several studies have established that ADAR1 downregulates basal innate
immune signaling, examining ADAR1 during viral infection has also served to broaden
our knowledge about the role of ADAR1 as a negative regulator of cell intrinsic
immunity. By examining the role of the ADAR1 in IAV infection, we were able to gain
important insights into one of the many mechanisms utilized by IAV to subvert host
innate immune defenses while also unveiling an additional aspect of ADAR1 mediated
suppression of RLR signaling. Through concurrent deletion of p150 and RLR signaling
molecules, we were able to demonstrate that p150 suppresses sustained RIG-I
mediated signaling which ultimately results in decreased IFN signaling and apoptosis.
Upon examination of IFN- expression kinetics following SeV infection or HIN1 vRNA
transfection, we observed a similar induction of IFN-3 expression between the
p150/MDAS5 DKO, MDA5 KOs, and CTRLs. However, at later time points the

p150/MDA5 DKOs exhibited elevated IFN-f3 expression while the MDA5 KOs and
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CTRLs showed a down regulation of IFN-B expression. These results suggest that p150
is important for down regulating IFN- expression at later time points during infection as
cells lacking p150 were unable to rapidly turn-off IFN-B expression. Considering the
IFN-inducible nature of p150, we hypothesize that p150 expression is induced later
during infection after initial IFN signaling has begun in order to begin the process of
ramping down the RIG-I pathway so that the cell may return to normal homeostatic

conditions.

Additionally, we demonstrate that the RNA binding activity and not the RNA editing
activity of p150 is necessary for suppression of RIG-I mediated induction of IFN-3
expression and apoptosis. This is in contrast to what is known about p150 mediated
suppression of MDA5 and PKR, both of which have been shown to require p150 RNA
editing activity (Liddicoat et al., 2015; Chung et al., 2018; Okonski et al., 2013). While
further studies are required to determine the exact mechanism of p150 mediated
suppression of RIG-I, we hypothesize that p150 may act upstream of RIG-I activation by
preventing RIG-I sensing of viral RNA. Previous studies have demonstrated that, like
MDAD5, RIG-I can also sense endogenous RNA ligands (Chiang et al., 2018). Likewise,
ADAR1 has been shown to sense mitochondrial RNA, which can be released following
mitochondrial destabilization and trigger antiviral signaling within the cell (Cai et al.,
2014). Therefore, it also possible that p150 could prevent RIG-I from sensing
endogenous RNA ligands released over the course of infection and the ensuing cellular
stress. Sequestration of these endogenous RNA ligands could be a crucial step in the

ramping down of antiviral responses post infection. Future studies examining the nature
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of the RNA bound by p150 during viral infection could provide intriguing details into the

mechanism by which p150 suppresses RLR signaling during infection.

Together, these studies underscore the importance of p150 as a negative regulator of
cell intrinsic immunity. We demonstrate that p150 crucial is for the suppression of RLR
mediated signaling, both under physiological conditions through the inhibition of the
MDADS5 pathway and during viral infection through the inhibition of the RIG-I pathway. As
mentioned previously, mutations in ADAR1 are associated with the development of the
autoimmune disorder AGS. These mutations have been mostly attributed to the role of
p150 in suppressing MDAS mediated sensing of endogenous RNA ligands under basal
conditions. However, our studies unveil an additional facet of p150 mediated regulation
of cell intrinsic immunity, where p150 plays an important role in ramping down the RIG-I
pathway after the initiation of antiviral signaling, thus enabling the cells to return to
physiological conditions after viral infection. Without p150 expression, IFN signaling and
apoptosis remain unregulated and could potentially contribute to the development of

pathological immune responses and consequent tissue damage.

The p150 Isoform of ADAR1 is Required for Optimal IAV Replication

As described previously, ADAR1 has also been demonstrated to promote or inhibit viral
replication for several different viruses (Samuel 2011). Prior to our study, the role of
ADART1 in IAV replication was not completely understood (Ward et al., 2011; de
Chassey et al., 2013). Using CRISPR/cas9 technology, we were able to examine the

individual contributions of the ADAR1 isoforms during IAV replication. This was of

63



particular interest considering the differing localization of the ADAR1 isoforms. By
examining IAV replication in the isoform specific KOs we demonstrated opposing roles
for the isoforms during IAV replication, with p110 restricting IAV replication and p150
promoting IAV replication via inhibition of RIG-I mediated signaling. This differential
utilization of the ADAR1 isoforms during IAV replication is mirrored in their localization
during infection, with p150 relocalizing in cytoplasmic puncta and p110 relocalizing to
the nucleolus. In each instance, the respective ADAR1 isoform colocalizes with the IAV
innate immune antagonist NS1. Previous yeast 2-hybrid and immunoprecipitation
experiments have demonstrated that ADAR1 and NS1 interact and colocalize in the
nucleolus during infection (de Chassey et al., 2013; Ngamurulert et al., 2009; Emmott et
al., 2010). Our results confirm this colocalization while also expanding upon the nature
of this interaction through the use of p150 and p110 overexpressing cells,
demonstrating an isoform specific localization during infection. Considering that our
studies suggest an antiviral role for p110 during IAV replication, it is possible that NS1
may work to sequester p110 within the nucleolus in order to prevent p110 antiviral
activity within the nucleus, the site of IAV replication. Under basal conditions, p110 KOs
do not exhibit the elevated ISG expression like that observed in the p150 KOs,
suggesting that p110 does not have a role in editing and suppressing sensing of
endogenous dsRNA. However, further studies are required to conclusively determine
whether p110 RNA editing is required to suppress IAV replication. These results provide
interesting avenues for further discovery regarding the nature of the antiviral role for

p110.
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Our studies also reveal the cytoplasmic colocalization of p150 with NS1, reflecting the
role of p150 a negative regulator of the cytoplasmic sensor RIG-I. NS1 is a well
characterized innate immune antagonist, preventing RIG-I activation either through
direction interaction with RIG-I or inhibition of the E3 ligases TRIM25 and Riplet, both of
which are important for ubiquitination and activation of RIG-I (Gack et al., 2009;
Mibayashi et al., 2007; Rajsbaum et al., 2012). Despite the presence of NS1, IAV
replication is reduced in cells deficient in p150 expression due to increased RIG-I
mediated induction of IFN-B and apoptosis. This suggests that in the absence of p150
expression NS1 is unable to sufficiently suppress RIG-I mediated signaling. To further
explore the relationship between p150 and NS1, we examined the impact of p150 and
NS1 expression on IFN- reporter activity. We demonstrate that p150 and NS1 co-
expression reduce IFN-B reporter activity to a greater extent than when either construct
is expressed alone, underscoring the potential for a cooperative interaction between

p150 and NS1 to suppress RIG-I mediated signaling.

Our studies establish that p150 is important for ramping down RIG-| signaling during
infection; therefore, it is possible that in the absence of p150 expression NS1 is unable
to efficiently suppress amplification of RIG-I mediated signaling and that NS1 requires
the action of p150 to ensure sufficient suppression. As a cytoplasmic RNA sensor, RIG-|
has been shown to localize to antiviral stress granules in the cytoplasm which have
been suggested to act as signaling platforms for amplifying antiviral signaling (Onomoto
et al., 2012; Kim et al., 2019). In contrast, NS1 has been shown to prevent antiviral

stress granule formation, inhibiting RIG-I recruitment to these signaling platforms
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(Onomoto et al., 2012). Similarly, knockdown of ADAR1 expression has been shown to
increase measles induced stress granule formation (Okonski et al., 2013). As previous
studies have demonstrated a partial RNA dependent interaction between ADAR1 and
NS1 (de Chassey et al., 2013), it is possible NS1 may achieve optimal suppression of
RIG-I by recruiting p150 to prevent sensing of viral RNA and amplification of RIG-I
signaling within the cytoplasm. Alternatively, p150 and NS1 may work independently of
one another, with expression of both p150 and NS1 necessary for optimal IAV
replication. Future studies are necessary to fully elucidate the nature of the interaction
between the different isoforms of ADAR1 and NS1; however, our studies highlight the
exciting potential for the differential utilization of the ADAR1 isoforms by NS1 during

infection.

In addition to exploring the relationship between ADAR1 and NS1, our studies also
revealed that both the p150 RNA binding and Z DNA/RNA binding activity are required
for optimal IAV replication. This is of particular interest given that p150/MDA5 DKOs
complemented with the Za mutant of p150 were able to suppress PARP cleavage and
IFN-B expression following stimulation with H1N1 vRNA; nevertheless, IAV replication
was inhibited in these cells. While the majority of ADAR1 mutations associated with the
development of AGS are found within the deaminase domain, a small number of
mutations were also found around the Z DNA/RNA binding domains, suggesting that the
Z DNA/RNA binding activity of ADAR1 may also be important for the suppression of cell
intrinsic immunity (Rice et al., 2012). Previous studies have demonstrated that IAV

VRNA can be bound by the Za. domain of an another RNA sensor, Z-DNA binding
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protein 1 (ZBP1), demonstrating the potential for IAV vRNA to form Z-form RNA and be
bound by proteins with similar Z DNA/RNA binding domains (Thapa et al., 2016). ZBP1
sensing of IAV VRNA has also been shown to induce RIPK3-dependent necroptosis to
suppress IAV replication, highlighting an alternative cell death pathway p150 could
suppress to promote IAV replication (Thapa et al., 2016). The utilization of Z DNA/RNA
binding domains to promote viral replication is not unprecedented, as mutations within
the Za. domain of the vaccinia virus protein E3L resulted in reduced viral pathogenicity
(Kim et al., 2003). The Za. domain of E3L was also shown to be necessary for inhibition
of ZBP1-medaited necroptosis (Koehler et al., 2017). Given the similarities between the
Zo domains of ADAR1, ZBP1, and E3L, it has been proposed that proviral proteins, like
vaccinia E3L, may compete with ZBP1 for binding of RNA to prevention activation of
ZBP1 induced necroptosis (Rothenburg et al., 2002; Ng et al., 2013). It is possible that
during IAV infection, p150 may compete with ZBP1 for binding of IAV vVRNA, thereby
inhibiting the induction of necroptosis. Further studies examining the localization of the
p150 mutant constructs during infection as well as investigating the activation of RIPK3-
dependent cell death in cells deficient in p150 expression may shed more light upon the

utilization of p150 Z DNA/RNA binding activity during IAV replication.

Our data also suggests that the role of p150 in promoting viral replication is specific to
IAV. VSV replication, despite being sensitive to IFN, was unaffected in cells deficient in
p150 expression. It is possible that the rapid replication kinetics of VSV do not allow
ample time for p150 expression to be induced and dampen the RIG-I signaling cascade

in a manner that would be impactful for VSV replication. Despite the apparent specificity
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to IAV, future studies examining replication of other RNA viruses predominantly sensed
by RIG-I are necessary to conclusively determine whether p150 mediated suppression
of RIG-I signaling promotes replication of other RNA viruses. The relationship between
p150 and flaviviruses, such as Dengue virus, is of particular interest due to previous
studies that demonstrate an interaction between Dengue virus nonstructural protein 3
(NS3) and ADARA1, highlighting the potential for a similar relationship to that observed

between IAV NS1 and p150 (de Chassey et al., 2013).

Concluding Remarks

Taken together, our studies highlight the importance of p150 as a negative regulator of
RLR signaling, with p150 preventing the hyperactivation of innate immune responses
through the inhibition of MDAS5 signaling under basal conditions and RIG-I signaling
during viral infection. While necessary for the prevention of autoimmunity, p150
mediated suppression of RLR signaling may prove detrimental during IAV infection by
inadvertently generating a more hospitable environment for IAV replication. As a result,
these studies highlight the potential of p150 as a therapeutic target that when inhibited
could improve cell intrinsic responses to IAV infection. Current ADAR1 inhibitors, such
as 8-Adzaadenosine, target the RNA editing activity of ADAR1; however, our studies
demonstrate that p150 RNA binding and not p150 RNA editing is crucial for suppression
of RIG-I signaling during viral infection. As result, novel inhibitors would need to be
developed to target RNA binding functions of ADAR1. While the therapeutic potential for
inhibiting p150 remains to be explored, this work unveils an additional aspect of p150

mediated suppression of cell intrinsic immunity. These studies provide important insight
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into the mechanisms of negative regulation of cell intrinsic immunity, which may be

exploited by viruses to promote efficient replication.
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Figure llIl.1. ADAR1 is an important host factor for IAV replication.

(A) Schematic representation of the p110 and p150 isoforms of ADAR1, including the
functional domains in each isoform. The red arrow upstream of the third dsRNA binding
domain indicates the region targeted by the sgRNA in ADAR1. (B) Western blot analysis
of ADAR1 expression in ADAR1 KO and control cells. ADAR1 KO, CTRL, and WT
A549s were mock treated or treated with IFN for 24 hours and expression of ADAR1
was examined by western blot. Expression of Ku is shown as a loading control. (C) IAV
replication in ADAR1 KOs. ADAR1 KOs and CTRL A549s were infected with H5N1
(MOI =0.001) or VSV (MOI = 0.001) and viral titers were measured at 48 hours. Data
are represented as mean titer of triplicate samples + SD. * denotes p-value < 0.5. **
denotes p-value < 0.01. *** denotes p-value < 0.001. NS denotes p-value > 0.05. Data
are representative of at least three independent experiments. See also Figure I1.2.
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Figure 111.2. IAV strains replicate poorly in ADAR1 KOs

(A) ADAR1 KOs and CTRL A549s were infected with H1N1 (MOI = 0.01) and H3N2
(MOI = 0.01). Viral titers were measured at 48 hours. Data are represented as mean
titer of triplicate samples + SD. * denotes p-value < 0.5. ** denotes p-value < 0.01. ***
denotes p-value < 0.001. NS denotes p-value > 0.05. Data are representative of at least
three independent experiments.
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Figure 11.3. The p150 isoform of ADARH1 is critical for IAV replication

(A) Schematic representation of the promoters for the p110 and p150 isoforms of
ADAR1. The promoter for p110 is upstream of exon 1B and the start methionine for
p110 is within exon 2. The promoter for p150 is upstream of exon 1A and the start
methionine for p150 is within exon 1A. The green arrows depict the sgRNA target sites
for p110 KO and the blue arrows depict the sgRNA target sites for p150 KO. (B)
Western blot analysis of ADAR1 expression in isoform specific KO A549s. ADAR1 KO,
p110 KOs, p150 KOs, and CTRL A549s were mock treated or treated with IFN for 24
hours and ADAR1 expression was examined by western blot. Expression of Ku is
shown as a loading control. (C) IAV replication in isoform specific KO A549s. ADAR1
KOs, p110 KOs, p150 KOs, and CTRL A549s were infected with H5N1 (MOI = 0.001) or
VSV (MOI = 0.001) and viral titers were measured at 48 hours. (D) Western blot
analysis of V5 tagged p150 in complemented p150 KO A549s. Two clones of p150
complements p150 KO (p150KO/p150 #1, #2), p150 KO/Vector and CTRL A549s were
analyzed for expression of ADAR1 and V5 by western blot. Expression of Ku is shown
as a loading control. (E) IAV replication in p150 KO/p150#1, p150 KO/p150#2, p150
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Figure 111.3, continued. KO/Vector, and CTRL A549s were infected with HSN1 (MOI =
0.001) and VSV (MOI = 0.001) and viral titers were measured at 48 hours. Data are
represented as mean titer of triplicate samples + SD. * denotes p-value < 0.5. **
denotes p-value < 0.01. *** denotes p-value < 0.001. NS denotes p-value > 0.05. Data
are representative of at least three independent experiments. See also Figure I11.4.
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Figure 111.4. The p150 isoform of ADARH1 is critical for IAV replication.

(A) Assessment of viral replication in various KO cells lacking ADAR1 isoforms. ADAR1
KOs, isoform specific KOs, and CTRL A549s were infected with H1N1 (MOI = 0.01) and
H3N2 (MOI = 0.01) and viral titers were measured at 48 hpi. (B) p150 KOs and CTRL
A549s were infected with HIN1 (MOI = 0.01) and H5N1 (MOI = 0.001) and viral titers
were measured at the indicated times post infection. (C) Two clones of p150 KOs
complemented with wildtype p150, empty vector p150 KOs, and CTRL A549s were
infected with H1N1 (MOI = 0.01) and H3N2 (MOI = 0.01) and viral titers were measured
at 48 hpi. Data are represented as mean titer of triplicate samples + SD. * denotes p-
value < 0.5. ** denotes p-value < 0.01. *** denotes p-value < 0.001. NS denotes p-value
> 0.05. Data are representative of at least three independent experiments.
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Figure 111.5. p150 supports IAV replication independent of MDAS5 suppression.
(A) gRT-PCR analysis of basal IFN-f expression in ADAR1 KOs, isoform specific KOs,
and CTRL A549s. Data are represented as fold expression relative to vector control
A549s. (B) Western blot analysis of MDA5 and ADAR1 isoforms in various KOs.
p150/MDA5 DKOs, p150 KOs, MDA5 KOs, and CTRL A549s were mock treated or
treated with IFN for 24 hours. ADAR1 and MDAS expression were examined by western
blot. (C) qRT-PCR analysis of basal IFN-f expression in p150/MDA5 DKOs. Data are
represented as fold expression relative to CTRL A549s. (D) IAV replication in
p150/MDAS5 DKOs. p150/MDAS DKOs, p150 KOs, MDA5 KOs, and CTRL A549s were
infected with H5N1 (MOI = 0.001) and VSV (MOI = 0.001) and viral titers were
measured at 48 hours. Data are represented as mean titer of triplicate samples + SD.
(E) IAV replication in p150/MDA5 DKOs expressing wild-type V5-tagged p150. Two
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Figure 1I1.5, continued. clones of p150/MDAS DKOs complemented with wildtype p150
were infected with HIN1 (MOI = 0.01) and H7N7 (MOI = 0.01). p150/MDA5 DKOs that
have been transduced with empty vector and CTRL A549s were also infected. Viral
titers were measured at 72 hours. Data are represented as mean titer of triplicate
samples + SD. * denotes p-value < 0.5. ** denotes p-value < 0.01. *** denotes p-value <
0.001. NS denotes p-value > 0.05. Data are representative of at least three independent
experiments. See also Ill.6.
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Figure 111.6. p150 enhances IAV replication independent of its ability to suppress
MDAS5

(A) Assessment of viral replication in various KOs. p150/MDA5 DKOs, p150 KOs,
MDAS5 KOs, and CTRL A549s were infected with H1N1 (MOI = 0.01) and H3N2 (MOI =
0.01). Viral titers were measured at 48 hours. (B) Viral replication kinetics in various
KOs. p150/MDA5 DKOs, p150 KOs, MDA5 KOs, and CTRL A549s were infected with
H1N1 (MOI = 0.01) and H3N2 (MOI = 0.01). Viral titers were measured at the indicated
time points post infection. Data are represented as mean titer of triplicate samples + SD.
* denotes p-value < 0.5. ** denotes p-value < 0.01. *** denotes p-value < 0.001. NS
denotes p-value > 0.05. Data are representative of at least three independent
experiments.
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Figure 111.7. p150/MDAS5 DKO A549s show elevated IFN-B expression and
increased apoptosis upon RLR stimulation

(A) Schematic representation of the RLR-Induced IRF3-mediated Pathway of Apoptosis
(RIPA) and IRF3 mediated transcriptional upregulation of antiviral genes. (B) gqRT-PCR
analysis of IFN-B expression in p150/MDAS DKOs after poly I:C stimulation.
p150/MDAS5 DKOs and CTRL A549s were transfected with LWM and HMW pl:C for 24
hours and IFN-b expression was analyzed by gqRT-PCR analysis. Data are represented
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Figure 1l.7, continued. as fold expression relative to mock transfected CTRL A549s.
(C) gRT-PCR analysis of IFN-B expression in p150/MDAS DKOs following Sendai virus
(SeV). p150/MDA5 DKOs, p150 KOs, MDA5 KOs, and CTRL A549s were infected with
SeV and mRNA levels were measured at the indicated hours post infection. Data are
represented as fold expression relative to mock vector control. (D) gRT-PCR analysis of
IFN-B expression in p150/MDAS DKOs following H1N1 vRNA transfection. p150/MDAS
DKOs and CTRL A549s were transfected with HIN1 vVRNA and mRNA levels were
measured at the indicated hours post transfection (hpt). (E) qRT-PCR analysis of IFN-3
expression in p150 KO and vector control 293s. p150 KO and vector control 293s were
infected with SeV and mRNA levels were measured at the indicated hours post infection
(hpi). Data are represented as fold expression relative to mock vector control 293s. (F-
G) Western blot analysis of PARP cleavage in p150/MDA5S DKOs. (F) p150/MDA5
DKOs and CTRL A549s were transfected with HIN1 vRNA and cell lysates were
collected at the indicated time points post transfection. (G) p150/MDA5 DKOs and
CTRL A549s were infected with HIN1 (MOI = 1) and cell lysates were collected at the
indicated time points post infection. (H) Flow cytometric analysis of Annexin V* cells
following HIN1 vRNA transfection. ADAR1 KOs and CTRL A549s were transfected with
H1N1 vRNA and stained with Annexin V-PE 40 hours post transfection. The levels of
Annexin V were analyzed by flow cytometry. * denotes p-value < 0.5. ** denotes p-value
<0.01. *** denotes p-value < 0.001. NS denotes p-value > 0.05. Data are representative
of at least three independent experiments. See also Figure II1.8.
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Figure 111.8. p150 KOs show increased PARP cleavage following stimulation of
RLRs

(A) Western blot analysis of ADAR1 expression in p150 KOs and CTRL 293s. p150
KOs, and CTRL 293s were mock treated or treated with IFN for 24 hours and
expression of ADAR1 was examined by western blot. Expression of Ku is shown as a
loading control. (B-D) Western blot analysis of PARP cleavage upon RLR stimulation.
(B) PARP cleavage in p150 KOs following IAV vRNA transfection. p150 KOs and CTRL
A549s were transfected with H1N1 vRNA. Lysates were collected at 24 hours post
transfection. (C) PARP cleavage p150 KOs following H1N1 infection. p150 KOs and
CTRL A549s were infected with HIN1 (MOI =1). Lysates were collected at 40 hours
post infection. (D) PARP cleavage in p150 KO following poly I:C transfection. p150 KOs
and CTRL A549s were transfected with LMW or HMW pl:C. Lysates were collected at
24 hours post transfection. (E) PARP cleavage in p150 KO 293s following IAV vRNA
transfection. p150 KOs and CTRL 293s were transfected with H1IN1 vRNA. Lysates
were collected at 24 hours post transfection.
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Figure IV.1. p150 suppresses RIG-I-signaling mediated induction of IFN- and
apoptosis

(A) Western blot analysis of PARP cleavage in p150/MDAS5 DKOs following knockdown
of RIG-I or IRF3 expression. RIG-I and IRF3 were knocked down in p150/MDA5 DKOs
via siRNA transfection. Control siRNA were also transfected into p150/MDA5 DKOs and
CTRL A549s. After 24h post siRNA transfection, cells were transfected with H1N1
VRNA for additional 24 hours. The cell lysates were analyzed for expression of RIG-I,
IRF3, cleaved PARP, and Ku by western blot. (B) gRT-PCR analysis of IFN-
expression in p150/MDAS5/RIG-1 and p150/MDA5/MAVS TKOs after SeV infection.
p150/MDA5/RIG-I TKOs, p150/MDAS/MAVS TKOs, p150/MDA5 DKOs, and CTRL
A549s were infected with SeV and IFN- mRNA levels were measured after 24 hours.
Data are represented as fold expression relative to mock vector control A549s. (C)
Western blot analysis of PARP cleavage TKOs following H1N1 infection.
p150/MDA5/RIG-I TKOs, p150/MDAS/MAVS TKOs, p150/MDA5 DKOs, and CTRL
A549s were infected with HIN1 (MO1 = 1) and lysates were collected after 40 hours.
The levels of cleaved PARP and Ku were determined by western blot. (D) IAV
replication in TKOs. p150/MDA5/RIG-I TKOs, p150/MDA5/MAVS TKOs, p150/MDA5S
DKOs, and CTRL A549s were infected with HSN1 (MOI = 0.001) and viral titers were
measured at the indicated time points post infection. Data are represented as mean titer
of triplicate samples + SD. * denotes p-value < 0.5. ** denotes p-value < 0.01. ***
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Figure IV.1, continued. denotes p-value < 0.001. NS denotes p-value > 0.05. Data are
representative of at least three independent experiments.
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Figure IV.2. Increased type | IFN signaling and apoptosis reduce IAV replication in
cells lacking p150.

(A) Western blot analysis of PARP Cleavage in p150/Bax DKOs following VRNA
transfection. Two clones of p150/Bax DKOs, p150 KOs, and CTRL A549s were
transfected with IAV vRNA for 24 hours. PARP cleavage and Ku expression were
analyzed by western blot. (B) gRT-PCR analysis of IFN- expression in p150/Bax DKOs
following IAV VRNA transfection. Two clones of p150/Bax DKOs, p150 KOs, and CTRL
A549s were transfected with H1N1 vRNA and IFN- mRNA levels were determined 24
hours post transfection. Data are represented as fold expression relative to mock vector
control. (C) IAV replication in p150/BAX DKOs. Two clones of p150/Bax DKOs, p150
KOs, and CTRL A549s were infected with H5N1 (MOI = 0.001) and viral titers were
measured at the indicated time points post infection. Data are represented as mean titer
of triplicate samples + SD. (D) IAV replication in p150/Bax DKOs following inhibition of
Janus kinases. p150/Bax DKOs, p150 KOs, and CTRL A549s were treated with 0.2 uM
Ruxolitinib for 24 hours prior to infection. The following day cells were infected with
H5N1(MOI = 0.001) in the presence of Ruxolitinib and viral titers were measured at 48
hours. Data are represented as mean titer of triplicate samples + SD. * denotes p-value
<0.5. ** denotes p-value < 0.01. *** denotes p-value < 0.001. NS denotes p-value >
0.05. Data are representative of at least three independent experiments.
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Figure IV.3. RNA binding activity of p150 is required for suppression of RIG-I
signaling

(A) A schematic representation of different p150 mutants. (B) Analysis of IFN-B-Firefly
reporter activity. A firefly luciferase reporter under the control of the IFN-3 promoter was
transfected along with wild-type and mutant p150 constructs into 293s. At 24h post-
transfection, cells were infected with SeV and luciferase activity was measured 48 hours
post-transfection. Data are represented as percent luciferase activity relative to
GFP+SeV. (C) Western blot analysis of V5-tagged p150 expression in complemented
cells. Lysates from p150/MDA5 DKOs stably expressing wild-type and mutant p150
constructs were analyzed by western blot using an anti-V5 antibody. (D) gRT-PCR
analysis of IFN-B in V5-p150 complemented p150/MDAS5 DKOs. p150/MDAS DKOs
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Figure IV.3, continued. complemented with different V5-p150 mutants were
transfected with HIN1 vRNA and IFN- mRNA levels were measured 24 hours post
transfection. Data are represented as fold expression relative to mock CTRL A549s. (E)
Western blot analysis of PARP cleavage in complemented p150/MDA5S DKOs.
p150/MDA5 DKOs complemented with p150 mutants were infected with HIN1 (MOI =
1) and cell lysates were collected at 40 hours post infection for western blot analysis of
cleaved PARP. (F) IAV replication in complemented p150/MDA5 DKOs. Complemented
p150/MDA5 DKOs were infected with HSN1 (MOI = 0.001) and viral titers were
measured at 48 hours. Data are represented as mean titer of triplicate samples + SD. *
denotes p-value < 0.5. ** denotes p-value < 0.01. *** denotes p-value < 0.001. NS
denotes p-value > 0.05. Data are representative of at least three independent
experiments.
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Figure V.1. The ADAR1 Isoforms differentially localize during IAV infection

A) Colocalization of ADAR1 and NS1 during IAV infection. WT A549s were infected with
PR8 (MOI =5). At 16 hours post infection, cells were fixed and stained for ADAR1 and
NS1. ADAR1 and NS1 localization was assessed via fluorescent microscopy. (B)
ADAR1 and NS1 nucleolar localization is NS1 dependent. WT A549s were infected with
PR8 (MOI=5), PR8 ANS1 (MO1=5), and PR8 RBM (MOI=5). At 16 hours post infection,
cells were fixed and stained with anti-ADAR1 and anti-PR8 polyclonal antibodies and
ADAR1 localization was assessed via fluorescent microscopy (C) Schematic illustrating
the generation of the tetracysteine tagged NS1. The WT NS segment encodes the NS1
and NEP proteins through alternative splicing. To incorporate the tetracysteine tag, the
NS splice acceptor site was mutated to allow for incorporation of the tetracysteine tag
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Figure V.1, continued. on the N-terminus of NS1. The splice acceptor site was then
duplicated to generate the NEP. (D) Differential ADAR1 isoform localization. WT A549s,
Flag-p110 overexpressing A549s (A549-p110), and Flag-p150 overexpressing A549s
(A549-p150) were infected with PR8-Tc (MOI = 5). At 16 hours post infection, cells were
stained for FIAsH and ADAR1 or Flag. ADAR1 and NS1 localization were assessed via
fluorescent microscopy. Images are representative of triplicate experiments.
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Figure V.2. The ADAR1 Isoforms differentially localize during IAV infection

(A) Analysis of IFN-B-Firefly reporter activity following transfection with p150 and NS1.
The IFN-B-Firefly reporter was transfected along with a combination of p150 and NS1 or
NS1 RNA binding mutant (RBM) into p150 KO 293s. Following transfection, cells were
infected with SeV and luciferase activity in the lysates was measured 48 hours post
transfection. Data are represented as percent luciferase activity relative to GFP+SeV.
(B) Analysis of IFN-B-Firefly reporter activity following transfection of p150 mutants and
NS1. The IFN-B-Firefly reporter was transfected along with mutant p150 and NS1 into
WT 293s. Following transfection, cells were infected with SeV and luciferase activity
was measured at 48 hours post transfection. Data are represented as percent luciferase
activity relative to GFP+SeV. * denotes p-value < 0.5. ** denotes p-value < 0.01. ***
denotes p-value < 0.001. NS denotes p-value > 0.05. Data are representative of at least
three independent experiments
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APPENDIX B

Tables

Table 1l.1. Oligonucleotide Sequences for Generating and Validating CRISPR KO
Cells.

Oligonucleotide Sequences for sgRNAs to Generate CRISPR KO Cells

Target Forward Primer Reverse Primer

ADAR1 | caccgGACTCTGAGATCATACC | aaacGAAGGTATGATCTCAGAG
TTC TCc

p110 caccgTATAACGTGGTTGGGC | aaacTCCGGCCCAACCACGTTA

promoter | CGGA TAc

p150 TTACTGGCTGGCATCTGCTT | TGAGGTTGTAAACGAACCCAG

promoter | GCTTA ACGG

MDAS5 caccgCGAATTCCCGAGTCCA | aaacTGGTTGGACTCGGGAATT
ACCA CGc

RIG-I CACCGGGGTCTTCCGGATAT | AAACGGATTATATCCGGAAGAC
AATCC CCc

MAVS caccgTCAGCCCTCTGACCTC | aaacCGCTGGAGGTCAGAGGG
CAGCG CTGAc

Bax CACCGTCGGAAAAAGACCTC | AAACCCCGAGAGGTCTTTTTCC
TCGGG GA

Primer Sequences for PCR Amplification of sgRNA Target Site

p110 GCCCCTACCAGCTGCGTCC | CGGGCCATTCAAAGACTACTG
GTT
p150 GCCTGAGGTTTTGTGTGCCT | GGAGACGATGTGTCTGCCTTG
TTGTT ACAT
p150 TTACTGGCTGGCATCTGCTT | TGAGGTTGTAAACGAACCCAG
GCTTA ACGG
ADAR1 | CAGGGCTGGACTTGTTTCCC | TTCTACGTGCTTCATCTCCTGT

CA
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