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ABSTRACT

Interferon regulatory factor 3 (IRF3) plays an important role in activating
the innate immune response in a variety of conditions, including viral infection. As
well as regulating the immune response to viruses, IRF3 is involved in regulating
cellular functions including apoptosis. Apoptosis and the inflammatory response
to viral infection are very different; therefore, it is obvious that IRF3 plays
dramatically different roles in the cell depending on the conditions. We previously
identified a non-activating phosphorylation of IRF3 in response to adenovirus
(Ad) in which Serine-173 is phosphorylated. In addition to Ad infection, IRF3-
S173 is phosphorylated in response to genotoxic stresses including ultraviolet
(UV) irradiation and etoposide. In this study, | show that this phosphorylation
event is involved in a variety of processes including protein stability, cell survival
and IRF3 regulation. Thus, phosphorylation of IRF3-S173 is a novel and

important event in a complex regulatory pathway of an integral protein.
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Chapter 1: INTRODUCTION

Human Adenovirus (Ad) is a significant human pathogen, with 57 identified
serotypes causing disease in the form of respiratory infection, conjunctivitis and
gastroenteritis. The virus is also a common gene therapy vector with over 23% of gene
therapy clinical trials worldwide employing this vector (Edelstein, 2012). The virus was
first isolated from the adenoid tissue of patients with respiratory infection in the 1950s
(Hilleman and Werner, 1954; Rowe et al., 1953). Some human Ads have been
demonstrated to cause tumours in rodents (Trentin et al., 1962; Yabe et al., 1962),
which prompted researchers to delve deeper into the biology of these viruses. Ad
research has expanded immensely since these early days, gleaning insight to various
cell biology mechanisms. Insights into cell biology and virology are immense, yet there
is still more to be learned.

Like most viruses, Ads must manipulate the host cell machinery, and avoid
detection by the immune system. Studies of the mechanisms used both by the host, to
recognize Ad, and by the virus, to evade the host have provided a wealth of novel
insight to a variety of areas, including control of host gene expression, the innate, and
the adaptive immune responses to viruses. Ad induced innate immunity is one area that
continues to be of great interest to researchers, especially the involvement of specific
key cellular proteins. Considering the role Ad has played in understanding viruses,
infection, and general cell biology, the continued study of this area could mean

important discoveries in combating Ad as a pathogen, as well as improving vector



efficacy and safety. Such studies may also allow us to gain a better understanding of
other anti-viral responses to other pathogens.
Herein, | explore the interaction of Ad with a key regulator of innate immunity,

interferon regulatory factor 3.



1.1. Literature Review
1.1.1 Adenovirus Biology

Human Ads have been divided into 6 subgroups (A-F), classified by a number
of factors, including DNA homology, hemagglutination properties, oncogenicity in
rodents and genomic organization. All human Ads share many structural similarities.
The capsid is icosahedral, composed of three major structural proteins: hexon,
penton, and fiber; as well as a variety of minor proteins (llla, Va2, VI, VIl and 1X)
(Christensen et al., 2008; Liu et al., 2010; Reddy et al., 2010; Russell, 2009). The
total size of the capsid ranges from ~80-90 nm, and contains a genome of
approximately ~30-40 kb of double stranded DNA (Berk, 2007). The 20 facets that
make up the icosahedron that is the capsid are composed of hexon protein trimers,
arranged in a triangular fashion. At each of the 12 vertices are five penton proteins,
which serve as the base for the extending fiber protein (Liu et al., 2010; Reddy et al.,
2010). The fiber serves as the main binding protein for the CAR (coxsackie
adenovirus receptor), and initiates internalization and infection by the virus
(excepting viruses of subgroup B, which uses CD46) (Bergelson et al., 1997; Tomko
et al., 1997).

The serotypes 2 and 5 (Ad2 and AdS5) are the most characterized of the
human Ads. Ad5 has an ~36 kb genome encoding 39 genes. The genes are
organized into the early, and the late genes, based on whether they are expressed
before, or after DNA replication (Davison et al., 2003). Predictably, the early
transcripts, specifically E1a, E1b, E3 and E4 encode proteins that are integral for

modifying the host environment, altering the immune



Figure 1.1 Schematic representation of Ad virion.
((Giberson et al., 2012). Used with permission)
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response to the virus or transactivating other viral regions. E2 encodes proteins that
are necessary for synthesis of the viral DNA. The major late transcripts, organized
from L1-L5, are all expressed using the same major late promoter. The late proteins
are generated from alternative splicing of a single transcript. It has been recently
demonstrated however, that a novel promoter regulates expression of the L4-22K
and L4-33K proteins (Morris et al., 2010). The L4 proteins are directly involved in
regulation of the major late promoter, so it stands to reason that they would, at least
initially, be controlled by another promoter. The late proteins typically include
structural proteins. In addition to the proteins generated from the major late
promoter, there are an additional four small late transcripts. These other late
transcripts include protein IX (pIX), a minor structural protein; Va2, a protein
involved in encapsidating the viral DNA; and VA RNA | and Il, viral RNAs that block
activation of the interferon response.

The Ad genome is flanked at each end by inverted terminal repeats (ITRs) of
~100 bp. The packaging sequence, of ~150 bp, is located next to the left ITR. The
viral DNA does not directly interact with the outer capsid, but rather is associated
with three highly basic proteins; VII, V and Mu (m) (Chatterjee et al., 1986; Maizel et
al., 1968; Russell et al., 1968). Protein VIl wraps and condenses the viral DNA
(Mirza and Weber, 1982). A shell of protein V, which in turn also makes contact with
the outer capsid, surrounds this complex (Brown et al., 1975; Everitt et al., 1973).
Protein V interacts directly with penton and indirectly with hexon. Mu is synthesized
as a pre-Mu precursor, which is eventually cleaved by the Ad-encoded proteinase to

its final form (Anderson et al., 1989). It is suspected that pre-Mu assists in the tight



condensation of viral DNA within the capsid, and that cleavage to Mu allows the
structure to partially relax prior to its introduction to the host nucleus (Perez-Berna et
al., 2009). Due to the nature of the interactions between the proteins V, VII and Mu
with both the DNA and the capsid, it has been observed that despite no direct
interaction, viral DNA serves to add stability to the overall integrity of the virion
(Fabry et al., 2005; Kennedy and Parks, 2009; Liu et al., 2010; Silvestry et al., 2009;
Smith et al., 2009).

As mentioned above, the primary mode of entry of human Ads is via
endocytosis initiated by attachment of the fiber protein with the CAR receptor
(Bergelson et al., 1997; Tomko et al., 1997). There is a secondary interaction
between penton and a,bs or a,bs integrins, which triggers the internalization
(Wickham et al., 1993). Ad5 can use heparin sulfate proteoglycans as an alternative
receptor, through an interaction with the fiber shaft (Smith et al., 2003), or bridged
through blood factors such as factor IX, factor X or complement component C4-
binding protein (Kalyuzhniy et al., 2008; Shayakhmetov et al., 2005a; Waddington et
al., 2008). After Ad binding, the virus is internalized via endocytosis and exits the
early endosome to escape degradation (Leopold et al., 1998). The microtubule
network then serves as a scaffold for the virus to make its way through the cell
towards the nucleus (Leopold et al., 1998), being slowly disassembled along the way
(Greber et al., 1993). Upon arrival at the nucleus, the DNA enters through the
nuclear pore complex, and the remainder of the capsid is degraded (Chatterjee et
al., 1986; Greber et al., 1993; Strunze et al., 2011). The entire viral lifecycle,

including DNA replication and assembly of new virions occurs within the nucleus



over a period of 24-36 hours and produces ~10* daughter virions.

1.1.1l. Pattern Recognition Receptors
1.1.1Li. Innate immunity

The body’s first line of defense against pathogens and other potentially
hazardous, non-self molecules is the innate immune system. The innate immune
system provides an immediate, but not long lasting immune response to pathogens,
and is an evolutionarily conserved process that is found in many orders of life, from
animals and plants, down to insects and fungi (Takeuchi and Akira, 2009). The
vertebrate innate immune system is responsible for several key tasks in disposing
threats to the organism as a whole. The responsibilities of the innate immune system
include: recruiting immune cells and inducing inflammation through secretion of
cytokines and chemokines; triggering the complement pathway in order to assist the
immune cells as well as activating the membrane attack complex (MAC); and
priming of the adaptive immune system through antigen presentation.

The first, and arguably most important task set before the innate immune
system, is recognizing pathogens. This is primarily achieved through a set of
receptors, known as pattern recognition receptors (PRRs) (Akira et al., 2006; Beutler
et al., 2007; Medzhitov, 2007). These receptors are located ubiquitously in the
organism and are found in both the intracellular and extracellular compartments.
They are sometimes referred to as primitive pattern recognition receptors, due to the
fact that they evolved before other facets of the immune system. There are several

different classes of PRRs, but for the scope of this study the ones that are most



important are the membrane bound PRRs (Toll-like receptors (TLRs)), and
cytoplasmic PRRs (NOD-like receptors (NLRs), RIG-like receptors (RLRs)). PRRs
recognize specific molecules that are common to different types of pathogens, but
do not retain a “memory” of the pathogens to combat future infections.

Some PRRs are also capable of recognizing endogenous molecules, in order
to stimulate a response (Jeong and Lee, 2011). Some of the cellular molecules that
can stimulate an inflammatory response through the PRRs are: the heat-shock
proteins and other protein factors associated with infection and cell death, as well as
non-protein molecules like ATP, DNA and uric acid. The molecules recognized by
PRRs are known as pathogen-associated molecular patterns (PAMPs) or
alternatively, in the case of PRRs recognizing endogenous molecules damage-
associated molecular patterns (DAMPs). The molecules recognized by PRRs
include polysaccharides (i.e. bacterial lipopolysaccharide); nucleic acids (DNA, RNA
from bacteria, viruses or damaged cells); and peptides (bacterial or viral proteins).
There are other PAMPs that are recognized by PRRs, but they are mainly reserved

for bacteria, rather than viruses.

1.1.1Lii. Toll-like receptors

Toll-like receptors (TLRs) are a family of PRRs that are conserved from
insects, all the way through to mammals. TLRs are so named, due to their similarity
to the Toll gene product, of Drosophila melanogaster. Christiane Nusslein-Volhard,
Eric Wieschaus and colleagues first discovered toll in 1985 and the protein was

cloned in 1988 by Kathryn Anderson’s group (Hashimoto et al., 1988) . Charles



Figure 1.2 Overview of signaling cascades triggered by pathogens
N = Nucleocapsid (Servant et al., 2002). Used with permission.
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Janeway’s group first described the TLRs in mammals in 1997 (Medzhitov et al.,
1997), while at a similar time, Bruce A. Buetler and colleagues claimed that TLRs
are the principal sensors of infection in humans (Poltorak et al., 1998). TLRs
recognize pathogens both outside of the cell (receptors bound in the cellular
membrane) and within the endosome or lysosome (bound to the membrane of these
structures) (Akira et al., 2006). The actual structure of the TLRs is conserved and
has three distinct domains: the N-terminal leucine-rich repeats (LRRs), a
transmembrane domain, and finally a Toll/IL-1R homology (TIR) domain (Belvin and
Anderson, 1996). The LRR is located on the outside of the cell, and the TIR domain
is located in the cytoplasm, or in the case of TLRs in the endosome/lysosome, the
LRR is located within the vacuole and the TIR is once again located in the
cytoplasm.

There have been ten TLRs identified in humans (Chuang and Ulevitch, 2001;
Chuang and Ulevitch, 2000; Du et al.,, 2000; Medzhitov et al., 1997; Rock et al.,
1998; Takeuchi et al.,, 1999). Each TLR has a unique subset of PAMPs that it is
capable of detecting; an observation that challenged the archaic concept that innate
immunity is non-specific. The different TLRs are also expressed differentially
depending on cell type. Phagocytic cells express the highest levels of TLRs as well
as the broadest number of different TLRs (Muzio et al., 2000). It appears that nearly
all of the cells in the body express some TLRs.

Although there are ten known TLRs, only five of the human TLRs recognize
viral components. TLR4 has been extensively studied, and as such, a number of

ligands have been identified for it. It was the original TLR that was discovered to be
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the receptor for bacterial endotoxin, or lipopolysaccharide (LPS) (Kurt-Jones et al.,
2000; Poltorak et al., 1998; Qureshi et al., 1999). LPS is a key component of the
gram-negative bacterial cell wall, and the causative agent of septic shock. In addition
to recognizing bacterial LPS, TLR4 also recognizes viral components, including the
fusion protein of respiratory syncytial virus (RSV) (Haynes et al., 2001; Kurt-Jones et
al., 2000). Upon recognition of these ligands, and using myeloid differentiation
factor-2 (MD-2), TLR4 forms a homodimer on the surface or cells and initiates the
signaling cascade, involving both the NF-kB and IRF3 inflammatory pathways.

The TLRs 3, 7, 8, and 9 represent a subset of TLRs that are responsible for
recognition of bacterial and viral nucleic acids, as well as endogenous DNA that is
present in pathogenic conditions (e.g. extracellular DNA, signifying lysed cells).
Activation of these TLRs leads to inflammation through the type | interferon pathway,
as well as through the upregulation of other proinflammatory cytokines. TLR3
recognizes double-stranded (ds) RNA from a variety of viruses, including
retroviruses (Chu et al., 1999; Yang et al., 1995). It is also the receptor that is used
for stimulating an immune response with the dsRNA mimetic polyinosinic
polycytidilic acid (polyl:C). When challenged with polyl:C, mice activate the IFN
pathway, as well as a variety of cytokines. TLR3 is not integral in the induction of
IFN in response to polyl:C, however, it is necessary for the production of cytokines
including IL-12p40; that is, without TLR3 activity, IL-12p40 and other cytokine
pathways are not induced (Kato and Inoue, 2006). TLRs 7 and 8 recognize single-
stranded (ss) RNA from RNA viruses, as well as from bacteria, within

endolysosomes of DCs (Mancuso et al., 2009). Differing from TLRs 3, 7, and 8,
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which recognize different forms of RNA, TLR9 recognizes unmethylated DNA, which
contains CpG motifs (CpG motifs are DNA oligonucleotides that contain a cytosine
followed by a guanine). They are relatively rare in mammalian genomes, and
relatively abundant in microbial genomes. When unmethylated, this short DNA
sequence serves as a PAMP. Though CpG was originally thought to be integral for
TLR9 stimulation, it was soon shown that the backbone of 2’ deoxyribose also
mediates recognition (Haas et al., 2008). TLRs 7, 8 and 9, but not TLR3 are highly
expressed in plasmacytoid dendritic cells (pDCs), immune cells that elicit a strong
interferon response to pathogens (Muzio et al., 2000). TLR3 is more ubiquitously
expressed, with high levels in epithelial and endothelial cells, as well as immune

cells (Matsukura et al., 2006).

1.1.1Liii. RIG-like receptors

The RIG-like receptors (RLRs) are cytoplasmic pathogen sensors that
recognize viral RNA in the cytoplasm. There are three members of the RLR family,
namely retinoic acid-inducible gene (RIG-I), melanoma differentiation-associated
gene 5 (MDAS5) and laboratory of genetics and physiology-2 (LGP2) (Takeuchi and
Akira, 2009; Yoneyama et al., 2005). Two of the family members, RIG-I and MDAS
possess two N-terminal caspase-recruitment domains (CARDs), a DExD/H box RNA
helicase domain and a C-terminal repressor domain (RD). LGP2 lacks a CARD.

Host RNA typically exists in ssRNA form, is turned over quickly, and is
capped at the 5’ ends. Viral RNA differs from this in that RNA viruses produce large

amounts of long dsRNA (not typically present in the cell) and RNAs with uncapped
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5'-triphosphate ends. In order to recognize viral RNA, whether it is long dsRNAs or
5'-triphosphate RNA, both the CARD and RD domains are important (Saito et al.,
2007; Yoneyama et al., 2004). As LGP2 lacks a CARD, it is believed that it functions
as a negative repressor for the other two proteins.

RLRs are integral for mounting a type | interferon response to RNA virus
infection. Knockout of any one of the RLRs is enough to make mice susceptible to a
subset of RNA viruses (Gitlin et al., 2006; Kato et al., 2005; Kato et al., 2006;
Melchjorsen et al., 2005). Both ssRNA viruses and dsRNA viruses are capable of
being recognized by either RIG-I or MDAS. RIG-I is the essential sensor for both
short dsRNA and 5'-triphosphate ssRNA, and MDAS is integral for long dsRNA
recognition (Hornung et al., 2006; Kato et al., 2006; Pichlmair et al., 2006).

RIG-I signaling is mediated both positively and negatively by ubiquitination.
For activation of RIG-I, the CARDs must be ubiquitinated by tripartite motif 25
(TRIM25). TRIM25" cells produce a weakened IFN | response during viral infection
(Gack et al., 2007). A second ubiquitin ligase, RNF125, also ubiquitinates RIG-I,

thereby inducing proteasomal degradation (Arimoto et al., 2007).

1.1.1L.iv. NOD-like Receptors

NOD-like receptors form a large family of receptors that are responsible for
modulating the production of IL-1f. IL-1 is controlled not only transcriptionally, but
also by the cleavage of a pro-protein, pro-IL-1p (Kanneganti et al., 2007; Petrilli et
al., 2007). This protein is cleaved by caspase-1, contained within the inflammasome,

a large complex of proteins that is activated in response to viral infection. The NLRs
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Nacht domain-, leucine-rich repeat- and PYD-containing protein 3 (NALP3) and ICE-
protease-activating factor (IPAF) are directly responsible for activating caspase-1.
Both dsRNA and polyl:C have been demonstrated to activate the inflammasome via
NALP-3, although it is unclear whether NALP3 is directly responsible for recognizing
dsRNA. Interestingly, NALP3-dependent caspase-1 cleavage has also been shown
to activate IL-18 in response to Ad infection. Contrary to this, Akira’s group
presented data suggesting that the IL-1p production in response to Ad is not due to
recognition of genomic DNA. The apoptosis-associated speck-like protein containing
a CARD (ASC), an NLR adaptor protein, and caspase-1 are necessary for dsDNA-
induced IL-1p production, which leaves the possibility of an unknown NALP

functions to recognize cytosolic DNA (Muruve et al., 2008).

1.1.1l.v. Interferon Regulatory Factor 3

Interferon regulatory factor 3 (IRF3) is a key component of the innate immune
response to microbes, including viruses. The gene itself is constitutively expressed,
and is ubiquitous in every tissue of the body (Au et al., 1995). The gene encodes a
427 amino acid protein (Lin et al., 1998; Servant et al., 2002). The protein exists as a
monomer in the cytoplasm and when resolved by SDS-PAGE, two isoforms (form |
and form Il) are typically visible (Servant et al., 2002; Servant et al., 2001). There are
four different, distinct regions of the protein that can be phosphorylated (Figure 1.3).
Two of the regions are located in the N-terminal region, and the other two in the C-

terminal region of the protein (Servant et al., 2002). Upon infection, the C-terminus
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of the protein is hyper-phosphorylated, which leads to a slower migrating protein on
an SDS-PAGE (forms IIl and IV) (Mori et al., 2004; Servant et al., 2001).

Serine 396 (S396) is the canonical activating residue of IRF3 (Servant et al.,
2003). IKK-related kinases IKKe and TBK1 form the only known kinase complex that
is responsible for activation of IRF3 in response to RNA viruses (Fitzgerald et al.,
2003; Hemmi et al., 2004; Perry et al., 2004). The events leading up to and including
activation of IRF3 have been very well characterized. There are multiple pathways
that recognize viral RNA and lead to IRF3 activation. Both ssRNA viruses and
dsRNA viruses lead to activation of IRF3. This is due to the requirement of dsRNA
intermediates amongst ssRNA viruses. When the dsRNA is produced, it is
recognized by TLR3 (Oshiumi et al., 2003; Yamamoto et al., 2003; Yamamoto et al.,
2002), RIG-I (Rothenfusser et al., 2005; Yoneyama et al., 2005; Yoneyama et al.,
2004), and MDA5 (Kato et al., 2006). Upon recognition of dsRNA, TLR3 acts
through the adapter protein Toll/IL-1 Receptor (IL-1R) homology domain-containing
adapter inducing IFN-g (TRIF) (Oshiumi et al., 2003; Yamamoto et al., 2003;
Yamamoto et al., 2002). Both RIG-I and MDAS signal through the interferon-g
promoter stimulator-1 (IPS1). Both of these adapter proteins converge on a single
kinase complex (the IKKe/TBK1 complex mentioned above) (Kawai et al., 2005;
Meylan et al., 2005; Seth et al., 2005; Xu et al., 2005). This complex phosphorylates
both IRF3 and IRF7 (another interferon regulatory factor), leading to activation of
these proteins.

Phosphorylation of S396 exposes IRF3’'s DNA binding and transcriptional

activation domains via a conformational change
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Figure 1.3. Schematic representation of IRF3

IRF3 represented with the four regions of the protein that are phosphorylated; as
well as their respective known kinases (Servant et al., 2002). Used with permission.
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(Lin et al., 1998; Servant et al., 2002; Wathelet et al., 1998). The protein then
homodimerizes, translocates to the nucleus and interacts with the IRF3 consensus
DNA binding site (Lin et al., 1998; Lin et al., 1999; Servant et al., 2002; Yoneyama et
al., 1998). Two extremely similar transcriptional co-activators, the histone
acetyltransferases CBP and p300 are recruited and interact with IRF3, preventing it
from exiting the nucleus (Kumar et al., 2000; Lin et al., 1998; Lin et al., 1999;
Servant et al., 2002; Yoneyama et al., 1998). This complex is known as the IFN-
enhanceosome, and also consists of additional proteins including the NF-xB
p50/p65 heterodimer, and the b-ZIP proteins ATF-2 and c-Jun. This structure is
assembled on the HMG-I/Y architectural protein (Agalioti et al., 2000). The entire
complex binds to positive regulatory domains in type | IFN promoters and interferon-
stimulated response elements (ISRE) in target genes (Lin et al., 2000; Lin et al.,
1998; Lin et al., 1999; Schafer et al., 1998; Servant et al., 2002; Wathelet et al.,
1998; Weaver et al., 1998; Yoneyama et al., 1998). Though this large complex is
required for full induction of IRF3 target genes, in response to viral infection, IFN-
transcription can be stimulated by IRF3 alone (Fan and Maniatis, 1989; Fujita et al.,
1987; Leblanc et al., 1990). After its activation, IRF3 is degraded via the proteasome
pathway (Lin et al., 1998; Ronco et al., 1998; Servant et al., 2002). This final process
ensures that as quickly as it came, the inflammatory response subsides.

There have been several reports that have linked IRF3 activation to DNA-PK,
a previously unrelated kinase. DNA-PK is a kinase commonly associated with ATM
and ATR (ataxia telangiectasia mutated and ataxia telangiectasia and Rad3 related,

respectively) (Karpova et al., 2002; Kim et al., 2000; Servant et al., 2001). These
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three proteins are well-characterized kinases involved in sensing DNA damage and
activating the DNA damage response (Huen and Chen, 2008). In response to
genotoxic stress including ultraviolet (UV) irradiation and other genotoxic agents
including doxorubicin and etoposide, these kinases become active and initiate cell
cycle arrest, which in turn, depending on the extent of the genomic damage, can
lead to repair, or alternatively to an apoptotic response (Huen and Chen, 2008). The
link of DNA-PK with IRF3, as an initiator to an inflammatory response to not only
infection but also genotoxic stress provides interesting implications for investigating
previously un-described pathways. Alternatively, as described below, IRF3 has also
been linked to the apoptotic response to viral infection. This link between viral and
genotoxic-induced apoptosis could uncover a new function for some of the
previously unknown regulatory functions of IRF3.

The other phosphorylation sites, as described above, are located in the N-
terminal region of the protein, and their functional relevance to the protein has not
been fully explored as yet (Servant et al., 2002). There are some proposed
mechanisms associated with N-terminal phosphorylation, including the suggestion
that it may allow for a conformational change that makes the C-terminal activating
residues more readily accessible (Lin et al., 1999). Other suggested implications of
the N-terminal region include controlling IRF3 activity prior to nuclear translocation or
protein stability (Servant et al.,, 2002). Further possibilities still, these
phosphorylation events may have no effect on IRF3’s activity as a transcription
factor, but rather hinge on the demonstrated properties of IRF3 to interact with other

regulatory proteins, discussed below.
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1.1.1lIl. IRF3 and viral-induced apoptosis

A number of recent reports have linked, for the first time, IRF3 and apoptosis.
IRF3 has been demonstrated to interact with Bax, a pro-apoptotic member of the
Bcl-2 family of proteins. IRF3 has a BH3 domain, located in the C-terminal of the
protein, through which it interacts with Bax (Chattopadhyay et al., 2010). Together,
these proteins mediate a viral-induced apoptotic event that serves to limit viral
replication. Interestingly, the induction of the apoptotic response mediated by IRF3
and Bax requires many of the same proteins that are required for inflammatory
activation of IRF3. RIG-I, IPS1, TRAF3 and TBK1 are proteins that overlap both the
inflammatory function of IRF3 as well as the apoptotic pathway (Chattopadhyay et
al., 2011). Where RIG-I recognizes viral RNA for both the inflammatory and
apoptotic pathways mediated by IRF-3, in response to DNA viruses, including Ad, it
has been demonstrated that the initial recognition of nucleic acids occurs via RNA-
polymerase Ill. The apoptotic pathway also requires TRAF2 and TRAFG.
Additionally, IRF3 that is unable to transactivate target genes still maintains the
ability to interact with Bax and mediate virus-induced apoptosis (Chattopadhyay et
al., 2011).

Upon interaction with Bax, both proteins translocate to the mitochondria and
activate the mitochondrial apoptotic pathway. In this way, it has also been
demonstrated recently that this apoptotic response actively serves to limit viral
replication, and as such forms another, novel method of combating viral infection

(Chattopadhyay et al., 2010; Chattopadhyay et al., 2011).
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Unlike the C-terminal phosphorylation events that are involved in the
activation of IRF3, phosphorylation of the N-terminal regions of the protein do not
have a defined function. It is possible that these phosphorylations play a distinct role
in the modulation of IRF3 interaction with Bax, or other, as yet undiscovered
interacting proteins. Thus, there is much work still to be done towards the

characterization of IRF3’s involvement in the apoptotic response to viruses.

1.1.IV. IRF3 and Ad infection

In response to Ad, there is a robust innate immune response, involving
several pathways (Figure 1.4). The two most important inflammatory pathways
involved in blocking viral replication are the interleukin-1 pathway and the type |
interferon pathway. In a short period following Ad infection, recognition of the virus
leads to full activation of IL-1 (Di Paolo et al., 2009; Shayakhmetov et al., 2005b). A
number of kinases are also activated. JNK, ERK1/2 and p38 MAPK make up the
kinases that are induced following Ad infection (Gehart et al., 2010). These kinases
are also effectors of non-specific stress pathways. Activation of these kinases leads
to the induction of the NF-xB pathway and the production of various chemokines,
including IL-1. In parallel to this response, is the type | interferon response.
There have been a number of conflicting reports in the literature over the recent past
regarding IRF3’s involvement in the response to Ad. Some groups have
demonstrated an activation of IRF3 in response to Ad infection (Lee et al., 2010;
Muruve et al., 2008; Nociari et al., 2009; Nociari et al., 2007; Stein and Falck-

Pedersen, 2012; Uematsu and Akira, 2007) ; while other groups, including work from
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Figure 1.4. Innate immune pathways activated in response to Ad infection.
(Thaci et al., 2011). Used under terms of Creative Commons Attribution License.
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our own lab have observed modifications to IRF3, but not activation (Fejer et al.,
2008; Zhu et al., 2008). What is known for certain is that Ad induces a significant
inflammatory response regardless of any modifications that have been made to the
viral genome (Ad whole virus, first-generation Ad vectors lacking some viral genes,
or Helper-dependent Ad vectors devoid of all viral coding DNA) (Alcorn et al., 2001;
Chintakuntlawar and Chodosh, 2009; Di Paolo et al., 2009; Koizumi et al., 2007;
Muruve et al., 1999; Philpott et al., 2004; Tamanini et al., 2006; Xing et al., 2000;
Zaiss et al., 2002). Ad infection has been demonstrated to invoke all arms of
immunity through a variety of pathways (Bruder and Kovesdi, 1997; Cerullo et al.,
2007; Hartman et al., 2008; Jiang et al., 2004; Muruve et al., 2008; Tibbles et al.,
2002), but there is still a great deal of debate about the involvement of IRF3 in the
activation of innate inflammation.

Three related reports from Falck-Pederson’s group demonstrated that Ad
infection of antigen presenting cells (APCs) leads to activation of IRF3. In the first
study, they demonstrated that Ad is recognized through a pathway that is
independent of TLR signaling, and recognizes viral dsDNA (Nociari et al., 2007). In
addition, intact viral particles and capsid proteins are required for activation of IRF3.
In addition to being the first group to demonstrate IRF3 activation in response to Ad
infection, this study also showed that the IRF3 pathway is the predominant response
in APCs, rather than the Akt/NF-xB pathway (Nociari et al., 2007). The subsequent
paper reported that in response to Ad DNA, TBK1 is phosphorylated at serine 172.
That phosphorylation event however, is not enough to lead to the activation of IRF3.

Ad DNA did not lead to activation of IKKe, the second component of the activating

22



complex (Nociari et al., 2009). Nociari et al. demonstrated that in addition to viral
DNA in the cytoplasm, viral capsid leads to activation of Jun N-Terminal Kinase
(JNK), and licenses TBK1 to phosphorylate IRF3 S396. The physiological relevance
of these reports remains in question due to the high quantities of virus (25,000 virus
particles per cell), or alternatively the cell types used for these experiments
(dedicated immune cells including plasmacytoid dendritic cells and macrophages).

A third paper from the same group demonstrated activation of IRF3 in RAW
264.7 murine macrophages in response to Ad infection. In this study, the activation
was once again TBK1 dependent and was effected via multiple DNA sensors (Stein
and Falck-Pedersen, 2012). Knockdown of the absent in melanoma 1 (AIM1) protein
or the helicase DDX41 resulted in significantly attenuated IRF3 activation.

Additionally to the studies by Falck-Peterson’s group, Muruve et al.
demonstrated that in response to Ad DNA, or in fact any cytosolic DNA leading to
inflammation, the inflammation happens via the interferon pathway, and independent
to the inflammasome (Muruve et al., 2008). While there is activation of the
inflammasome, leading to IL-1p production, inhibition of the inflammasome did not
prevent phosphorylation and activation of IRF3. Once again, these studies were
carried out in the macrophage-like cell line THP1 (human acute monocytic leukemia
cell line), and as such the results observed may not hold true across all cell types.

Interestingly, a study from Hu’s lab that investigated the in vivo effects of Ad
infection on a co-culture of macrophages and epithelial cells led to the observation
that in response to Ad infection, there were signs of macrophage activation, as well

as inflammation within 24 hours of infection (Lee et al., 2010). Macrophage
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activation was demonstrated by a significant decrease in intracellular pH.
Inflammation was observed based on cytotoxicity, release of pro-inflammatory
cytokines, and production of nitric oxide and reactive oxygen species. Also of note,
Hu’s group observed that when cultured alone, the macrophages either were not
activated or were activated to a much-attenuated level, as compared to the co-
cultures. These results implied a synergistic effect of the cross-talk between
epithelial cells and macrophages in response to Ad infection (Lee et al., 2010).

As mentioned above, there have been several studies recently that have
linked IRF3 with the pro-apoptotic protein, Bax. Interestingly, in one of these studies,
the virus inducing this interaction was in fact, Ad (Chattopadhyay et al., 2011). Upon
infection with Ad, as well as the RNA viruses Sendai virus (SeV), vesicular stomatitis
virus (VSV), and encephalomyocarditis virus (EMCV), Chattopadhyah and
colleagues described a direct interaction, and indeed, a modulation by IRF3 of the
Bax regulated pathway of apoptosis (Chattopadhyay et al., 2010; Chattopadhyay et
al., 2011).

There are multiple potential explanations for the difference in response
between immune and non-immune cells. The most relevant explanations include a
viral-encoded strategy to bypass or inhibit the innate sensing of viral components
including DNA or proteins; or alternatively, certain pathways that are active in
professional immune cells are absent, or inactive in non-professional immune cells.
Perhaps most interesting to this particular point is a new study by Fonseca et al. that
demonstrated active evasion by Ad of the interferon-mediated innate response

through an antagonism of a cellar histone posttranslational modifying protein
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complex, hBre1/RNF20 (Fonseca et al., 2012). Given that the epithelial cells that line
the digestive and respiratory tracts are the first sites of Ad infection, as well as the
first lines of defense against Ad and other viruses, the inability of these non-
professional immune cells to raise a significant interferon response could have

broad-reaching implications regarding pathogenesis of the virus.
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1.2. Objective

There is a great deal of information available regarding the inflammatory
response to RNA viruses, be they ssRNA or dsRNA viruses. In response to these
viruses, the first line of response is the PRRs, including TLRs, RLRs and NLRs. The
response to DNA viruses is known to involve the same cellular machinery, yet the
mechanisms of response to these viruses are still enshrouded with many questions.
IRF3 is a key transcription factor that overlaps as a pro-inflammatory regulatory
protein in response to RNA and DNA viruses. In addition to its role as an
inflammatory regulator, IRF3 has also been recently implicated in the apoptotic
response to viral infection. Apoptosis is a mechanism that is often linked to the DNA-
damage response, yet to date, IRF3 has not been implicated as a key protein in the
DNA-damage response. Most studies have examined IRF3 as an inflammatory
transcription factor and an apoptotic mediator at the protein level. We have
attempted in this project, to examine the mechanisms governing IRF3 activity in
response to Ad infection. We have investigated a unique post-translational
modification that has not previously been associated with Ad infection. We will
determine whether our novel modification has implications in antiviral inflammation
and/or antiviral apoptosis, as well as investigating novel roles for IRF3 in response to

genotoxic stress.

1.3. Hypothesis
Previous studies in our lab have demonstrated a novel phosphorylation event

on IRF3 in response to Ad infection. We hypothesize that this phosphorylation event
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is key for regulating IRF3 activity in the context of inflammation, as well as
apoptosis. Furthermore, we hypothesize that IRF3 is involved in the apoptotic

response to DNA damage.

1.4. Approach

Phosphorylation status will be controlled using residue-specific IRF3 mutants
and phosphorylation status will be analyzed in infected as well as treated (genotoxic
stress) cells. We will use reporter constructs using IRF3 target gene promoters to
investigate transcriptional activity. We will use cell viability assays to investigate the
importance of IRF3 phosphorylation status in cell survival. Taken together, these
data will determine the involvement of IRF3 in the inflammatory and apoptotic

pathways in response to both Ad infection, as well as DNA damage.

1.5. Rationale

Despite the ever-growing body of knowledge regarding the innate immune
response to Ad, the role of IRF3 in non-immune cells remains elusive. Being a
significant pathogen, as well as a promising vector for gene therapy, a greater
understanding of the antiviral response is necessary. We believe that there might
also be some relevance of our phosphorylation event to the control of IRF3’s activity
as a mediator of apoptosis.

In order to create a more effective gene therapy vector, as well as to
potentially create a better vaccine to the wildtype virus, a greater understanding of

the innate immune response to the virus is required. Additionally, insight gained from
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this study has a possibility to link the inflammatory response and viral induced
apoptosis to the DNA damage response for the first time. Unifying these two
pathways has the potential to uncover new, and as yet undiscovered pathways, as

well as novel functions for known proteins.
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Chapter 2: MATERIALS AND METHODS

2.1. Reagents:

See Appendix A for list of reagents, solutions, and buffers used.

2.2, Cell culture and viral infections.

A549 (ATCC CCL 185) human lung adenocarcinoma cells were maintained in
Minimal Essential Media (MEM, Sigma) supplemented with 10% fetal bovine serum
(FBS), 1% GlutaMax and 1% Antibiotic/Antimycotic (Invitrogen) at 37° C and 5%
CO, atmosphere. HeLa (ATCC CCL 2) human epithelium derived cells were
maintained under the same conditions in Dulbecco Modified Eagle Medium (DMEM,
Sigma) supplemented with 10% FBS, 1% GlutaMax, and 1% Antibiotic/Antimycotic
(Invitrogen).

Wild type adenovirus serotype 5 was obtained from J. Bell (Ottawa Hospital
Research Institute, Ottawa ON). Ad5 vectors used in the experiments were: AACA35
(AdAE1-LacZ) from (Addison et al., 1997), AdRP2825 (AdAE1-FLAG-wtIRF3),
AdRP2762 (AdJAE1-FLAG-IRF3 S173A), AdRP2763 (AdJAE1-FLAG-IRF3 S173D)
and AdRP2928 (AdAE1-FLAG-IRF3 S173E). All Ad infections were performed in
Dulbecco-phosphate buffered saline (DPBS, Sigma) at multiplicities of infection
(MOI) from 5 to 100 PFU/cell for 1 hour at 37° C. An attenuated Vesicular Stomatitis
Virus from Dr J. Bell (OHRI) was used as a positive control for IRF3 activation. VSV
A51 has a deletion of codon 51 of the M protein. One of the roles of the M protein of

VSV is preventing interferon production and this deletion renders the virus highly
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susceptible to VSV less able to suppress cellular immunity (Ahmed and Lyles, 1997,
Coulon et al., 1990; Stojdl et al., 2003). Infections with VSV were carried out in MEM

(for A549s) or DMEM (for HeLas) at MOI of 10 PFU/cell for 1 hour at 37° C.

2.3. DNA damage induction

Cellular DNA damage was induced using either single stranded breaks (UV
irradiation) or double stranded breaks (Etoposide). HeLa and A549 cells were
irradiated with varying levels of UV using a UVP CL-1000 Ultraviolet Crosslinker,
ranging from 5 to 250 J/m?. The media was aspirated from the cells prior to
irradiation to allow for optimal effect. New media was added to the cells and they
were allowed to recover before down-stream processing.

The chemotherapeutic drug etoposide (VP16, Sigma) was used at 100 uM
and added directly to media. The drug was allowed to act for twenty-four hours

before down-stream processing.

2.4, Plasmid cloning

FLAG-tagged human IRF3 was cloned into pcDNA3. The serine residue at
position 173 was mutated to alanine, aspartic acid, or glutamic acid in a series of
cloning steps involving the insertion of various mutated oligonucleotides (Sigma) into
the pcDNA-FLAG-IRF3 vector. Plasmid DNA was transformed into RbCl competent
cells (prepared as in (Doyle, 1996)) by heat shock method. Small scale DNA
preparation used alkaline lysis per methods described by Birnboim and Doly

(Birnboim and Doly, 1979), with large scale preparation performed by alkaline lysis

30



with purification by CsCl buoyant density centrifugation as described in Sambrook et
al. (Sambrook et al., 1989). All constructs were sequenced by StemCore Labs
(OHRI, Ottawa, ON) to confirm their identity.

The RANTES promoter reporter construct used in this project (-181

RANTES) was provided by Dr D.A. Muruve (University of Calgary, Calgary AB).

2.5. Transient transfections
HelLa cells were seeded for transfection at ~1.0x10° cells/35 mm dish.
Transfection was performed in serum-free DMEM using Lipofectamine 2000

(Invitrogen) and 4 ug of DNA per plate as instructed by the manufacturer.

2.6. Immunoblot analysis

HelLa or A549 cells in 35 mm dishes were harvested using 200 uL of 2x
denaturing protein buffer containing -mercaptoethanol. Twenty microlitres of these
lysates were processed by electrophoresis on 10% acrylamide gels. Proteins were
electrophoretically transferred onto PVDF membranes (Millipore) using semi-dry
transfer (BioRad). The membranes were blocked in Tris-buffered saline with 0.1%
Tween 20 (TBST) containing 5% powdered skim milk for 1 hr at room temperature
with shaking, or at 4° C overnight. Primary and secondary antibodies were diluted in
the blocking solution and incubated with membranes as instructed by the
manufacturers. After incubation with each antibody, membranes were washed (with
shaking) three times with TBST for 5 min at room temperature. The primary

antibodies used in these studies were anti-IRF3 mouse monoclonal (550428, BD
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Pharmingen) (1:5000), anti-FLAG M2 mouse monoclonal (200-301-383, Rockland)
(1:5000), anti-IRF3-phospho-396 rabbit monoclonal (4947, Cell Signaling) (1:1000),
anti-atubulin mouse monoclonal (CP-06, CalBiochem) (1:5000), and anti-pan-actin
rabbit monoclonal (8456, Cell Signaling) (1:1000). Secondary antibodies used in
these studies were IgG (H+L)-HRP-conjugated goat anti-rabbit (BioRad) (1:5000)
and goat anti-mouse (BioRad) (1:5000). Membranes were developed with with
Pierce ECL Western Blotting Substrate (Pierce) according to the manufacturer’s
instructions. To remove bound antibody from membranes for re-probing, membranes
were washed with TBST for 5 min at room temperature and incubated in Restore
Western Blot Stripping Buffer (Pierce) for 10-20 min at 37° C. Membranes were
washed with TBST for 5 min at room temperature then blocked in blocking solution

for 1 hr at room temperature with shaking, or at 4° C overnight.

2.7. Densitometry analysis

Short exposures of immunoblots, with emphasis on unsaturated signal, were
scanned using standard computer scanning software. The images were analyzed
using Imaged software (NIH) in order to quantify relative signal levels on the
immunoblots. Relative signal level was determined by subtracting the background
intensity from the actual signal, and normalizing the corrected IRF3 signal to the

corrected tubulin signal.

2.8. Luciferase assays

After removal of culture medium, HelLa cells were harvested with 200 uL of
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Reporter Lysis Buffer (E397A, Promega) and frozen at -80° C. Cell lysates were
thawed and cell supernatant (10 uL) was added to 100 uL of Luciferase Assay
Substrate (E1501, Promega), and luciferase activity was measured in relative

luciferase units using a Promega GloMax 20/20 luminometer.

2.9. Cytotoxicity assays

Media was aspirated from A549 cells on 35 mm dishes and they were
washed with DPBS. Cells were incubated with 150 uL of DPBS containing ~2 uM of
Calcein AM (Ex. 494 nm; Em. 517 nm) and ~4 uM of ethidium homodimer (Ex. 528
nm; Em. 617 nm) for 30 min in the dark using a LIVE/DEAD Cell Viability Assay kit
(Invitrogen). After 30 minutes, samples were observed using a Zeiss fluorescence

microscope.

2.10. Crystal violet assays

Ab549 cells were aspirated, washed with DPBS, and fixed using p-gal fixative
for 30 min. The fixative was removed and the cells were washed again with DPBS.
The plates were incubated with 1 mL of 0.1% crystal violet with shaking for 30 min at
room temperature. Excess crystal violet was washed off with gentle flowing water.
Cells were then left to dry overnight. Next day, bound crystal violet was reconstituted
using 1 mL of 10% acetic acid and absorbance at 590 nm was taken using a

microplate reader.
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2.11. Statistical Analysis
Microsoft Excel was used for statistical analysis using two-tailed Student’s t-
Test assuming two-sample equal variance. Results were considered statistically

significant when p-values of p < 0.05 was achieved.
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Chapter 3: RESULTS

3.1. IRF3 is phosphorylated differentially during Ad and VSV infection

There have been a variety of studies that have explored the phosphorylation
state of IRF3 during the course of infection by a variety of RNA viruses (Lin et al.,
1998; Servant et al.,, 2001; Yoneyama et al.,, 1998). The hyper-phosphorylation
associated with IRF3 activation leads to an electrophoretic shift which can be
visualized by immunoblot. The phosphorylation of IRF3 results in a more slowly
migrating band by SDS-PAGE. In uninfected cells and at steady-state, IRF3 exists
predominantly in form | (the fastest migrating form; unphosphorylated IRF3) and
form Il (slower migrating; minimally phosphorylated). In response to activating
stimulus, including VSV, IRF3 is hyper-phosphorylated to forms Ill/IV (Servant et al.,
2001).

We conducted preliminary studies to recapitulate this migration shift in
response to VSV, as well as to investigate whether infection with Ad induced the
same shfit, indicative of IRF3 activation. A549 cells were mock infected or infected
with either Ad or VSV (MOI 100 PFU/cell for Ad, 10 PFU/cell for VSV). Due to the
respective life-cycle lengths of the two viruses, protein was harvested in protein-
loading buffer at 24 hours post infection (hpi) for Ad, or 0, 3, and 6 hpi for VSV. IRF3
was resolved by a combination of SDS-PAGE and immunoblot. Under mock
infection conditions, IRF3 was observed to be in the baseline state of form I. As early
as 3 hpi with VSV, there was an observable shift from form | to form Il. By 6 hpi, the

shift was higher, to forms Ill and IV (Figure 3.1A). After 24 hrs of Ad infection, there
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was a shift of IRF3 from form | to form Il (Figure 3.1B). These results corroborated
previous experiments completed in our lab which showed that under normal
conditions in non-immune cells (primarily epithelial cells), there is an absense of
IRF3 activation in response to Ad infection. Further to this fact, previous studies in
our lab have used a series of point mutants to determine that the shift observed in
response to Ad infection is due to a phosphorylation of IRF3 at serine 173 (S173) (K.
Powell and R. Parks, unpublished). In addition to the observation of an S173
phosphorylation being the primary response of IRF3 to Ad infection, it was observed
that this phosphorylation event was dependent on Ad genome replication (K.
Chaisson and R. Parks, unpublished). As mentioned previously, all known activating
events occur via the phosphorylation of carboxy-terminal residues, therefore this

phosphorylation may regulate some other aspect of IRF3 infection.

3.2. IRF3 is phosphorylated similarly in response to genotoxic stress as in
response to Ad infection

As mentioned above, previous studies in our lab determined that the
phosphorylation responsible for the difference between IRF3 form | and Il is at S173.
We hypothesized that since the observation of this phosphorylation event in the
context of Ad infection is dependent on the production of new Ad genomes, this
phosphorylation could be a cellular response to what is perceived to be damaged
DNA. In order to explore this phenomenon, we irradiated A549s with ultraviolet light
(UV) at an intensity of 5 J/m?. Protein was harvested at different timepoints and

resolved by immunoblot to examine the phosphorylation status of IRF3. In response
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Figure 3.1. VSV and Ad induced IRF3 phosphorylation.

(A) A549 cells were mock-infected, or infected with VSV (MOI 10 PFU/cell). (B)
A549 cells were mock-infected, or infected with wtAd (MOI 100 PFU/cell). In
panel A, cells were harvested with 2X denaturing protein buffer at 0, 3, and 6 hpi.
In panel B, cells were harvested with 2X denaturing buffer at 24 hpi. Proteins
were resolved by 10% SDS-PAGE, transferred to a PVDF membrane, and
probed using anti-IRF3 antibody (BD Pharmingen). IRF3 forms I, I, and lll/IV are
indicated on each panel. Blots were re-probed with anti-actin (Cell Signaling) or
anti-tubulin (CalBioChem) to ensure equal loading.
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to UV irradiation, we observed a similar shift of IRF3 from form | to form Il (Figure
3.2). This shift was both interesting, and significant, as it was the first major piece of
corroborating evidence connecting IRF3 regulation in immunity and DNA damage.
The phosphorylation of S173 after Ad infection, is directly reliant on Ad DNA
replication, and occurs between 18-21 hpi in A549 cells. Phosphorylation of S173
occurs after a much shorter time in response to UV irradiation; In response to a
modest dose of UV (5 J/m?), a noticeable shift from form | to form Il occurs within 15
minutes. By 20 minutes, the predominant form is form Il. Thus, UV irradiation of cells
caused a rapid phosphorylation of IRF3 S173.

In addition to UV irradiaton, which leads to single-stranded DNA breaks due
to the formation of thymine dimers in the DNA structure, we examined the effects of
the chemotherapeutic drug etoposide on IRF3 phosphorylation. Etoposide acts
through inhibition of topoisomerase |l activity, thus preventing re-ligation of the DNA
strand, and eventually, double-stranded breaks. We observed a similar
phosphorylation of IRF3, with a shift from form | to form Il (data not shown). Unlike
UV irradiation however, this shift did not occur immediately after treatment, and
much like Ad infection, took twenty-four hours to elicit a response, at a dose of 100
ug/mL, making it another, albeit less convenient method for further study of IRF3
S173 phosphorylation.

While low level UV irradiation (5 J/m?) appeared to provide a good paradigm
for studying the significance and function of IRF3 S173 phosphorylation, it seemed
possible that the shift observed from form | to form Il may have simply been an

intermediary observed on the way to a higher level of phosphorylation (signifying
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Figure 3.2. UV-induced IRF3 phosphorylation.

A549 cells were irradiated with 5 J/m? UV light. Cells were harvested in 2X
denaturing protein buffer, resolved by 10% SDS-PAGE, transferred to a PVDF
membrane, and probed using an anti-IRF3 antibody (BD Pharmingen). IRF3
phosphorylation forms | and Il are indicated.
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activation of IRF3). We next determined whether a higher level of UV irradiation
would lead to further phosphorylation of IRF3 (to forms Il and 1V) and the associated
activation of the molecule. To investigate this, we irradiated cells with different levels
of UV (5-250 J/m?). As previously, protein was harvested in protein loading buffer
and resolved using SDS-PAGE and immunoblot. In response to varying doses of
irradiation, all doses gave rise to the same shift to predominantly form two (Figure
3.3). There was no further shift up to forms Il or IV.

To confirm that UV did not lead to activation of IRF3, we examined the
phosphorylation status of IRF3 S396. S396 is the canonical residue associated with
IRF3 activation, and is involved in the relaxation of the IRF3 structure that is required
for DNA binding and transactivation of target genes. Using much the same
procedure as the experiment described above, we irradiated A549 cells with different
levels of UV (5 or 250 J/m?), harvested the protein 15 minutes later, and used SDS-
PAGE and immunoblot with a phospho-specific antibody to IRF3 S396 to examine
whether UV irradiation activates IRF3. VSV infection, but not UV irradiation at either
low or high levels, leads to phosphorylation of S396 (Figure 3.4). Thus, although UV
irradiation leads to a change in phosphorylation status of IRF3, it does not lead to

phosphorylation of the canonical activating residue.

3.3. Phosphorylation of S173 influences IRF3 stability
Once it was determined that IRF3 undergoes a phosphorylation event in
response to genotoxic stress similar to infection with Ad, we next attempted to

discern a function of S173 phosphorylation. Phosphorylation, like other post-
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Figure 3.3. High-dose UV-induced phosphorylation of IRF3.

A549 cells were irradiated with 0, 5, 25, 50, or 250 J/m? UV light. Cells were
harvested in 2X denaturing protein buffer, resolved by 10% SDS-PAGE,
transferred to a PVDF membrane, and probed using an anti-IRF3 antibody (BD
Pharmingen). IRF3 phosphorylation forms | and Il are indicated. Blots were re-
probed with anti-tubulin (CalBioChem) to ensure equal loading.
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Figure 3.4. IRF3 S396 is not phosphorylated in response to UV.

Ab549 cells were mock-infected, infected with VSV (10 PFU/cell), or irradiated with
UV (5 or 250 J/m?). Cells were harvested in 2X denaturing protein buffer,
resolved by 10% SDS-PAGE, transferred to a PVDF membrane, and probed
using an anti-IRF3 antibody (BD Pharmingen). Blots were re-probed with a
phospho-specific antibody for IRF3 S396 (Cell Signaling) to examine activation
status.
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translational modifications, often influences protein stability. Phosphorylation targets
some proteins for ubiquitination by E3-ligases, enhancing their degradation by the
ATP-dependent ubiquitin/proteasome pathway (Ciechanover, 1994), while other
phosphorylated proteins are less able to interact with other proteins (including the
same E3-ligases). These are just two of the many different ways phosphorylation
can modify the function or stability of a protein, and just one of the pathways by
which proteolysis can occur. Given that S173 phosphorylation has not been linked to
activation of IRF3, we investigated whether S173 phosphorylation altered IRF3
stability.

We transfected HelLa cells with plasmid constructs expressing wildtype IRF3,
or IRF3 mutants with S173 mutated to either an alanine (S173A; cannot be
phosphorylated) or glutamic acid (S173E; phosphomimetic). Twenty-four hours later,
the cells were infected with VSV (chosen because it is known that VSV targets IRF3
for degradation by SUMOylation regardless of IRF3 activation status) and protein
was harvested over a six hour time course. The resulting protein was resolved by
SDS-PAGE, transferred to a membrane and probed by immunoblot. Relative levels
of IRF3 or the respective mutants were analyzed by densitometry.

At steady state, before stimulation by VSV, IRF3 S173A appeared to
accumulate to a higher relative level. When stimulated with VSV however, the
wtIRF3 and IRF3 S173E both accumulated to a significantly higher level than steady
state over the first two hours of infection. After this point, the drop in protein was
rapid and the level of IRF3 was reduced to nearly undetectable by 6 hpi (Figure 5A &

5C). IRF3 S173A was also nearly completely degraded by 6 hours. In contrast to the
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other mutants, IRF3 S173A did not initially accumulate to the same level, suggesting

that inability to phosphorylate S173 results in lowered protein stability (Figure 5B).

3.4. IRF3 S173A leads to lowered IRF3 target gene (RANTES) expression

In addition to affecting protein stability, phosphorylation is also responsible for
affecting the activity of many proteins, as exemplified by the C-terminal
phosphorylations (especially S396) of IRF3. Although many studies have shown that
C-terminal phosphorylation leads to activation, it is possible the N-terminus may also
affect the ability of IRF3 to activate target genes (reviewed in: (Servant et al., 2002)).

We used constructs expressing a firefly-luciferase protein controlled by a
RANTES (IRF3 target gene) promoter, co-transfected with an empty vector
(cDNA3), wtIRF3 or IRF3 S173A into HelLa cells to investigate the transactivating
activity of IRF3. Forty-eight hours after transfection, cell lysates were harvested in
luciferase buffer. These samples were measured for relative luminescence using a
luminometer.

In comparing expression from the RANTES promoter relative to the
protein level per sample, it appears that IRF3 WT expressing cells show similar
transactivating activity compared to IRF3 S173A (Figure 3.6A). This result
suggests that S173 phosphorylation does not affect IRF3’'s transactivating
abilities, at least at baseline. After further study, the harvested protein was
quantified by Bradford assay (Figure 3.6B), demonstrating that there was less
total protein harvested from the cells transfected with IRF3 S173A. This

suggested that there were less cells available on the plate when harvested. As
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Figure 3.5. IRF3 stability following VSV infection.

FLAG-tagged IRF3 mutants ((A) IRF3 WT, (B) IRF3 S173A, and (C) IRF3
S173E) were transfected into Hela cells. Twenty-four hours later, cells were
infected with VSV (MOI 10 PFU/cell). Cells were harvested in 2X denaturing
protein buffer, resolved by 10% SDS-PAGE, transferred to a PVDF membrane,
and probed using an anti-FLAG antibody (Rockland). Blots were re-probed with
anti-tubulin (CalBioChem). Signal intensities were analysed using ImageJ
software and graphed in Excel. FLAG signal intensity was standardized to tubulin
signal intensity, and normalized with t=0 being assigned the arbitrary value of
100. One experiment is shown, but results reflect 4 independent experiments.

45



Relative IRF3 level

@

Relative IRF3 level

180
160
140
120
100
80
60
40
20

180
160
140
120
100
80
60
40
20

IRF3 WT

o

2 3 4 5
Time after infection (h)

IRF3 S173E

6

o

2° 3 4 5
Time after infection (h)

6

e

Relative IRF3 level

120

100

80

60

40

20

IRF3 S173A

2 3 4 5
Time after infection (h)

6



equal numbers of cells were transfected, with equal quantities of DNA, the lower
protein level could be due to cell death or reduced growth of S173A treated cells
over the two days. Upon further investigation, this result suggests that S173
phosphorylation does not affect IRF3'’s transactivating abilities.

These data suggest that IRF3 S173 phosphorylation does not affect target
gene activation. However, these studies suggest that overexpression of IRF3
S173A may adversely affect cell growth or survival.

Drawing from the suggestion that IRF3 S173A could somehow be
detrimental to the survival of cells, we investigated whether IRF3 S173 plays a
role in cell growth, survival, or death. We infected A549 cells with Ad vectors
over-expressing wWtIRF3, IRF3 S173A, or IRF3 S173E. Twenty-four hpi we
assayed the viability of the cells using a Live/Dead assay kit. Using this kit, dead
cells are stained using ethidium homodimers to appear red by fluorescence
microscopy, while live cells appear green, due to green fluorescent calcein-AM to
show intracellular esterase activity.

From the images in Figure 3.7, there are more red cells present in
samples treated with Ad-IRF3 S173A than any of the other IRF3 expressing
vectors (Figure 3.7). It also appears that the density of the IRF3 S173A appears
lower, and the cells appear more rounded, and therefore cell death is increased,

despite identical plating conditions for all cells.
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Figure 3.6. IRF3 mutants effect on RANTES promoter activity.

FLAG-tagged IRF3 mutants (IRF3 WT, IRF3 S173A) and a RANTES-luciferase
plasmid were transfected into HelLa cells. Forty-eight hours later, cells were
harvested in 1X luciferase buffer. (A) Luciferase activity was assayed using a
Promega kit and a Promega GloMax 20/20 luminometer. Luciferase activity, as
represented by relative light units (RLU) was normalized to protein levels as
determined in panel B. (B) Protein content of samples was determined using
Bradford reagent (BioRad). 2.5 uL of sample was mixed with 1 mL of 1X Bradford
reagent. Absorbance at 595 nm was taken and compared to a standard curve of
BSA to determine protein level per sample. Error bars represent the range of
values observed in 2 replicates. Results reflect 2 independent experiments.
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3.5. Over-expression of IRF3 S173A leads to greater cell death than wtIRF3 or
phosphomimetic IRF3

We explored cell survival after treatment of cells with the various Ad-IRF3 by
crystal violet assay. In this assay, cells that remain attached to the plate are stained
with crystal violet. Cells were infected with wtIRF3, IRF3 S173A and IRF3 S173E
expressing Ad vectors. In generating these vectors, the E1 region of the viral
genome is deleted, thus rendering the vectors replication incompetent. Replication
incompetent vectors are appropriate for this study, since as mentioned above, we
have linked Ad-induced phosphorylation of IRF3 S173 to viral DNA replication.
Replication incompetent vectors do not induce this phosphorylation. Twenty-four
hours later, cells were fixed and stained with crystal violet. After extensive rinsing,
the bound crystal violet was collected in 10% acetic acid and assayed
colourimetrically to determine the relative intensity, which correlates to cell survival.

From the crystal violet assay, it was determined that cells infected with Ad-
IRF3 S173A showed a trend towards less cells on the plate than the other IRF3
mutants (Figure 3.8). This result lends strength to the previous observations that
expression of IRF3 S173A reduces cell viability, whether the observed
phenomenon can be attributed to decreased cell growth in addition to active cell
death remains to be determined, but it is apparent that the inability to
phosphorylate IRF3 S173 is detrimental to cell viability.

To glean additional insight on cell survival to add to the previous
experiment, we repeated the crystal violet assay, but examined several time

points. As previously, A549 cells were infected with Ad vectors expressing the
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Figure 3.7. Cell death in response to IRF3 over-expression.

A549 cells were mock-infected or infected with IRF3 mutant expressing Ad-
vectors (IRF3 WT, IRF3 S173A, IRF3 S173D, IRF3 S173E) at MOI 20 PFU/cell.
Twenty-four hours later, cells were stained using a LIVE/DEAD cytotoxicity kit
(Invitrogen) and viewed using phase contrast and fluorescence microscopy.
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panel of IRF3 mutants, a vector expressing LacZ, or alternatively mock infected.
Each of these infections was carried out in a single dish, in order to ensure an equal
efficiency of infection. Twenty-four hours later, the treated cells were trypsinized,
replated at low density and checked for expression of IRF3 to verify similar levels of
protein expression (Figure 3.9A). We assayed cell growth over four days by the
crystal violet assay. As expected, the mock-infected cells grew most rapidly, with
any over-expression of IRF3 slowing growth below that of an unrelated Ad-vector
(Ad-LacZ). WT IRF3, and phospho-mimetic IRF3s showed very similar growth rates,
while IRF3-S173A was significantly slower than any of the other conditions (Figure
3.9B).

Upon closer inspection, the graph demonstrates that S173A over-expression
leads not only to delayed cell growth, but the intensity of the colourimetric readings
goes down, suggesting dying cells. Though it is clear that over-expressing any of the
IRF3 mutants delays growth beyond either mock or Ad-vector infected cells, the
levels of IRF3 expression appear similar and the increased cell death associated
with IRF3 S173A expression is not simply a collateral effect of a greater level of
IRF3 expression.

In returning to data previously collected in the LIVE/DEAD assay from Figure 3.7,
using cell counts, we quantified the number of red (dead) cells per field of view as
a means of better quantifying the level of cell death apparent in each of the
conditions. Consistent with the previously reported data in Figures 3.8, 3.9, and
3.10, IRF3 S173A over-expression resulted in the highest number of dead cells

(Figure 3.10). IRF3 WT, IRF3 S173D, and IRF3 S173E lead to similar (lower)
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Figure 3.8. Cell survival in response to IRF3 over-expression.

A549 cells were mock-infected or infected with FLAG-tagged IRF3 mutant
expressing Ad-vectors (IRF3 WT, IRF3 S173A, IRF3 S173D, IRF3 S173E) at
MOI 20 PFU/cell. Twenty-four hours later, cells were fixed and stained using
0.1% crystal violet. Twenty-four hours later, the crystal violet was collected in
10% acetic acid and absorbance at 590 nm was taken. Absorbances were
converted to relative crystal violet concentrations and plotted using Excel. Error
bars represent the range of values observed in duplicate samples. One
experiment is shown, but is representative of 4 independent experiments.
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Figure 3.9. Growth of cells over-expressing IRF3.

A549 cells were mock-infected or infected with FLAG-tagged IRF3 mutant
expressing Ad-vectors (IRF3 WT, IRF3 S173A, IRF3 S173D, IRF3 S173E), or
LacZ expressing Ad-vectors at MOI 20 PFU/cell in duplicate. Twenty-four hours
later, one set of plates were treated with trypsin and re-plated at low density. The
other set of plates was lysed using 2X denaturing protein buffer. (A) Cells
harvested in 2X denaturing protein buffer were resolved by 10% SDS-PAGE,
transferred to a PVDF membrane, and probed using an anti-FLAG antibody
(Rockland). Blots were re-probed with anti-actin (Cell Signaling) to ensure equal
loading. (B) Cells were fixed and stained with 0.1% crystal violet over 4 days.
Twenty-four hours later, the crystal violet was collected in 10% acetic acid and
absorbance at 590 nm was taken. Absorbances were converted to relative crystal
violet concentrations and plotted using Excel. Error bars represent standard
deviation of the data points. Means at a single time point without a common letter
differ by two-tailed Student'’s t-test, P < 0.05. n=4.

* - LacZ=bc, IRF3 WT=bcd, IRF3 S173D=cd, IRF3 S173E=bcd, IRF3 S173A=e.

** - IRF3 WT=c, IRF3 S173D=c IRF3 S173E=c
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levels of cell death. Once again, it was readily apparent that there was a greater
level of cell death in the cells over-expressing any form of IRF3 compared to mock
infected cells.

In summary, these data demonstrate that in response to UV irradiation, as in
response to Ad infection, IRF3 is phosphorylated, but not activated. The
phosphorylation of IRF3 S173 stabilizes IRF3 and prevents its degradation.
Phosphorylation of IRF3 S173 does not affect target gene expression. Finally,
phosphorylation of IRF3 S173 affects cell viability, in that expression of a mutant that

cannot be phosphorylated at residue 173 leads to a lower level of viable cells.
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Figure 3.10. Cell death in response to IRF3 over-expression.

A549 cells were mock-infected or infected with IRF3 mutant expressing Ad-
vectors (IRF3 WT, IRF3 S173A, IRF3 S173D, IRF3 S173E) at MOI 20 PFU/cell.
Twenty-four hours later, cells were stained using a LIVE/DEAD cytotoxicity kit
(Invitrogen) and viewed using phase contrast and fluorescence microscopy.
Dead cells were counted and graphed using Excel. Error bars represent the
range of data observed over 2 independent experiments. Similar numbers were
observed in experiments using MOls of 5 and 10 PFU/cell (data not shown).
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Chapter 4: DISCUSSION

In response to viral infection, one of the key components of the innate
immune response is IRF3. This transcription factor is activated early on during
infection by RNA viruses, and in some conditions, during infection by DNA viruses.
The order of events leading up to and including the activation of IRF3 are well
defined, however, there are aspects of the protein that have only just emerged. IRF3
has recently been demonstrated to be a more diverse protein than simply a pro-
inflammatory transcription factor. The protein also has newly described activity as a
key modulator of apoptosis during the anti-viral response. To date, this modulatory
role is apparent in the apoptotic response to viruses, but it is quite possible that this
novel function of IRF3 could impact other facets of cell survival and death.

The goal of this research was to determine what effect, if any, a novel
phosphorylation of IRF3 in response to Ad infection had on protein function. We
hypothesized that the novel phosphorylation of IRF3 in the N-terminal region would
have a direct effect not only on the transcription factor activity of the protein, but also
on the ability of IRF3 to modulate apoptosis. Our data indicates that phosphorylation
of IRF3 S173 may have some previously undescribed impact on IRF3, as well as the
pathways it is involved in. It is interesting to note that IRF3 S173 phosphorylation
may also have multiple effects on the protein. This is important given the versatile
nature, and multiple roles of IRF3. Taken together, our data suggest new emerging

roles for an often-overlooked regulatory region of IRF3.
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4.1. IRF3 phosphorylation in response to Ad

It has been well established in the literature that VSV infection leads to IRF3
activation (tenOever et al., 2004). Additionally, by immunoblot, forms Il and IV of
IRF3 have been identified, signifying a hyper-phosphorylated C-terminal region of
the protein. As such, we used VSV infection as a positive control for IRF3 activation
(Figure 3.1A). In the case of Ad infection, we observed a change in IRF3 migration,
but unlike VSV infection, we only see a shift to form Il (Figure 3.1B). This result
suggests that in our hands, unlike VSV, Ad infection of epithelial cells does not lead
to activation of IRF3.

As mentioned previously, there have been a number of studies that have
linked Ad infection to IRF3 activation (Lee et al., 2010; Muruve et al., 2008; Nociari
et al., 2009; Nociari et al., 2007; Stein and Falck-Pedersen, 2012; Uematsu and
Akira, 2007). In these studies, IRF3 was activated in response to Ad infection
through a cooperation of TBK1 and JNK. Instead of the typical activating complex of
TBK1/IKKe that has become the canonical kinase complex for activating IRF3 in
response to RNA viruses, Nociari et al. demonstrated that recognition of Ad DNA
alone via TBK1 was not sufficient to activate IRF3 (Nociari et al., 2009). Instead,
JNK mediated recognition of Ad capsid leads to licensing of TBK1 for
phosphorylation of IRF3 S396. We believe that these events observed may have to
do with the usage of PDCs, as they are dedicated immune cells, or alternatively due
to the high MOI used in these studies (25,000 PFU/cell). Our results, coupled with
previous experiments from our lab have demonstrated that IRF3 is indeed

phosphorylated in response to Ad infection, but this phosphorylation is not part of the
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hyper-phosphorylation that is associated with activation of IRF3. This observation
supports previous work that has suggested that IRF3 is activated in a dichotomous
manner, activated in some cell types, but not in others. To expand on this, work from
John Hu's lab demonstrated an integral link between epithelial cells and
macrophages for the activation of IRF3 (Lee et al., 2010). Without epithelial cells in
the co-culture, many of the aspects of the interferon response were absent. Though
our results conflict with those observed by Falck-Pedersen’s group (Nociari et al.,
2009; Nociari et al., 2007; Stein and Falck-Pedersen, 2012), it is becoming more
obvious that the cellular molecules involved in the inflammatory response vary
greatly depending on the experimental system used.

There is no doubt that there is a describable difference between the IRF3
responses to Ad and VSV infection. The involvement of IRF3 in response to RNA
viruses is well described (reviewed in (Takeuchi and Akira, 2009)). Signaling through
TLRs 3, 7, and 8 have long been studied as the PRRs responsible for RNA
recognition, with TLRs 7 and 8 signaling leading to robust interferon-responses
(Kawagoe et al., 2007; Kawagoe et al., 2008; Suzuki et al., 2002). As such, the anti-
viral response to RNA viruses is fairly well characterized. The requirement for active
Ad DNA replication led us to hypothesize that rather than being recognized via
traditional pathogen recognition systems, Ad DNA, being double-stranded and
structurally similar to mammalian DNA, may be recognized through alternative

methods, such as the DNA damage response.
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This hypothesis opened the door for not only a new connection between
innate immunity and the DNA damage response, but also provided a new paradigm

for the study of the function of IRF3.

4.2. IRF3 S173 phosphorylation occurs in response to various stimulation

There is a large body of knowledge regarding the DNA damage response,
and it has been estimated that cells must repair upwards of 10,000 DNA lesions per
day (Lindahl, 1993). Recently, several DNA viruses have been shown to trigger
proteins of the DNA damage response (Weitzman et al., 2004). For some, these
signaling cascades serve as antiviral responses (Boutell and Everett, 2004; Dahl et
al., 2005; Kudoh et al., 2005; Lilley et al., 2005; Shi et al., 2005; Shirata et al., 2005;
Takaoka et al., 2003; Wilkinson and Weller, 2004). Other viruses appear to hijack
proteins of the DNA damage response for their own purposes (Shi, Dodson et al.
2005; Shirata, Kudoh et al. 2005). Rather than activating or hijacking the DNA
damage response, Ad has been demonstrated to inhibit several DNA damage
response proteins. Adenovirus DNA could potentially be recognized as broken
dsDNA strands, and using the double-stranded repair machinery, be ligated to form
unpackageable concatamers (Stracker et al., 2002). The complex responsible for
this repair function, consisting of Mre11, Rad50 and NBS1 is effectively inhibited by
the Ad-E4orf3 protein and tagged for degradation by E4orf6 and E1b55K (Araujo et
al., 2005; Evans and Hearing, 2005; Liu et al., 2005; Stracker et al., 2002).

There are other DNA damage response proteins as well that are inhibited by

Ad during infection. E4orf3 and E4orf6 both bind DNA-PK, which is thought to further
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prevent concatamerization (Boyer et al., 1999). Ad also interacts with promyelocytic
leukemia (PML) nuclear bodies or ND10. These small subnuclear structures are
common to transcriptionally active regions of the host genome, and several DNA
damage proteins have been observed to localize with these structures. The
genomes of several viral genomes associate with ND10 in what is suspected to be
an anti-viral response (Everett et al., 2006; Tavalai et al., 2006). To counter this, Ad
causes a mislocalization of PML and effectively disrupts this activity (Hoppe et al.,
2006).

Adenovirus is one of a group of viruses that first activates, and then limits
activity of p53 as a means to bypass anti-viral apoptosis (Querido et al., 2001a;
Querido et al., 1997a; Querido et al., 2001b; Querido et al., 1997b). Interaction of
E1A with the gene product of the Retinoblastoma (Rb) gene also prevents cell cycle
arrest, thereby preventing or attenuating apoptosis (Bandara and La Thangue,
1991).

In contrast to these viral strategies used to prevent the DNA damage
response, recent work by Chattopadhyah and colleagues has linked Ad infection
with the pro-apoptotic protein Bax (Chattopadhyay et al., 2010; Chattopadhyay et al.,
2011). What is most interesting about this finding is that it appears that this anti-viral
apoptotic event is mediated by IRF3. Taken together, these previous studies
suggest an important link between Ad infection and the DNA damage response.

Upon our discovery of IRF3 S173 phosphorylation in response to Ad infection,
coupled with the emergence of a link between IRF3 and the apoptotic program, we

examined whether we could replicate the phosphorylation of IRF3 S173 using
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genotoxic stress. We irradiated A549 cells with a low level of UV (5 J/m?), and
examined the phosphorylation status of IRF3 over a short time course (25 minutes).
Within 15 minutes of irradiation, there is a notable shift from form | to form I,
consistent with the observed shift in response to Ad infection (Figure 3.2). Next, we
used a varied dose of UV irradiation (5 J/m? to 250 J/m?). Even at high levels of
irradiation, we did not see a shift beyond form Il, suggesting that IRF3 is not being
activated in response to low or high doses of UV (Figure 3.3). Likewise, there was
no phosphorylation of IRF3 S396 in response to UV irradiation, unlike VSV infection
(Figure 3.4).

This result significantly strengthened the case for a connection between IRF3
phosphorylation in the context of Ad infection and in the context of DNA damage. It
also suggests that UV irradiation leads to down regulation of protein synthesis, it
could be a useful system for studying S173 phosphorylation in existing protein, as
the phenomenon occurs much faster and without the confounding factors of relying
on not only a viral lifecycle, but other cellular metabolic events that could complicate

the study of S173 function and significance.

4.3.IRF3 S173A is less stable than IRF3 WT

VSV has been shown to circumvent the interferon response by tagging IRF3
for degradation, via SUMOylation (Kubota et al., 2008). For this reason, the virus is a
useful tool for inducing protein turnover in a rapid fashion. We transfected HelLa cells
with plasmids expressing one of three IRF3 variants. FLAG-tagged wildtype IRF3,

IRF3 S173A or IRF3 S173E (glutamic acid acts as a phospho-mimetic) were over-
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expressed before the cells were infected with VSV. Protein levels were followed
using immunoblot and analyzed by densitometry. In cells expressing wildtype IRF3
or IRF3 S173E, there is an immediate spike in IRF3 following infection, with protein
levels peaking around two hpi (Figure 3.5A & C). Soon after, there is a drastic drop
in relative IRF3 level over the next four hours. In cells expressing IRF3 S173A, the
original spike in IRF3 protein is absent, and instead the protein level declines sharply
almost immediately (Figure 3.5B). This result suggests that the inability to
phosphorylate S173 due to the alanine residue leads to decreased protein stability,
and by association, that S173 phosphorylation leads to increased protein stability.
As mentioned above, VSV infection leads to a decrease in IRF3 stability via
SUMQOylation (Kubota et al., 2008). This SUMOylation occurs on Lys152 and
Lys406. The relative proximity of K152 and S173 to one another means that it is
possible that phosphorylation of IRF3 S173 could actively inhibit SUMOylation and

thereby prevent the protein from being tagged for degradation.

4.4. IRF3 S173A trans-activation is reduced compared to wildtype IRF3
Inflammation in response to UV irradiation has been well studied and
documented, but we do not believe that this inflammation is mediated through IRF3.
As mentioned previously, in response to both low and high doses of UV irradiation,
we did not observe phosphorylation of IRF3 S396. Instead, the phosphorylation
happened at S173. We believe that there is a definite, and important role to IRF3
S173 phosphorylation, but it does not appear to be analogous to the C-terminal

phosphorylation associated with IRF3 activation. As such, IRF3 S173
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phosphorylation is not an activating event, but may still be involved in such functions
as regulating or fine-tuning IRF3 activity, influencing protein stability and turn-over,
or alternatively, regulate a function of IRF3 that has yet to be described.

Phosphorylation often affects protein activity, so we examined whether S173
phosphorylation could be modulatory to the trans-activating activity of the protein.
We co-transfected Hela cells with plasmids expressing an empty vector, wildtype
IRF3, or IRF3 S173A; as well as plasmids expressing a firefly luciferase protein
controlled by a RANTES promoter and examined the trans-activation in each. We
were not able to notice a discernable difference in the trans-activating ability
between wildtype IRF3 and IRF3 S173A when normalized to amounts of protein
(Figure 3.6A), upon further inspection by Bradford assay, it appeared that there was
less protein per sample in the samples transfected with IRF3 S173A (Figure 3.6B).

From this result we hypothesized that IRF3 S173 phosphorylation does not
affect trans-activating capability of the protein, but may instead affect the interaction
of IRF3 with another protein. This interaction could be responsible for increased cell
growth, cell survival, or decreased cell death. Any of these potential methods could
lead to a higher number of cells on the plate.

With the recent discovery of IRF3 as a modulator of Bax activity, it seemed
plausible that IRF3 S173 phosphorylation could prevent this interaction, which would
lead to a decreased level of apoptosis, therefore accounting for the decreased cell

density in plates that over-express IRF3 S173 that cannot be phosphorylated.
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4.5. IRF3 S173 phosphorylation protects against cell death

To investigate the mechanism by which IRF3 S173A over-expression reduced
cell density, we first used a cytotoxicity assay on A549 cells infected with Ad vectors
over-expressing wildtype IRF3, IRF3 S173A, IRF3 S173D (aspartic acid, like
glutamic acid acts as a phospho-mimetic), and IRF3 S173E. In this assay, living
cells are stained with calcein AM, which emits green fluorescence when viewed by
fluorescence microscopy. Dead cells are stained with ethidium homodimers which
appear red. Using this assay, there are significantly more red cells over-expressing
IRF3 S173A than any of the other IRF3 mutants, or mock infected cells (Figure 3.7).
This piece of evidence supports the hypothesis that IRF3 S173 phosphorylation is
protective against cell death, and is consistent with the hypothesis that IRF3 S173
phosphorylation prevents interaction with Bax.

To provide a more quantitative analysis of cell survival, we used a crystal
violet cell viability assay to determine cell viability, twenty-four hours after infection
with the Ad-IRF3 vectors described above. Once again, there was a significantly
lower level of viable cells upon IRF3 S173A over-expression than with the other
IRF3 variants (Figure 3.8). Taken with the previous result, it is apparent that IRF3
S173A is detrimental to cell survival; cells over-expressing IRF3 S173A die more
readily than cells over-expressing an IRF3 that can be phosphorylated at S173.

Using the same assay, we explored cell growth and survival over a period of
four days. While it was interesting to note that any over-expression of IRF3 leads to
a decreased growth rate of A549 cells when compared to a vector expressing a

LacZ construct rather than IRF3, the cells expressing wtlRF3, IRF3 S173D and IRF3
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S173E showed statistically identical growth over the four days (Figure 3.9A). This
result suggests that the neither the ability to phosphorylate residue 173, nor the
constitutive phosphorylation of the residue affects cell growth negatively. In contrast,
IRF3 S173A caused not only delayed growth, but active cell death. By immunoblot
we also analyzed cell extracts to ensure that the levels of IRF3 expression was
equal (Figure 3.9B).

In order to confirm the observations we have made about IRF3 S173A
instigating cell death, we once again used a cytotoxicity assay, and quantified the
number of dead cells per field of view over multiple experiments. There was a
striking difference between IRF3 S173A and the other IRF3 constructs, with IRF3
S173A over-expression leading to a much higher rate of cell death. These results,
taken together, suggest that IRF3 S173 phosphorylation is an important event in the
survival and growth of epithelial cells.

There is still much to be uncovered about the importance of IRF3 S173
phosphorylation, but with the data available, we can hypothesize that S173
phosphorylation is an important function of the cell that increases the stability of the
protein, perhaps in an effort to maintain an “at-the-ready” condition, in order to await
further signal, be it activating or inhibiting. This would be beneficial in the context of
infection, where more of the anti-viral protein would be accumulated, and thus the
immune response would be more robust. Additionally, as well as a noted effect at
the protein level, it appears that IRF3 S173 phosphorylation has important

implications towards overall cell survival. IRF3 S173 phosphorylation is protective
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and the ability to phosphorylate that residue is intimately tied with preventing

apoptosis.

4.6. Future Directions

Our preliminary findings, that IRF3 is not activated in response to Ad infection
are in direct contrast to the work of several other groups. In order to determine
whether IRF3 is indeed activated in a dichotomous fashion, we should repeat the
experiments that we have used epithelial cell lines (A549, HelLa) for, using either
pure or co-cultures of professional immune cells. In performing these experiments,
we could validate whether we are able to replicate activation of IRF3 in response to
Ad, but additionally, we would be able to determine whether IRF3 S173 is
phosphorylated in these professional immune cells, like it is in epithelial cells. It is
possible that although it does not appear that activation of IRF3 is ubiquitous to all
cell types in response to Ad infection, phosphorylation of IRF3 S173 may be.

Our data suggest that IRF3 S173 phosphorylation improves the stability of the
protein. In order to directly confirm these results, different methods of exploring IRF3
stability should be employed. Pulse-chase experiments using radio-labelled IRF3
would be useful for accurately determining IRF3 protein levels. Pulse-chase
experiments would lead to more reliable quantification of the absolute levels of IRF3
throughout the experiment. Using cyclohexamide to prevent de novo protein
synthesis of IRF3 would also be a useful method, rather than an outside stimulus
such as VSV infection to induce turnover of the protein. With cyclohexamide, it

would be possible to accurately determine the half-life of each of the IRF3 variants.
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Once we have fully proven that IRF3 S173 phosphorylation increases the stability of
the protein, we could use a proteasome inhibitor in order to investigate whether the
phosphorylation of S173 protects from proteasome degradation, or whether the
turnover is happening via a lysosome dependent pathway.

We have suggested based on our observations of IRF3 S173’s effect on cell
survival and apoptosis that IRF3 S173 phosphorylation could impact on the recently
described interaction of IRF3 and Bax. To confirm this, it would be relatively easy to
perform co-immunoprecipitation assays using the different IRF3 mutants with the
hypothesis that IRF3 S173A would be more likely to interact with Bax than wildtype
IRF3. Additionally, phospho-mimetic IRF3 (IRF3 S173D and IRF3 S173E) should
interact even more sparingly than the wildtype protein. Performing these assays in
the presence and absence of apoptotic stress would provide adequate evidence to
conclude whether the impact IRF3 S173 phosphorylation has on cell survival is due
to modulation of the interaction with Bax.

To determine a physiological endpoint, it would be interesting to explore both
ends of the spectrum regarding IRF3’s involvement in both Ad infection and
genotoxic stress. Using a cell line expressing a dominant-active IRF3, we could
explore the impact of IRF3 in its active state on limiting viral replication. Conversely,
knocking out IRF3 would be an easy system to investigate whether IRF3 is indeed
necessary for managing genotoxic stress.

Once we have determined the endpoint of IRF3 S173 phosphorylation, it
would be interesting to further explore the upstream pathway that leads to this

phosphorylation event. We suspect that phosphorylation of IRF3 occurs via the DNA
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damage response, and as such it would be interesting to investigate what molecules
are involved in processes such as the recognition of Ad DNA, or damaged DNA in
this pathway, as well as the kinase that phosphorylates IRF3 S173. With these
molecules identified, we could move forward with identifying any intermediary
proteins involved. To determine the DNA sensor, we could use knockout cell lines to
explore whether IRF3 S173 is phosphorylated when important DNA sensors are
absent. It is possible that some of the previously identified, and mentioned above
sensors that have been demonstrated to recognize Ad DNA are involved in this
pathway, or it could be previously undescribed pathways. To determine the kinase
responsible for phosphorylating IRF3 S173, we could use a high through-put kinase
screen employing a panel of human kinases. Elucidating a pathway leading to the
phosphorylation of IRF3 would be an important step in consolidating the anti-viral

response with the DNA damage response.

4.7. Conclusions

Our study provides the first data towards joining previously un-related
pathways. We have demonstrated a link between Ad infection and genotoxic stress.
IRF3 is phosphorylated at S173 in response to both of these forms of stress
stimulus. Furthermore, we have demonstrated that in epithelial cells at least, IRF3 is
not activated in response to Ad. This observation goes against a variety of evidence,
but as mentioned previously, the experimental system used in our study varies
greatly from those previously used. We believe that our system demonstrates a

more physiologically relevant system, complete with more reasonable infectious
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doses, as well as relevant cell types for the initial point of infection. Our results
suggest that IRF3 S173 phosphorylation improves the stability of IRF3, which we
suggest may mean that in the context of infection, S173 phosphorylation acts as a
priming event, allowing for greater protein build up in anticipation of a more robust
inflammatory signal once activated. Finally, we have demonstrated an increased cell
survival that is linked to IRF3 S173 phosphorylation. We believe that this survival
may be due to a decreased tendency of phosphorylated IRF3 to interact with and
induce Bax mediated apoptosis. This interaction between IRF3 and Bax has
previously only been described in the viral apoptotic response. Our data provides the
first data that could potentially reconcile the anti-viral apoptotic response with the

DNA damage response.
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APPENDIX A: REAGENTS

Tissue Culture

* MEM (Minimal Essential Medium)

* DMEM (Dulbecco Modified Eagle Medium)

* DPBS (Dulbecco Phosphate Buffered Saline)

* FBS (Fetal Bovine Serum)

* MEM/DMEM with 10% FBS:
500 mL MEM/DMEM
50 mL FBS (10%)
5 mL antibiotic/antimycotic (1%)

5 mL GlutaMax (1%)

* 100X (2.5%) Trypsin

* 0.025% Trypsin:

5 mL 2.5% Trypsin

up to 500 mL DPBS

* Lipofectamine 2000
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(Sigma)
(Sigma)
(Sigma)

Sigma

(Sigma)
(Sigma)
(Invitrogen)

(Invitrogen)

(Invitrogen)

(Invitrogen)

(Invitrogen)

(Invitrogen)



Western Blotting

* 2X Protein Denaturing Buffer:
2.5 mL 0.5M Tris-HCI pH 6.8
25 mL Glycerol (25%)
10 mL 20% SDS (2%)
0.01 g bromophenol blue
up to 100 mL H,O

Supplemented with 5% p-mercaptoethanol

* 10% APS:
0.1 g ammonium persulfate

up to 1 mL HO

» 2X Separating Gel Buffer:
18.164 g Tris (750 mM)
0.4 g SDS (0.2%)
up to 200 mL H,O

adjust pH to 8.8

* Separating Gel Solution:
2.0 mL ddH,0

5.0 mL 2X Separating Gel Buffer
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3.0 mL 30% Acrylamide
100 uL 10% APS

10 yL TEMED

» 2X Stacking Gel Buffer:
6.056 g Tris (250 mM)
0.4 g SDS (0.2%)
up to 200 mL H,O

adjust pH to 6.8

» Stacking Gel Solution:
2 mL H,O
3 mL 2X Stacking Gel Buffer
1 mL 30% Acrylamide
100 uL 10% APS

10 yL TEMED

* 1X Running Buffer:
6.08 g Tris (50 mM)
28.8 g Glycine (1.44%)
2.0 g SDS (0.1%)

upto2L HO
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* 11X Transfer Buffer:
5.82 g Tris (48 mM)
2.93 g Glycine (0.293%)
3.75 mL 10% SDS (0.0375%)
200 mL MeOH (20%)

upto 1L HO

* 0.1% TBST (Tris Buffered Saline with Tween20):
30 mL 5 M NaCl (150 mM)
10 mL 1M Tris-HCI pH 8.0 (10 mM)
1 mL TWEEN-20 (0.1%)

upto 1L HO

* 5% Milk Blocking Solution:

1 g skim milk powder

up to 20 mL with 0.1% TBST

General Chemicals and Reagents

* 1M Tris-HCI pH 8.0:
121.14 g Tris
up to 1L H,0O

adjust to pH 8.0 with HCI
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* 0.5MEDTA:
146.13 g EDTA (ethylenediaminetetraacetic acid)
up to 1L H2O

adjust to pH 8.0 with HCI

TE: Tris-EDTA:
10 mM Tris-HCI pH 8.0

1 mM EDTA pH 8.0

10 M NaOH:
39.978 g NaOH

up to 500 mL H,O

5 M NaCl:
146.11 g NaCl

up to 500 mL H,O

20% SDS:
100 g SDS (sodium dodecyl sulfate)

up to 500 mL H,O
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ABSTRACT

For more than half a century, researchers have
studied the basic biology of Adenovirus (Ad),
unraveling the subtle, yet profound, interactions
between the virus and the host. These studies
have uncovered previously unknown proteins and
pathways crucial for normal cell function that the
virus manipulates to achieve optimal virus replica-
tion and gene expression. In the infecting virion, the
viral DNA is tightly condensed in a virally encoded
protamine-like protein which must be remodeled
within the first few hours of infection to allow
for efficient expression of virus-encoded genes
and subsequent viral DNA replication. This review
discusses our current knowledge of Ad DNA-
protein complex within the infected cell nucleus,
the cellular proteins the virus utilizes to achieve
chromatinization, and how this event contributes
to efficient gene expression and progression of
the virus life cycle.

INTRODUCTION

Human Adenovirus (Ad) was first isolated from adenoid
tissue in the 1950s as novel viral agents associated with
respiratory infections (1,2). Over 100 Ad family members
have been identified and characterized in a wide range of
host organisms, from a variety of mammals and birds, to
reptiles and amphibians (3). In the early 1960s, researchers
showed that some human Ads can cause tumours in
rodents (4,5), which led to a surge in studies of the
molecular biology, genetics and physiology of Ads which
continues to this day. Since Ads must manipulate the host
cell to promote a microenvironment conducive to virus
replication, studies of basic Ad biology have contributed
a great deal of novel insight into all fields of cellular

biology, including DNA replication, tumourigenesis and
control of gene expression in the host cell.

While the pool of knowledge regarding the Ad lifecycle
is immense, few studies have investigated the structure
and protein association of Ad DNA within the infected
cell nucleus. Considering the fundamental importance of
chromatin in regulating gene expression in host cells, it is
surprising that, until recently, it remained unclear whether
Ad DNA interacted with cellular histones or assembled
into chromatin. This review summarizes our current
knowledge of the nucleoprotein structure of the Ad
genome within the infected cell.

ADENOVIRUS BIOLOGY

All Ads have the same general structural characteristics.
The virion is a non-enveloped icosahedral capsid with
a diameter of ~80-90nm, containing a linear double
stranded DNA genome of ~30-40kb (Figure 1) (3).
Of the human Ads, serotype 2 (Ad2) and 5 (AdS), both
of subclass C, are the most extensively characterized. The
AdS genome is ~36kb in size and encodes ~39 genes,
which are classified as either early or late depending on
whether they are expressed before or after DNA replica-
tion (Figure 1A) (6). Four early transcription units (Ela,
Elb, E3 and E4) encode proteins that are required
for transactivating other viral regions, modifying the
host cellular environment or altering the immune
response. E2 encodes proteins directly involved in viral
DNA replication. All major late proteins, organized in
the transcription units L1 to LS5, are expressed from a
common major late promoter and are generated by alter-
native splicing of a single transcript. However, recent
work has shown that the L4-22K and L4-33K proteins,
which are themselves involved in regulation of the
major late promoter, are initially expressed from a novel
promoter (7). The late transcripts generally encode virion
structural proteins. Four other small late transcripts
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Figure 1. Schematic of the adenovirus genome and virion. (A) A
simplified map of the AdS5 genome showing the early genes (E1-E4)
and the region from which the major late transcript is produced (the
extensively spliced L1-L5 transcripts produced from alternative splicing
of the major late transcript are not shown). The relative position of
pIX, VA RNA I and II and IVa2 are indicated. Also shown are the
viral inverted terminal repeats (ITR) located at each end of the genome,
the viral packaging element (W) located adjacent to the left ITR,
and the position of the major late promoter (MLP). Please note that
these features are not drawn to scale. (B) Model of the AdS virion,
adapted from (9), with modifications based on additional data provided
by (8,10,11).

are also produced: protein IX (pIX, encoding a minor
structural protein), IVa2 (encodes a protein involved in
encapsidating the viral DNA into the immature virion)
and VA RNA I and II (the RNA itself blocks activation
of the interferon response). Inverted terminal repeats
(ITR) of ~100bp flank both ends of the viral DNA and
contain the origins of replication. Directly adjacent to the
left ITR is the viral packaging sequence (~150bp).
The genome organization is relatively conserved through
all Ad species.

The AdS capsid is composed of three major (II, IIT and
IV) and five minor (I1la, IVa2, VI, VIII and IX) polypep-
tides (Figure 1B) (8—11). The facets are composed primar-
ily of hexons (trimers of protein II) with pentons (five
molecules of protein III) capping each vertex. The latter
is the base from which extends fibre (trimer of protein IV),
the distinctive projections at the Ad capsid vertices.
Within the capsid, the viral DNA is associated with
three highly basic proteins, core proteins VII, V and Mu
(W) (12-14). Protein VII is a protamine-like protein and
is responsible for wrapping and condensing the viral
DNA (15). The protein VII-DNA nucleoprotein complex
is organized into a central dense core with 12 large spher-
ical nucleoprotein projections, termed adenosomes, which
extend into each vertex (16,17). A shell of protein V is

thought to coat the protein VII-DNA complex (16,18).
Protein V is believed to make contact with the outer
capsid in several different ways; protein V interacts
directly with penton, and indirectly with peripentonal
hexon and the remainder of hexon bridged through
IITa and protein VI, respectively (10,11,19-22). Mu is
synthesized as a 79 amino acid precursor protein,
pre-Mu, which is cleaved by the Ad-encoded proteinase
to its final 19 amino acid, highly basic mature form (23).
Pre-Mu is speculated to interact with and aid in tightly
condensing the viral DNA within the capsid, and cleavage
of pre-mu may serve to partially relax this structure prior
to its entry into the nucleus (24). Although the viral DNA
does not interact directly with the major capsid proteins
(10,25,26), the DNA still appears to contribute to the
physical stability to the virion; packaging of subgenomic
sized DNA [<90% of the wild-type (wt) genome length]
results in virions that are less stable than wtAd (27,28).

Many of the details of Ad5 infection of cells have
been elucidated. Initially, the Ad fibre protein binds to
the Coxsackie-Adenovirus receptor (CAR), which is the
primary receptor for both AdS and Coxsackie B virus
(29,30). This binding is followed by a secondary inter-
action between Ad penton and o,B; or o,fs integrins
(31). Recent studies have shown that Ad5 can enter cells
using heparin sulfate proteoglycans as an alternative
receptor, either through direct binding to the Ad fibre
shaft (32), or bridged through interaction of Ad with
blood factors such as factor IX, factor X or complement
component C4-binding protein (33-35). Ad is internalized
by receptor-mediated endocytosis and evades degradation
by escaping from the early endosome (36). The virion is
transported through the cytoplasm to the nucleus along
the microtubule network (36), and the capsid is slowly
disassembled en route (37). Upon reaching the nuclear
pore complex, the protein VII-wrapped Ad DNA enters
the nucleus (14,37,38), while the rest of the capsid remains
at the nuclear membrane and is subsequently degraded.
Viral DNA replication and assembly of progeny virions
occur entirely within the nucleus of infected cells. The life
cycle takes 24-36 h, although the time for completion of
the lifecycle is slightly extended in primary cells. A single
cell infected with a single virus can produce ~10* daughter
virions.

EARLY EVENTS WITHIN THE INFECTED CELL
NUCLEUS

An overview of our current understanding of Ad DNA
chromatin state in the infected cell is shown in Figure 2.
Although a number of Ad capsid proteins reach the
nucleus, it is only the protein VII-wrapped DNA that
enters the nucleus (14). Histone H1 (H1) escorts the Ad
DNA-protein complex through the nuclear pore (39);
however, this function appears to be independent of any
structural role for H1 on the viral DNA. During this
phase of infection, protein VII protects the viral DNA
from activating the DNA damage response (40). The
ultimate fate of protein VII after entry into the nucleus
is currently a topic of debate. Some studies suggest that
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Figure 2. Adenovirus DNA chromatin structure throughout infection. In black—elements that we know. In blue and italics—speculation/areas of
future research. DNA in the Ad capsid is highly condensed with core protein VII (1), along with protein V and p (not shown). The protein VII-DNA
complex transits to the nucleus (2), and undergoes remodeling to decondense the core before transcription of early genes can begin (3). Remodeling
may involve loss of at least some VII. At the time when viral gene expression is first detected, histones can be found bound to the viral DNA along
with VII. Histone variant H3.3 is preferentially deposited on the viral DNA, through the action of HIRA and CHDI (4). Onset of viral DNA
replication may be accompanied by a shift to deposition of H3.1 by the CAF1 complex on the DNA, as is observed for HSVI (5). As the histone
pool is depleted and the intracellular levels of newly synthesized pre-protein VII increase, there is a transition of Ad DNA association from
nucleosomes to pre-protein VII, possibly mediated by TAF-III (6). The viral DNA condensed with pre-protein VII is packaged into the Ad

capsid (1).

protein VII stably associates with Ad DNA throughout
the early phase of infection (14,41), while other groups
suggest that VII is removed gradually from at least
certain regions of the genome during this same time
period (42,43). Other reports have shown that the
overall level of VII within the infected cell declines
rapidly within the first few hours of infection with a con-
comitant decline in VII association with viral genomes
(44). Whether the eviction of protein VII requires active
transcription of the Ad genome is also in dispute
(41,44,45).

Cell-free systems developed to study Ad DNA replica-
tion have shown that the compacted nature of the
VII-wrapped viral DNA allows for only limited transcrip-
tion and DNA replication (46,47). This observation
suggests that the core/DNA structure must be remodeled
to allow these processes to proceed with greater efficiency.
Three cellular proteins have been identified that can
remodel the Ad core in these cell-free systems: template
activating factor I (TAF-IP) [also known as SET (46)],
TAF-II [NAP-1 (48)] and TAF-III [B23/nucleophosmin
(49)]. Using the cell-free system, all three TAF’s were
shown to stimulate replication from the Ad core, while

TAF-IB and TAF-II were also shown to enhance
transcription. TAF-1p, the best characterized TAF in the
context of Ad core remodeling, forms a tertiary complex
with the VII-wrapped DNA (41,50,51), which results in
increased accessibility of the viral DNA to nucleases and
restriction enzymes and, presumably, transcriptional
activators (47). It is not clear if increased accessibility
was due to actual removal or only shifting of VII on the
DNA template. siRNA-mediated knockdown of TAF-If
in infected cells delayed virus gene expression, DNA rep-
lication and virus yield (42), although the effect was
relatively modest. Knockdown of TAF-IB did not affect
the binding level of protein VII on viral DNA as assessed
by chromatin immunoprecipitation (ChIP), at least at
4hpi (43). Thus, additional proteins are likely involved
in preparing the Ad core for efficient gene expression
and DNA replication within the infected cell nucleus.
Several lines of evidence suggest that VII remains
associated with Ad DNA during the early stage of infec-
tion. First, VII can be cross-linked to the viral DNA at
virtually all stages of infection (52). Second, based on
immunofluorescence analysis, foci of VII can be
observed in the nucleus of infected cells, which represent
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the VII-wrapped viral DNA (40,41,45,53). Third, ChIP
studies have shown directly that VII is bound to the
viral DNA up to at least ~10 hpi (41,43,44,51,54). There
is some disagreement in these studies regarding the level of
VII association over time; some studies indicate that VII
association is constant and does not change throughout
the early stage of infection (41,45,52), while others suggest
a gradual (or more rapid) decline in VII association with
the viral DNA during this time period (40,43,44,51). Based
on ChIP experiments by Komatsu et al. (43), it appears
that the degree and timing of VII association with the viral
genome during the early phase of infection can vary
depending on the region of the genome that is analysed.
For example, between 1 and 10hpi, VII remains stably
associated with the late-gene hexon coding region, but
shows declining association over time with the major
late promoter (43). This observation somewhat rational-
izes the previous disparate studies. In plasmid-based
in vitro assays, addition of small amounts of protein VII
with the DNA actually enhanced transcription over naked
DNA, suggesting that small quantities of protein VII may
function in part to keep repressive histone/chromatin
features from forming on certain promoter regulatory
elements (43). Taken together, these results suggest that
dynamic regulation of protein VII is necessary for optimal
viral growth; sufficient protein VII must be removed or
remodeled to decondense the viral DNA-nucleoprotein
complex to allow access to the transcription machinery,
but some protein VII must remain to stimulate
transcription.

It is unclear whether transcription through the Ad DNA
template is required for removal or remodeling of VII.
Inhibition of transcription has been correlated with
prolonged retention of VII on the Ad genome (40,45),
although in other studies inhibition of transcription or
transcription elongation did not affect loss of VII
(43,44). Although it has been suggested that de novo
expressed E1A (the first viral gene product expressed
within the infected cell) associates with protein VII and
is involved in stimulating transcription on the viral
genome which subsequently strips VII from the viral
DNA (45,54), this function is likely not completely neces-
sary since VII is still removed in the absence of E1A or
active transcription (43,44). It is possible that other
proteins within the cell can perform this function in the
absence of E1A; indeed, El-deleted Ad can complete a full
replication cycle in certain cell types, although the time
required to complete the replication cycle is extended
(55), suggesting that compensating proteins may exist.

AD DNA ASSOCIATES WITH CELLULAR HISTONES
IN THE INFECTED CELL NUCLEUS

In eukaryotic cells, the basic unit of chromatin is the
nucleosome, with 147bp of DNA wrapped around a
histone octamer, composed of two sets of H2A-H2B
and H3-H4 dimers. The notion that nucleosomes are
simply ‘beads on a string’ has been challenged by the
realization that histones and nucleosomes play key roles
in gene regulation (56). The post-translationally modified

N-terminal tails of histones serve as docking/recognition
sites for other regulatory proteins (57), providing the epi-
genetic information governing gene expression, as dictated
by the ‘histone code’ (58).

Conflicting data from the 1980s suggested that Ad
DNA is or is not associated with cellular histones within
the infected cell (59-63). With the development of more
sensitive techniques, the subject of the Ad nucleoprotein
structure within the infected cell has been revisited
recently. Based on ChIP analysis, Ad and its derivative
vectors (either El-deleted, replication defective Ad or
helper-dependent Ad [hdAd—devoid of all Ad protein
coding sequences (64)]) do interact with cellular histones
within a few hours of infection (43,44,65). Histones can be
detected on the Ad DNA as early as 1-h post-infection,
and ChIP/re-ChIP experiments show that both protein
VII and histones can be found associated with the same
DNA molecule in the cell (43). Since the histones almost
certainly bind directly to the Ad DNA, at least some VII
must be removed from the viral DNA at these time points
to allow for binding of histones. The mechanism by which
VII is removed, and the cellular protein(s) involved in
this process, have yet to be determined.

Within the cell, deposition of cellular histones can
occur either through a replication-coupled or replication-
independent mechanism, and there are specific histone
variants and chaperones associated with each mechanism
(66). Histone variant H3.1 is expressed exclusively during
S-phase and is deposited on de novo synthesized DNA by
the Chromatin Assembly Factor I (CAF1) complex in
what is considered a replication-coupled mechanism (67).
In contrast, the replacement histone variant H3.3, which
differs from H3.1 by only five amino acids, is expressed at
all phases of the cell cycle, and is deposited through
a replication-independent mechanism (66). H3.3 is
deposited on actively transcribed genes by the histone
chaperone HIRA, or on specific regions of the chromo-
some [such as pericentric DNA repeats and on telomeres
(68-70)] by the H3.3 chaperone DAXX (68). The H3.3
variant is also deposited on incoming male pro-nuclear
DNA shortly after fertilization utilizing the histone chap-
erone HIRA (71). Although TAF-IB can act as a chaper-
one to transfer histones to DNA templates (47), it
does not appear to perform this function during Ad
infection (43).

As Ad can infect both dividing and non-dividing cells
(and only induces cell cycle progression after viral gene
expression has initiated), it suggests that Ad DNA is
likely to be chromatinized by exploiting a mechanism
independent of DNA replication. Chromatin immunopre-
cipitation (ChIP) experiments have recently demonstrated
hdAd and El-deleted Ad (44), and wtAd (our unpublished
data) DNA preferentially associates with H3 variant
H3.3 as ecarly as 4 hpi, suggesting that chromatinization
does indeed occur by a replication-independent mechan-
ism. A preferential association with H3.3 was also found
with Herpes Simplex Virus 1 (HSV1) DNA during the
early phase of infection (72). siRNA-mediated knockdown
of HIRA reduced the total association of H3 with the
hdAd and HSVI DNA, as well as reducing expression
of virally encoded genes for both viruses, suggesting that
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chromatinization was necessary for efficient expression.
The involvement of the H3.3 chaperone HIRA, and not
DAXZX, is consistent with the observation that DAXX is
actively degraded during normal Ad infection (73). As
deposition of H3.3 on Ad (44) and on HSVI1 (72) was
dependent on HIRA, it suggests a common mechanism
for deposition of histones on the genomes of invading
dsDNA nuclear viruses. Moreover, the similarity
between the chromatinization of sperm DNA and
nuclear virus DNA suggests that both use a similar
pathway to achieve chromatinization in the absence of
cellular DNA replication. In vitro observations suggest
that histone chaperones, such as HIRA, either do not
assemble nucleosomes or assemble them at a greatly
reduced rate in the absence of ATP-utilizing factors (74).
In the male pronucleus, HIRA is necessary for delivery
of H3.3 to the site of nucleosome formation (71,75), but
it is the ATP-dependent chromatin remodeling complex
CHDI1 that is required for H3.3 deposition (74). In
HeLa extracts, HIRA interacts directly with CHD1 (74).
Thus, it is likely CHDI that is directly involved in
deposition of histones on the Ad DNA, although this
has yet to be formally proven.

Work by Komatsu et al. (43) showed that wtAd can be
found associated with all members of the nucleosome,
H2A-H2B and H3-H4, as early as 1 hpi which, together
with studies showing Ad DNA in the nucleus is wrapped
in a repeating ~200 bp structure, suggests that the DNA
may be wrapped in complete, physiologically spaced
nucleosomes (44,59-62,76). The chaperone responsible
for deposition of H2A/H2B is unknown. It has been
estimated that up to 40% of infecting wtAd DNA is con-
tained in nucleosomes at 3hpi, and all regions of the
genome are represented in micrococcal nuclease-protected
fractions (59). The observation that both protein VII and
histones can be found bound to the same viral DNA
molecule at the same time suggests that the viral chroma-
tin may not completely resemble that of the host cell (43).
Interestingly, HSV1 genomic DNA associates with
regularly spaced nucleosomes in a latent infection, but
the spacing becomes ‘unstable’ during a lytic infection
and generates heterogeneously sized fragments upon
MNase digestion (77). Whether wtAd assembles into
stable or unstable chromatin during a productive infection
remains to be determined. Electron microscopy analysis of
viral genomes isolated during late time points of infection
(16—18 hpi) showed irregularly spaced nucleosome-like
particles at approximately one-tenth the density of
cellular chromatin in HeLa cells [3 versus 26 nucleosomes
per um of DNA, respectively (61)]. However, it is not clear
whether this is due to ‘unstable’ chromatin or the limited
quantities of histones that are available late in Ad infec-
tion. During the replicative phase of the HSV1 lifecycle,
there is a switch from early association with H3.3 to
deposition of H3.1 (72). Whether a similar phenomenon
occurs with wtAd has yet to be determined. The observa-
tion that Ad-induced shut-off of host protein synthesis
results in a reduction in histone gene expression (78,79)
suggests that the virus may simply switch from association
of nucleosomes containing H3.3 to re-deposition of
pre-protein VII in preparation for DNA packaging into

Nucleic Acids Research, 2012, Vol. 40, No.6 2373

the viral capsid at the final stage of the virus lifecycle
(discussed below).

THE IMPORTANCE OF AD DNA
CHROMATINIZATION

Since Ad DNA is chromatinized, this suggests that epigen-
etic regulation may be as important for expression of
Ad-encoded genes as is it for expression of genes
encoded by the host cell. ChIP analysis showed that
there was an increase over time in the level of associ-
ation of acetylated H3 at all Ad promoters tested (43).
Since acetylated histones are commonly associated with
actively transcribed genes, it suggests that as these
promoters become active, they adopt an epigenetic
status similar to cellular genes, which may aid in recruiting
appropriate co-factors for optimal gene expression.
Interestingly, the cell also uses an epigenetic approach in
an attempt to down-regulate expression from some
foreign, invading DNAs, including Ad. Indeed, DAXX
can act as an anti-Ad defense factor and down-regulate
gene expression during wtAd infection (73,80).
Thus, Ad-induced degradation of DAXX at late times
during infection may be a mechanism that the virus uses
to evade down-regulation of its expressed genes (73).
A similar phenomenon occurs for vectors based on Ad
(65), and this can affect vector function in vitro and
in vivo (81). In these latter studies, the vector chromatin
was preferentially associated with deacetylated histones,
which is a marker of transcriptionally inactive chromatin
(65); thus the DNA was ‘marked’ to reduce expression of
vector-encoded genes. These observations clearly illustrate
the ongoing battle between host and pathogen, and the
importance of epigenetic regulation of viral DNA at the
chromatin level.

LATE STAGE PROTEIN VIl REPLACEMENT

During the final stage of virus replication, the viral
DNA must be condensed once again into the compact
structure required for packaging within the viral capsid.
The histones must therefore be displaced from the Ad
DNA and replaced with pre-protein VII, the precursor
of the mature protein VII [the N-terminus of pre-protein
VII is cleaved by the viral-encoded protease during virion
maturation (3)]. Little is known about how this switch
occurs.

In eukaryotic cells, expression and synthesis of new
histones is tightly regulated to coincide with cellular
DNA replication (82). Interestingly, however, there is a
dramatic decline in histone synthesis at late times during
Ad infection (78,79). This puts forth the hypothesis that at
the late stage of infection, the decline of available histones
relative to the increased levels of pre-protein VII leads,
by default, to the deposition of pre-VII on the newly
synthesized viral DNA (60,62,83). Experiments in cell
free systems have shown that simply mixing Ad DNA
and purified pre-protein VII leads to the formation of an
insoluble complex, suggesting that a specific cellular
chaperone(s) mediates the placement of pre-protein VII
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on Ad DNA (84). Based on co-immunoprecipitation
studies using extracts from infected cells, TAF-III/
nucleophosmin was shown to have a greater affinity for
pre-protein VII than the mature protein VII, suggesting
that TAF-III may be involved in placing pre-protein VII
on the viral DNA (85). In a cell free system, TAF-III was
able to transfer pre-VII onto DNA, suggesting that
TAF-IIT is indeed a pre-VII chaperone. However,
additional studies are required to further support the
role for TAF-III as a chaperone during normal Ad
infection of a cell.

CONCLUSION

Insight into the mechanism of Ad chromatinization has
the potential to impact three specific areas of research.
First, Ad is widely used as a gene delivery system for
basic studies and gene therapy applications (64), and
improved understanding of the parameters that aid in
establishing gene expression within the host cell will
improve vector efficacy and safety. Second, Ad is a signifi-
cant and often overlooked human pathogen (86), and
understanding early events in the cell that permit expres-
sion of viral genes may lead to the identification of new
therapeutic targets to limit or prevent wtAd-induced
morbidity and mortality. Finally, numerous studies of
basic aspects of Ad biology have contributed significantly
to our understanding of how the host cell works (3).
Undoubtedly, delineation of the proteins and pathways
involved in Ad DNA chromatinization will also improve
our understanding of this process within the host cell.
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