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ABSTRACT

Coronaviruses are the largest known RNA viruses and infect a wide range of hosts.
Human coronaviruses traditionally have been known to be the cause of the common
cold and have been vastly understudied due to low morbidity and mortality. The
emergence of SARS-CoV and MERS-CoV has altered the landscape of coronavirus
research and proven the deadly capabilities of human coronaviruses. With two recent
zoonotic events, it is increasingly important to understand the molecular biology of
human coronaviruses. The coronavirus nucleocapsid protein is an essential structural
protein that complexes with the viral genome. Though nucleocapsid formation is the
protein’s maijor role, it has also been found to have other functions and effects during
infection. The following research aimed to examine how the human coronavirus
nucleocapsid protein affects the innate immune response in vitro. Modulation of the
type | interferon response by the nucleocapsid was first investigated and the
nucleocapsids were shown to have the ability to block interferon signalling. Additionally,
the nucleocapsid protein was found to cause a dysregulation of transcription factor
NFKB1. We propose a novel mechanism of this NFKB1 negative regulation
interference. Taken together, we have further characterized the significant role of the
coronavirus nucleocapsid protein in innate immune evasion.
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1.1 - The Coronavirus

1.1.1 - Classification and Discoveries

The family Coronaviridae is classified in the order Nidovirales and contains
a vast array of viruses which infect many animals, including cows, poultry, and
humans. The order Nidovirales also contains the families Arteriviridae,
Mesoniviridae, and Roniviridae. = Coronaviridae is further classified into two
subfamilies: Coronavirinae and Torovirinae. While Torovirinae contains a mere
two genera with five species of viruses, Coronavirinae encompasses 20 species
categorized into  four genera-  Alphacoronavirus, Betacoronavirus,
Deltacoronavirus, and Gammacoronavirus (Table 1). Alphacoronavirus,
Betacoronavirus, and Gammacoronavirus were recently reclassified by the
International Committee for Virus Taxonomy from Groups [, Il, and IIl,
respectively. Coronaviruses (CoV) are classified according to genetic sequence
and antigenicity (1).  The alphacoronavirus genus contains the human tropic
229E and NL63 as well as feline infectious peritonitis virus (FIPV) and porcine
transmissible gastroenteritis virus (TGEV) which infect cats and pigs,
respectively. The remaining human coronaviruses (HCoV) belong to the
Betacoronavirus genus, including prototypic HCoV OC43 which was recently
reclassified as the species Betacoronavirus 1, merging with Bovine coronavirus
(BCoV), Human enteric coronavirus, and porcine hemagglutinating
encephalomyelitis virus. The remaining HCoVs in the Betacoronavirus genus are
severe acute respiratory syndrome-related coronavirus (SARS-CoV) and HKUL1.
The betacoronavirus genus also contains the well-studied murine hepatitis virus
(MHV), also known as murine coronavirus. The Gammacoronavirus genus
contains two poultry viruses, infectious bronchitis virus (IBV) and turkey
coronavirus (TCoV) (2). The newest genus, Deltacoronavirus, contains several
recently discovered avian coronavirus species (3).

Prototypic human coronaviruses OC43 and 229E were first isolated in the
1960’s (4-6). OC43 was cultured from laboratory staff that had symptoms of the
common cold (5). When the virus was characterized, it was found to be
morphologically similar to IBV and had an ability to cause encephalitis in newborn
mice (5). Similarly, 229E was isolated from medical students with upper
respiratory disease (6). It has been speculated that OC43 split from BCoV quite
recently in the late 1800’s due to the high sequence similarity between the two
viruses (7). This is a prime example of a coronavirus breaking the species
barrier, with SARS-CoV being a recent and the most infamous of cross-species
jumping. 2003 saw the emergence of SARS-CoV, with higher mortality and

2
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Table 1. Viruses within the Coronaviridae family and their host species.

Genus Virus Host
Alphacoronavirus 1 (Feline coronavirus, Cat, pig
Transmissible gastroeneteritis virus)
Human Coronavirus 229E Human
Human Coronavirus NL63 Human
Alphacoronavirus Miniopterus bat coronavirus 1 Bat
Miniopterus bat coronavirus HKU8 Bat
Porcine epidemic diarrhea virus Pig
Rhinolophus bat coronavirus HKU2 Bat
Scotophilus bat coronavirus 512 Bat
Betacoronavirus 1 (Human Coronavirus OC43, Human,
Bovine coronavirus, Human enteric coronavirus, cow,
Porcine hemagglutinating encephalomyelitis virus, pig,
Equine coronavirus) horse
Human Coronavirus HKU1 Human
Betacoronavirus Murine coronavirus Mouse
Pipistrellus bat coronavirus HKU5 Bat
Rousettus bat coronavirus HKU9 Bat
SARS-CoV Human
Tylonycteris bat coronavirus HKU4 Bat
Bulbul coronavirus HKU11 Bird
Deltacoronavirus Munia coronavirus HKU13 Bird
Thrush coronavirus HKU12 Bird
Avian coronavirus (Infectious bronchitis virus, Bird
Pheasant coronavirus, Turkey coronavirus, Duck
Gammacoronavirus | coronavirus, Goose coronavirus, Pigeon coronavirus)
Beluga whale coronavirus SW1 Whale




Frances W. Lai — Ph.D. Thesis McMaster University Medical Sciences

morbidity rates than the conventional cold viruses (8, 9). SARS-CoV originated
from bats and infected the first human in Guangdong province, China (10, 11).
More recently, human coronaviruses NL63 and HKU1 were identified during the
surge of post-SARS coronavirus research (12-14). NL63 was isolated from a
young child who was suffering from bronchiolitis in the Netherlands and HKU1
was originally isolated from an elderly man in Hong Kong suffering from
pneumonia (13, 14).

In mid-2012 a new coronavirus was isolated from a patient in Saudi Arabia
displaying similar symptoms to that of SARS-CoV (15). The HCoV-EMC virus,
named after Erasmus Medical Center in the Netherlands where virus was
characterized, was identified as a genetically novel coronavirus unrelated to
SARS-CoV and classified as a betacoronavirus (15, 16). As of mid-2013, 58
laboratory confirmed cases of HCoV-EMC, also known as Middle Eastern
respiratory syndrome coronavirus (MERS-CoV), infection had been reported to
the World Health Organization with 33 cases resulting in death (17, 18). As this
virus is a recently emerging pathogen and little is known of MERS-CoV, it will not
be further discussed in this body of work.

1.1.2. The Virion and Genome

The CoV virion is spherical and enveloped with an average diameter
between 100 and 160 nm (Figure 1). The particle’s appearance is distinctively
crown-like, hence the origin of the family name, as it presents protruding
structures consisting of spike protein (S) peplomers. Other structural proteins
found in the viral envelope are the membrane (M) protein, envelope (E) protein,
and in some betacoronaviruses including OC43 and HKU1, hemagglutinin-
esterase (HE) protein. The host-derived envelope encloses a helical
nucleocapsid, which consists of the RNA genome complexed with the
nucleocapsid protein (N) (2). The nucleocapsid forms long tubular strands when
released from the virion by detergent treatment (19).

Coronaviruses are the largest known RNA virus and contain a single-
stranded RNA (ssRNA) genome, with HCoV genomes ranging between 27 and
30 kb in size (Figure 2). All HCoV contain 5’ and 3’ untranslated regions and
have similarly organized genomes, with nonstructural protein open reading
frames (ORFs) located at the 5’ end of the genome which is capped and four
ORFs encoding structural proteins (the aforementioned S, M, E, and N) at the 3’
end. All HCoV also encode accessory genes, which are variably interspersed
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Figure 1. Schematic representation of a coronavirus virion.

The spherical particle consists of an envelope embedded with several viral
glycoproteins. The S protein forms trimers at the surface and is the most
abundant viral protein. M and E are present in lesser quantities. HE can be
found in some betacoronavirus particles. The envelope surrounds a helical
nucleocapsid consisting of the N protein complexed with sSRNA genome. Figure
modified from Field’s Virology, 5" Ed. Chapter 36 Coronaviridae (20).
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Figure 2. Schematic representation of human coronavirus genome
organization.

All genomes encode overlapping ORFs 1a and 1b and structural proteins spike
(S), small envelope (E), membrane (M) and nucleocapsid (N). In addition, OC43
and HKU1 encode hemagglutinin-esterase (HE). Each genome contains small
group-specific genes (dark gray shading). SARS-CoV encodes the most group-
specific genes at 8, and NL63 only contains 1 group-specific gene. Figure
modified from Field’s Virology, 5" Ed. Chapter 36 Coronaviridae, Vijgen et al.
(2005), and Perlman et al. (2009) (7, 20, 21).
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amongst the structural ORFs (2). The small ORFs, while varying between groups
of coronaviruses in size and number, are conserved within the group and are
termed group-specific genes. These small proteins are generally not essential for
virus replication (2). Although the organization is similar between HCoV
genomes, there is relatively low sequence homology between the majority of
HCoVs.

1.1.3. Structural and nonstructural proteins

The spike protein is a large glycoprotein between 180 and 200 kDa
expressed in trimeric form on the surface of the virion (22, reviewed in 23). The
type | transmembrane protein mediates binding to the cellular receptor and is a
major determinant of host tropism (24-26). After receptor-mediated endocytosis,
the subsequent fusion of the virion with the endosomal membrane is catalyzed by
S (27-29). It is a class | fusion protein and can cause cell-cell fusion when
expressed on the plasma membrane of infected cells (27).

The membrane protein is a small glycoprotein approximately 25 kDa in
size located on the surface of the virion (30). Only a small portion of the protein
is external to the virion and M contains three major hydrophobic transmembrane
domains, resulting in a triple membrane spanning region (31). The M protein has
been shown to interact with S, N, E, and M itself and appears to catalyze
coronavirus envelope assembly (32-35). Mutations to M have been shown to
abolish virion assembly and maturation (32).

The smallest structural protein is the envelope protein, a small integral
membrane protein approximately 8 to 12 kDa in size with a single hydrophobic
domain (reviewed in 36). The E protein is an ion channel, though the role of its
activity is still under investigation (37, 38). It has been speculated that E’s ion
channel activity is vital in the virion egress through the secretory pathway as
deletion of the gene in TGEV results in accumulation of virions in the Golgi (39).
It appears that requirements for the E protein vary amongst coronaviruses, as E
is not essential for SARS-CoV replication, but an E-deleted SARS-CoV grows to
lower titers and is less virulent in vivo (40).

Only betacoronaviruses encode HE, and expression can even be variable
in certain strains of CoV. The prime example of this inconsistency is MHV, as lab
strain A59 lacks HE but neurovirulent strain JHM expresses HE (41). The 70 kDa
protein forms disulfide-linked dimers on the virion surface and is thought to play a
role in viral entry to the cell (42). In BCoV, HE alone is not sufficient for entry,
which appears to rely solely on the S protein (43). Reports have recently been
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made, however, that it is necessary for viral entry in HCoV OC43, as viruses
lacking HE or containing an enzymatically inactive form of HE did not result in a
productive infection (44). Conversely, recombinant A59 strains expressing HE
from other MHV strains show reduced fithess compared to recombinant A59 that
lacks HE or contains an enzymatically inactive HE, with the HE-containing strain
quickly losing expression of HE in serial passaging of the virus (45).
Interestingly, the CoV HE shares approximately 30% amino acid sequence
homology to the hemagglutinin protein HA1 of influenza C and the CoV HE is
speculated to be the product of a recombination event between CoV and
influenza (46, 47). Similar to influenza, CoV HE binds to 9-O-acetylated
neuraminic acid and possesses acetyl-esterase activity, allowing for reversible
binding to sialic acid (48).

The nucleocapsid protein is an essential component to the virion and its
primary function is to bind and encapsidate the RNA genome (49, reviewed in
50). The N protein is arguably the most well studied of the CoV structural
proteins and will be further discussed in detail in section 1.2.

The nonstructural proteins (nsp) are encoded by a large ORF, ORFla/b.
Translation of this ORF is slightly unconventional as it contains an mRNA
pseudoknot between ORFla and ORF1b which facilitates a -1 ribosomal
frameshift during translation (51). Cellular ribosomes translate ORFla and
terminate translation at the stop codon, but a slippery sequence followed by a
structured RNA pseudoknot occasionally causes the ribosomes to “wobble” and
shift -1 in the reading frame. This yields the ORFlab polyprotein and both
ORF1l1a and ORF1lab are then proteolytically cleaved into individual nonstructural
proteins. The papain-like proteases (PLPs) PL1pro, PL2pro and 3C-like cysteine
protease (3CLP), also known as main protease (M) encoded within nsp3,
nsp4, and nspb5, respectively, process the ORFla and ORFlab polyproteins (52,
53). Aside from PLPs, approximately 13 other nps are encoded in the ORFlab
polyprotein. While most CoV encode three PLPs, SARS and IBV only encode
one: PLpro encoded in nsp (54, 55). Previously known as the X domain, an
ADP-ribose 1”-phosphatase is encoded within nsp3 which is dispensable for
replication in vitro (56-58). Like many RNA viruses, coronaviruses encode an
RNA-dependent RNA polymerase (RdRp), encoded in nspl2 and utilized for
genome transcription (7, 58-60). Coronaviruses also encode a 5’ to 3’ helicase in
nsp13 and a 3’ to 5’ endonuclease in nsp14 (61-63). Another uridylate-specific
endonuclease, NendoU, is encoded in nspl5 (7, 58). Coronavirus nspl6
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encodes a 2’-O-methyltransferase, responsible for methylating viral RNA,
producing a 5’ cap (7, 64).

Lastly, coronaviruses encode a third group of proteins, known as group-
specific proteins. Although the group-specific proteins are not necessary for viral
replication, it is thought that they have an accessory function (65, 66). These
accessory proteins are suspected to serve as virulence factors for the virus.
Recent studies showed that when placed into an attenuated strain of MHV,
SARS-CoV accessory protein 6 was able to cause an increase in virulence and
hastened the progression of infection (67, 68). The group-specific gene 7 of
TGEV has also been found to be nonessential for virus replication using a
recombinant virus lacking gene 7 (69). This recombinant virus was also highly
attenuated, indicating ORF7 had an effect on pathogenicity (69). Along with
TGEV, FIPV has also been found to be highly attenuated in cats when clustered
ORFs 3a, 3b, and 3c and ORFs 7a and 7b were deleted (70).

SARS-CoV encodes the largest number of accessory genes, at 8 genes
interspersed amongst the structural ORFs (reviewed in 71, 72). These accessory
genes have also been found to be beneficial for viral replication. Well studied
SARS 7a has been shown to inhibit cellular protein synthesis and induces cell
cycle arrest at Go/Gy (73, 74). SARS 3b also halts cell cycling at Go/G; and
additionally induces apoptosis (75). SARS ORF6 and ORF8b have both been
found to upregulate DNA synthesis in vitro (76, 77). Lastly, SARS accessory
protein 3a appears to upregulate intracellular fibrinogen expression in lung cells
A549 as well as cause an increase in fibrinogen secretion (78). This is
speculated to contribute to viral pathogenesis in the lungs in vivo.

1.1.4. Replication

The five HCoVs use a variety of different receptors to enter the target cell.
The only two HCoV that utilize the same receptor are SARS-CoV and NL63,
which both employ angiotensin-converting enzyme 2 (ACE2) (79, 80). 0C43
binds to 9-O acetylated sialic acid and the remaining betacoronavirus HKU1 has
been identified to bind major histocompatibility complex class | C (MHC | C) (48,
81). Lastly, the receptor for 229E is aminopeptidase N (APN), also known as
CD13 (82).

The viruses enter by receptor mediated endocytosis and release the
genome into the cytoplasm where the entire replication cycle occurs (Figure 3).
As the positive strand genome contains a 5’ cap, it serves as mRNA and initial
translation of the nonstructural ORFs 1a and 1b occurs using cellular ribosomes
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Figure 3. Schematic representation of the coronavirus replication cycle.

The coronavirus enters by receptor mediated entry resulting in either direct
release of the nucleocapsid into the cytoplasm via fusion of the plasma
membrane and viral envelope or release of the nucleocapsid following membrane
fusion of the endosome and particle. The replicase proteins are initially
translated, followed by negative sense genome and subgenomic (sg) mRNA.
Negative sense sg RNA transcription is generated by discontinuous transcription.
New positive sense genome and sg mRNA are transcribed from their negative
strand counterparts. Translation of structural proteins from sg mRNA occurs,
with all proteins except N then localizing to the secretory pathway organelles. N
complexes with newly synthesized viral genome and buds into the ERGIC,
acquiring its envelope. Egress from the cell occurs by exocytosis. TRS:
transcription regulatory sequence. Figure modified from Field’s Virology, 5" Ed.
Chapter 36 Coronaviridae and Sawicki et al. (2007) (20, 83).
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as discussed above. The viral replicase is encoded in the nonstructural ORFs
and once translated, begins to transcribe an anti-sense or negative sense
genome using the original positive sense genome as a template. This negative
sense genome then serves as the template for new genome to be encapsidated
by the nucleocapsid protein. Concurrent to this process of negative sense
genome transcription, a unique process of subgenomic mMRNA (sg mRNA)
generation occurs via discontinuous transcription (Figure 3). The genome
encodes a transcription regulatory sequence (TRS) between each structural
ORF, as well as one at the 5" end of the genome. When transcription occurs
from the genome, the viral RARp encounters these TRS sequences and a certain
proportion of the transcripts continue transcription, but some will terminate
transcription at this point and relocate to the 5° TRS and leader sequence where
it completes transcription. This process generates a nested set of negative
stranded sg RNA which are then transcribed to produce a set of nested positive
sg mMRNA from which structural proteins are translated. The order was coined
Nidovirales after this unique process, (nidus in Latin means nest) and is the
method of replication for species within the order.

Once the structural proteins are translated, they enter the secretory
pathway by embedding into the endoplasmic reticulum (ER) and Golgi
membranes. Newly synthesized genome complexes with the nucleocapsid
protein and the complex then buds into the ER where it acquires its viral protein-
containing membrane. The new particles egress from the cells by exocytosis.

1.1.5. Coronavirus Pathogenesis and Immune Response

With the exception of SARS-CoV, infection with HCoV does not commonly
cause severe disease. As a cause of the common cold, HCoV infection is
widespread and usually seasonal, with occurrences mainly in the winter months
(84). Respiratory disease, both upper and lower, is the main outcome of infection
and disease can progress into pneumonia (85). Typical symptoms of OC43 and
229E infections include fever, rhinorrhea, bronchitis, and otitis media.
Coronaviruses may also cause enteric and neurologic disease in animals and
possibly humans (86).

Although considerably less mortality occurs with OC43 infection compared
to SARS-CoV, morbidity can still be high and outbreaks of the virus can arise.
Since 2000, several OC43 outbreaks that occurred in British Columbia, Canada,
Normandy, France, and Melbourne, Australia have been analyzed (87-89). The
outbreaks in Canada and Australia occurred in long term care facilities where the
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majority of those infected were elderly residents. Deaths of residents did occur
(8% of the infected patients in both outbreaks), but no infected staff succumbed
to the infections. The majority of OC43 infected individuals in the Normandy
outbreak were under the age of 2, illustrating that along with the elderly, these
two populations are the most susceptible to increased morbidity with OC43
infection. In fact, a longitudinal study was recently published examining the
frequency of HCoV infection in children (90). The majority of healthy (non-
hospitalized) children tested within 24 months after birth were seropositive for
0OC43, followed closely by NL63 (90). Children who were hospitalized for
respiratory infection tested positive for HCoV infection at a rate of 14%, with
0OC43 again being the predominant coronavirus, followed by NL63, HKU1, and
229E (90).

0OC43 also has neurological implications in mice and is speculated to be
linked to neurological disease in humans. Upon isolation in 1967, the virus was
initially shown to replicate in the brain of mice and has repeatedly been shown to
cause encephalitis upon serial passage in mice (91, 92). Although both OC43
and 229E have been detected in the brains of patients with multiple sclerosis, the
link between HCoV infection and multiple sclerosis has remained ambiguous and
controversial (93-95).

Aside from the neuroinvasive murine model of OC43 infection, few animal
models of HCoV exist (with the exception of SARS-CoV). A transgenic mouse
model of 229E infection was established with mice expressing human APN (96).
Primary cells from these APN** mice were susceptible to 229E in vitro, but in
vivo infections failed to result in detectable viral replication. APN** mice that
lacked expression of STAT1 (APN*"* STAT™) were susceptible both in vitro and in
vivo to 229E infection, indicating that perturbation to the IFN pathway was
necessary for productive infection (96).

Being the most studied HCoV, SARS-CoV has been established to
replicate in numerous animals (reviewed in 97). Small animal models include
BALB/c and C57BL/6 mice, Syrian hamsters, and ferrets. A variety of non-
human primates have also been infected and resulted in variable disease,
manifesting in acute respiratory distress syndrome or alternatively little to no
pathology (97). Studies have implicated that pathology in both non-human
primates and rodents is age-dependent, with aged animals showing more severe
disease than young animals (98, 99).
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Some short and long term trials of human coronavirus infections have
been conducted in people. Volunteers have been inoculated with 229E and
0OC43 and monitored for up to a year post-infection. HCoVs were administered
intranasally and serum levels of antibodies were monitored. In all cases, infected
individuals produced neutralizing antibodies which peaked between 10 and 14
days post infection (d.p.i) which appeared to be negatively correlated with virus
shedding (100-102). The antibody levels in sera of volunteers at 52 weeks had
further declined and were similar to uninfected individuals (102). These
individuals were not protected against re-challenge (102).

The immune responses in SARS-CoV patients have been analyzed, as
have those in non-human primates. A large increase in pro-inflammatory
cytokines is observed and this cytokine storm leads to the severe lung damage
observed in both patients and certain non-human primate models (98, 103,
reviewed in 104).

1.2. The Nucleocapsid

1.2.1. Function in infection

Encoding an essential structural protein, the nucleocapsid gene (N) is
present in all coronaviral genomes. The nucleocapsid protein complexes with the
genomic RNA to form the helical capsid, which during replication buds through
the ER and Golgi to acquire the host-derived membrane. As RNA viruses,
coronaviruses along with arteriviruses replicate solely in the cytoplasm. An
unusual exception consistent across many viruses of the Nidovirus order is the
nuclear localization of N. It has been shown that the N proteins of coronaviruses
MHV, IBV, TGEV and arterivirus porcine reproductive and respiratory virus
(PRRSV) localize to the nucleus and nucleolus (105-107). There have been
conflicting reports on the nuclear and nucleolar localization of SARS-CoV N, with
some groups reporting a cytoplasmic localization and some reporting presence in
the nucleus (108-110). It has also been reported that IBV N nuclear localization
is cell-cycle specific (111). The function of this localization is still unknown,
though it has been speculated that TGEV and MHV N nucleolar localization
induces cell cycle arrest (106). It is known that N is generally a multi-functional
protein, as it has been found in IBV to be an RNA chaperone and SARS N has
been shown to interact with cellular cyclophilin A, Smad3, and B23 (112-115).
Other coronavirus N proteins have also been shown to interact with nucleolar
proteins fibrillarin and nucleolin, important in ribosome biogenesis and nucleolar
assembly (116).
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The phosphorylation of N has also been a point of interest, as more
studies have shown that this is an important modification in the life cycle of the
virus. Studies of IBV N have shown that phosphorylation may be important in
RNA binding in that phosphorylated N bound to viral genomic RNA with a higher
affinity as compared to nonviral RNA (117). This may be related to the
observation that IBV infectious clones containing phosphorylated N were rescued
more efficiently and produced more infectious particles compared to clones
containing mutations in the phosphorylation sites of N (118). Phosphorylation
may also be important in subcellular localization of N. SARS N has been shown
to be phosphorylated in both the cytoplasm and nucleus by different kinases
(119, 120). Once SARS N has been phosphorylated in the nucleus, it binds to
nuclear export protein 14-3-3 and is shuttled into the cytoplasm (119).
Interestingly, a study was done showing that SARS-N binds to B23, a nuclear
import shuttle protein, and inhibits phosphorylation of B23 via this interaction
(115). B23 is a key nucleolar protein in regulating centrosome duplication, that
when phosphorylated disassociates from the centrosome allowing for initiation of
duplication (121). In its unphosphorylated form, it remains bound to the
centrosome and prevents cell cycle progression (121).

1.2.2. Structural domains of N

The N protein is divided into 3 major domains, the N-terminal domain
(NTD), serine-arginine-rich domain (SRD), and the C-terminal domain (CTD)
(Figure 4). Some functional studies have been done on each region, though
whether these functions are conserved among all coronaviruses is unknown.
The exact amino acid positions and sequences of these regions vary between
coronaviruses, resulting in non-conserved traits.

The N terminal domain is an important domain for RNA-binding, shown in
both SARS-CoV and OC43 nucleocapsid proteins (122-124). Through this
interaction, the NTD of SARS N binds genomic RNA resulting in nucleocapsid
formation (125). The NTD of IBV N has also been indicated to be imperative for
nucleocapsid formation (126). As well, the NTD of SARS-CoV N contains a
nuclear localization signal (NLS) motif which allows for truncated NTD mutants to
localize exclusively to the nucleus (127). Some CoV N proteins also encode a
small 20 residue region 5’ to the NTD, called the serine-glycine-arginine-rich
region (SGR) (125).

The centrally located SRD is a major site of phosphorylation in the N
protein (128). The SARS N SRD is a region that is essential for robust viral

17



Frances W. Lai — Ph.D. Thesis McMaster University Medical Sciences

SGRD NTD SRD CTD
2200 ) YO X
nees D O | ]

ocss I

sars-cov (I T | I

ot OO (O |

18



Frances W. Lai — Ph.D. Thesis McMaster University Medical Sciences

Figure 4. Nucleocapsid domains of human coronaviruses.

Each nucleocapsid contains three major domains : NTD, SRD, and CTD. Both
0OC43 and HUK1 encode an additional region in the NTD, SGRD, which is
enriched with serine, glycine and arginine. Figure modified from Saikatendu et al.

(2007) (125).
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replication and contributes to N multimerization (129-131). The SRD of both
SARS-CoV and OC43 N, similar to the NTD, binds RNA (122, 123). As the
SARS N protein appears to shuttle between the cytoplasm and nucleus, it is
predicted that a leucine-rich region (LRR) located in the SRD may act as a
nuclear export signal (127).

The CTD of SARS-CoV also binds RNA (122). The region has been
consistently shown to be responsible for oligomerization, with N proteins of
SARS-CoV, OC43, and 229E all mapping dimerization functions to the CTD (123,
132-134). The nucleocapsid CTD of avian coronavirus IBV has also been
implicated in oligomerization (135). In SARS-CoV N, the CTD also encodes two
NLS motifs that result in truncated CTD mutants to localize to the nucleolus
(127). The CTD of MHV N has been shown to be the region that interacts with M,
a major surface glycoprotein, in order to facilitate packaging of the nucleocapsid
into the virion (136).

1.3. The Innate Immune Response to Viral Infections

Cells are constantly exposed to microorganisms of varying pathogenicity in
the environment. With broad range targeting, the innate immune response is the
first line of defense against pathogenic microorganisms. This is often followed by
the more specialized adaptive immune response in which effector immune cells
and antibodies specifically targeted to the invading pathogen act to clear these
microorganisms from the system. The innate immune response has evolved
cellular pattern recognition receptors (PRRS) to recognize pathogen-associated
molecular patterns (PAMPs), akin to molecular footprints of viruses and bacteria,
which are distinct from host cellular proteins and nucleic acids. Binding of
PAMPs to PRRs initiates a signalling cascade resulting in the commencement of
a cavalcade of anti-microbial mechanisms. This effectively alerts the cell to a
potential threat, resulting in an appropriate response including inflammation,
apoptosis, inhibition of microbial replication, and induction of the adaptive
immune response.

1.3.1. The Interferon Response

1.3.1.1. Interferon and Its Induction

One of the most crucial molecules synthesized in the PAMP-PRR initiated
anti-viral response is interferon (IFN). It is often the first induced cytokine in
response to a viral infection and is important for the generation of further immune
responses. Interferon (IFN) was first discovered in the 1950’s by three
independent groups (137-141). The cellular product was found to interfere with
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viral replication (141). Type | IFN encompasses IFN-a and IFN-B, which are
involved in the innate immune response, and type Il IFN refers to IFN-y, which is
important in the adaptive immune response. The discovery of type Il IFN more
recently in the 2000’s revealed the third type of IFN, termed IFN-A, which is
induced by viral infection but research in this area is still in its infancy (142). As
type | IFN is the most pertinent to the following research relating to innate
immunity, this review of literature will focus on this subset of interferons.

In addition to the most extensively studied IFN-$ and IFN-a, type | IFN also
includes IFN-¢, IFN-k, IFN-w, IFN-v, IFN-¢, IFN-1, and IFN-0, with the latter two
found solely in swine and ruminants, respectively (143). IFN-B is encoded by a
single gene, while there are 13 different IFN-a genes (IFNA1-8, 10, 14, 16, 17,
21) (reviewed in 144, 145). |Initial induction of IFN-B transcription occurs in
response to the sensing of pathogen-associated molecular patterns (PAMPS) by
various pattern recognition receptors (PRRs). PRRs essential in viral infections
are Toll-like receptors (TLRs) and retinoic acid inducible gene | (RIG-I) like
receptors (RLRs). In addition, sensors of DNA such as DNA-dependent activator
of IFN-regulatory factors (DAI) and leucine-rich flightless-interacting proteins 1
(LRRFIP1) recognize foreign DNA and result in production of type | IFN
(reviewed in 146).

Once IFN-B is induced, the cytokine then signals in an autocrine and
paracrine manner, resulting in amplification of the antiviral response. Both IFN-3
and IFN-a are ligands for the ubiquitously expressed IFN-a receptor 1 (IFNAR1)
and IFN-a receptor 2 (IFNAR2) receptor complex. Activation of this pathway
leads to expression of interferon-stimulated genes (ISGs) and results in inhibition
of viral replication and further amplification of the innate response in part by IFN-a
expression. Details in this signalling pathway and its consequences are
discussed below.

1.3.1.2. PRRs Pertinent in RNA Virus Detection

There are a multitude of PRRs which play an important role in the innate
immune response and vast amounts of information are available about each.
Reviews on each of these PRRs are beyond the scope of this thesis. The
following will only discuss nucleic acid detectors toll-like receptors and RIGI-like
receptors which are most pertinent to this body of work on the human
coronavirus.
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1.3.1.2.1. Toll-like Receptors

Toll receptors were originally identified in Drosophila melanogaster, and
human homologs, coined Toll-like receptors, were discovered in the late 1990’s
(147, 148). Upwards of 10 functional human TLRs have since been identified,
TLR1 through TLR10 (149-152). TLRs themselves consist of three structural
areas: an extracellular region which binds ligands, a transmembrane domain,
and a cytosolic signalling domain which is also known as the Toll-interleukin 1
receptor (TIR) homology domain. Once bound to its specific ligand, most TLRs
signal through TIR adapter protein myeloid differentiation marker 88 (MyD88) to
recruit IL-1 receptor associated kinase (IRAK) and TNF receptor-associated
factor (TRAF) (153). TLR3 is the only TLR to signal independently of MyD88 and
signals via TIR-domain-containing adaptor-inducing IFN-B (TRIF).

TLRs are localized to differing areas of the cell and sense distinctive
PAMPs accordingly. TLR1, 2, 4, 5, and 6 are located on the cell surface and
sense foreign lipids, lipoproteins and proteins. A subset of TLRs consisting of
TLR3, 7, 8, and 9 are localized to intracellular vesicles such as endosomes and
lysosomes and detect nucleic acid. TLRs can also complex and cooperatively
detect and signal. Because such a vast array of PAMPs exists, TLRs have
adapted to recognize as many as possible by forming heterodimers to detect
different molecules. For example, TLR2 and TLR6 dimerize and detect bacterial
cell wall component peptidoglycan (154). However, TLR2 can also recognize
bacterial lipoprotein and initiate signalling on its own, and this signalling is
enhanced when complexed with TLR1 (154, 155). TLRs that are important in
sensing viral PAMPs are TLR3, which detects double stranded RNA (dsRNA),
TLR7 and TLR8 which detect ssRNA, and TLR9 which detects CpG maotifs in
DNA.

TLR3, which recognizes dsRNA, induces both an inflammatory response
and type | IFN response through different pathways which activate nuclear factor
kappa B (NF-kB) and interferon regulatory factor 3 (IRF-3) (Figure 5A). Once
bound to its dsRNA ligand, TLR3 signals through TRIF and TRAF3 to activate
TRAF family member-associated NF-kB-activator (TANK)-binding kinase 1
(TBK1) and inhibitor of NF-kB kinase (IKKi) which results in phosphorylation of
IRF3. Once IRF3 is phosphorylated, the transcription factor dimerizes and
translocates to the nucleus. TLR3 and TRIF also recruit TRAF6 and receptor
interacting protein 1 (RIP1) which activate TGF-B activating kinase 1 (TAK1)
which in turn activates the IkB kinase (IKK) complex consisting of IKKa, IKKR,
and NF-kB essential modulator (NEMO), leading to the release of NF-kB from its
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Figure 5. A brief synopsis of signalling initiated by dsRNA leading to IFN
synthesis and signalling.

(A) Endosomally localized TLR-3 recognizes dsRNA and signals via TRIF to
activate both IRF3 and NF-kB, leading to IFN-B gene transcription. (B) RIG-like-
receptor RIG-I is present in a conformationally inactive form in the cytoplasm.
Once bound to dsRNA, RIG-I becomes conformationally active and interacts with
MAVS via CARD domains. MAVS signals via TRAF3 and TRAF2/6 to activate
IRF3 and NF-kB, respectively, leading to IFN-B gene transcription. (C) Once
IFN-B is translated, it is secreted and signals in an autocrine and paracrine
manner by binding to IFNA receptors. This ligand binding initiates the JAK-STAT
pathway and leads to transcription of various ISG’s. Figure modified from Honda
et al. (2006) (156).
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inhibitor of NF-kB alpha (IkBa) inhibitor. The NF-kB dimer then translocates to
the nucleus where it binds to the promoter region of IFN-(3.

NF-kB, IRF3, and ATF-2/c-Jun form the IFN-B enhanceasome at the
gene’s promoter region, binding to positive regulatory domains Il, Ill, and IV,
respectively. This initiates IFN-B transcription and its subsequent translation,
after which the cytokine signals in a paracrine and autocrine manner.

1.3.1.2.2. RIG-I-like Receptors

In addition to detection by TLR3, dsRNA is also sensed by the PRR RIG-I
in the cytoplasm. RIG-I belongs to a subset of PRRs called RIG-I —like receptors,
which also includes melanoma differentiation-associated gene 5 (MDA5) and
Laboratory of Genetics and Physiology 2 (LGP2), named after where the gene
was isolated (157, 158). Both RIG-I and MDA5 receptors consist of two N-
terminal caspase recruitment domain (CARD) domains and a central RNA-
binding helicase domain (159). The C-terminal domain of RIG-I is responsible for
autoinhibition, and once activated the receptor becomes conformationally active
(160). LGP2 lacks CARD domains and is thought to be an inhibitor of RIG-I and
MDAS5 (159, 160). Though both RIG-I and MDA5 bind dsRNA, RIG-I
preferentially binds short RNA with 5’ triphosphorylated ends and MDAS
preferentially binds higher molecular weight RNA (161, 162).

Binding of RNA by RIG-I1 and MDAG5 also leads to the transcription of IFN-3
via IRF3 and NF-kB activation, though through slightly different pathways as
compared to TLR3 (Figure 5B). RIG-I and MDAS are activated upon binding to
RNA ligands and interact with mitochondrially localized protein mitochondrial
antiviral signalling (MAVS) protein, also known as interferon-beta promoter
stimulator 1 (IPS-I), virus-induced signaling adaptor (VISA), and CARD adaptor
inducing IFN-B (Cardiff) (163-166). MAVS is anchored in the mitochondria via a
transmembrane domain, which is essential to its signalling subsequent to
activation (165). The interaction between RIG-I or MDA5 and MAVS occurs
between the CARD domains of each protein and triggers the recruitment of
TRAF3 to activate TBK1 and IKKi which results in phosphorylation of IRF3.
TRAF2, TRAF6 and RIP1 are also recruited, which activate the IKK complex
consisting of IKKa, IKKB, and NEMO, leading to the ubiquitination and
degradation of IkBa, releasing NF-kB from its inhibitor and allowing for nuclear
translocation. IFN-B transcription is then initiated by binding of NF-kB, IRF3, and
ATF-2/c-Jun to the enhanceosome.
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1.3.1.3. Downstream IFN signalling

Once translated, IFN-B is secreted and binds the receptor complex of IFN-
a receptor 1 (IFNAR1) and IFN-a receptor 2 (IFNAR2) on the IFN-producing cell
itself as well as neighbouring cells. This binding initiates signalling via the Janus
Kinase (JAK)- signal transducers and activators of transcription (STAT) pathway,
leading to phosphorylation of STAT1 and STAT2 by tyrosine kinase 1 (TYK1) and
JAK2 (Figure 5C). The activated STATs dimerize, form a complex with IRF9, and
translocate to the nucleus where transcription of an array of IFN-stimulated genes
(ISGs) is initiated by binding of the STAT1/2/IRF9 complex, also known as IFN-
stimulated gene factor 3 (ISGF3) to IFN-stimulated response element (ISRE)
promoters. A great number of ISGs have been discovered, though antiviral
mechanisms of only a few have been well characterized (reviewed in 167).
Paracrine signalling by type I IFN acts to alert and prepare neighbouring cells for
potential viral infection.

To further amplify the antiviral response, ISGF3 also induces the
expression of the transcription factor IRF7. IRF7 then acts alone or in
conjunction with other IRFs, such as IRF3 and IRF5, to initiate transcription of
IFN-a as well as to further upregulate IFN- (168, reviewed in 169). IFN-a can
then be secreted and signal through IFNAR receptors, consequently augmenting
the antiviral response.

Type | IFN is also an important cytokine in the bridge between innate and
adaptive immunity. Type | IFN induces the expression of chemokines in order to
recruit immune cells to the site of injury or infection as well as the expression of
cytokines that are key in regulating cell function (170). Type | IFN induces IL-15
expression, thus impacting the function of Natural Killer (NK) cells, a lymphocyte
important in innate defense, by enhancing the cell’s ability to kill target cells as
well as promoting NK cell survival and accumulation (171, 172).

IFN supports the differentiation of monocytes to dendritic cells as well as
stimulates macrophage antibody dependent toxicity (173, 174). Treatment of
dendritic cells with type | IFN also results in increased surface expression of
major histocompatibility complex | (MHC 1) which results in an increase in the
antigen presenting cell’s ability to induce a CD8" T cell immune response (175,
176).

1.3.1.4. Interferon Stimulated Genes
The potent anti-viral activity of IFN is seen in resultant ISGs. Identification
of upwards of 1000 ISGs have revealed a high diversity in expression as well as
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potency of these antiviral factors. Some ISGs aid in amplification of the IFN
response. These include the aforementioned RIG-1 and MDA5, as well as the
tripartite motif-containing (TRIM) superfamily of proteins (reviewed in 177). Other
ISGs are more directly anti-viral and interfere with the virus’ ability to replicate in
the cell. Some of the best studied include protein kinase regulated by RNA
(PKR), 2’-5 oligodenylate synthetase (OAS), RNaseL, and orthomyxovirus
resistance (Mx) protein (167).

Some ISGs affect the translation of viral proteins and stability of viral
genomes. PKR is activated by dsRNA which leads to the phosphorylation of a
subunit of eukaryotic initiation factor (elF2a), rendering elF2 inactive and
inhibiting translation (178). Additionally, PKR contributes to the stability of IFN
MRNA in some viral infections (179). OAS, also activated by dsRNA,
polymerizes ATP which in turn activates RNaseL. The cellular endonuclease
then degrades all cellular and viral RNA at UU or AA nucleotides (145). Another
endonuclease, 1SG20, also degrades RNA, specifically single-stranded RNA and
is effective in preventing replication of many RNA viruses, including vesicular
stomatitis virus (VSV) and influenza (180).

Several ISGs directly interact with viral proteins. Human Mx protein, MxA,
confers resistance to many viruses by binding to viral components and preventing
function (181). MxA binds to the nucleoprotein of both Thogoto virus and
influenza A and while these Mx targets have been determined, a ubiquitous
mechanism for this ISG is not clear and the majority of targets in Mx-sensitive
viruses are not known (181, 182). ISG15, a ubiquitin-like protein, targets viral
proteins by “ISGylation”, a comparable process to ubiquitination. The ISG utilizes
IFN-inducible E1, E2, and E3 enzymes Ubell, UbcH8, and HERCS5, respectively,
to attach itself to target proteins (183). Although the exact antiviral mechanism of
this ISGylation is unknown, viral fitness is affected by this process. 1SG15 has
also been shown to target some cellular proteins including IRF3, which ISG15
prevents from interacting with PIN1, a promoter of IRF3 ubiquitination and
degradation (184).

Two ISGs induce mutations into viral genomes, rendering them unstable
and leading to decreased viral fitness. Adenosine deaminase acting on RNA
(ADAR) acts by replacing AU nucleotide sequences with 1U (185). This mutation
disrupts base pairing and destabilizes dsRNA. Similarly, apolipoprotein B mRNA-
editing enzyme catalytic polypeptide 3 (APOBEC3) is a cytosine deaminase that
converts cytidine to uridine in ssDNA viral genomes (145, 186).
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The interferon-induced proteins with tetratricopeptide repeats (IFIT) family
of proteins consists of IFIT1 (ISG56), IFIT2 (ISG54), IFIT3 (ISG60), and IFIT5
(ISG58) in humans (187). These ISGs are one of the most highly expressed in
response to IFN and quickly accumulate after stimulation. The proteins possess
several antiviral attributes. IFIT1 and IFIT2 are able to reduce cap-dependent
translation by binding to eukaryotic initiation factor 3 (elF3), a multi-subunit
complex involved in translation initiation. This activity effectively blocks Hepatitis
C virus (HCV) translation as the virus utilizes elF3 for translation of its genome
(188, 189). IFIT1 also recognizes and binds to viral RNA lacking 2’-O-
methylation and although the antiviral mechanism is still unclear, this interaction
is able to prevent viral replication. Mutant West Nile virus (WNV), poxviruses,
and coronaviruses that lack 2’-O-methylation were attenuated in wild-type cells,
but readily replicated in cells lacking IFIT1 (190-192). IFIT1 also recognizes 5’-
ppp uncapped RNA and with IFIT2 and IFIT3, forms a complex that prevents viral
replication (193). Lastly, IFIT1 has also been shown to bind directly to viral
proteins such as human papillomavirus E1 helicase, resulting in reduced viral
replication (194, 195).

The ISGs mentioned are merely a handful of known IFN responsive
genes. There is a vast list of ISGs of which the scope of this thesis could not
possibly cover. Studies are ongoing to identify new ISGs as well as to continue
to characterize those previously identified.

1.3.1.5. Viral evasion of IFN

As our immune system has evolved to counter viral infections, viruses
have countered with evolutions of their own. This progression is essential to the
survival of the virus and occurs most frequently in highly mutable RNA viruses.
An important target for viruses is the type | IFN response, as blockage of this
early pathway at a key point can allow for profuse viral replication. Many RNA
viruses, such as VSV, Hepatitis C virus (HCV), and influenza A, are sensitive to
type | IFN, but have developed the ability to circumvent the response.

Viruses target various different components of the IFN pathway and most
affect multiple components. Some viruses are able to prevent initiation of the
pathway by evading recognition by the PRRs. The NS1 protein of Influenza A
binds viral dsRNA, preventing its recognition by PRRs and also binds PKR and
prevents its signalling (196, 197). Similarly, the NS5A protein of HCV also
inhibits PKR and OAS by directly binding to the ISGs and also inhibits TLR
signalling by binding to the adaptor protein MyD88 (198-200).

28



Frances W. Lai — Ph.D. Thesis McMaster University Medical Sciences

Downstream PRR signalling is also frequently affected. The NS3-4A
protein of HCV inhibits TLR3 signalling by causing degradation of TRIF and
preventing IRF3 phosphorylation by TBK1 (201, 202). Additionally, NS3-4A also
disrupts RLR signalling by cleaving MAVS at its C-terminal, freeing it from the
mitochondria and rendering it ineffective (164, 203).

The IRFs are also a common target of viruses. The ICPO protein of
herpes simplex virus 1 (HSV-1) binds and blocks IRF3 signalling, effectively
squelching immune responses mediated by IRF3 (204, 205). The VPR and Vif
proteins of HIV also target IRF3 and mediate its ubiquitination, targeting the
transcription factor for degradation (206). The rotavirus NSP1 protein similarly
targets IRF3 for proteasome-dependent degradation and in addition also induces
degradation of IRF5 and IRF7 (207-209).

The Jak-STAT signalling cascade, which is initiated by binding of IFN to
IFNAR, is often impinged on. The initiation of the entire cascade is prevented by
some poxviruses, such as vaccinia virus, which encode a soluble IFNAR that
competitively binds to extracellular IFN (210). STAT proteins are bound by
several paramyxovirus V proteins, preventing downstream signalling to occur
(211-213).

As the ability to prevent IFN expression and signalling could be the
difference between profuse replication and the demise of infection, viruses have
evolved many different mechanisms to counteract this host response. The
examples stated above have only scratched the surface of the myriad of viral
immune evasion tactics and have been extensively reviewed in many excellent
publications (211, 214-219).

1.3.2. NF-kB: Role in antiviral response

1.3.2.1. The NF-kB Family

NF-kB is a multifunctional transcription factor and a key player in the
innate immune response to virus infection. It is activated via many stimuli (Figure
6) including tumor necrosis factor alpha (TNF-a), interleukin 1 (IL-1), and
lipopolysaccharide (LPS), as well as the aforementioned PAMPs (reviewed in
220). There are five mammalian members of the NF-kB family: RelA (p65),
RelB, c-Rel, p105/p50 (NFKB1), and pl100/p52 (NFKB2). These transcription
factors regulate the expression of many genes involved in inflammation,
apoptosis, and the innate immune response (reviewed in 221).
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All members of the NF-kB family encode an N-terminal Rel-homology
domain (RHD) which allows them to bind DNA as well as dimerize (222).
Structurally, p65, RelB, and c-Rel are similar and all contain C-terminal
transactivation domains (TADs) which allow the proteins to initiate transcription.
In contrast, both p105 and p100 lack TADs and are precursors to the subunits
p50 and p52, respectively. Initiation of transcription by p50 and p52 can be
achieved by dimerization with a TAD-containing NF-kB subunit (222).

Dimers of NF-kB subunits are retained cytoplasmically in an inactive state
by inhibitory inhibitor of NF-kB (IkB) proteins in unstimulated cells. Members of
the IkB family include IkBa, IkBB, IkBg, IkBg, BCL-3, and IkBNS (222, 223).
Interaction between IkB proteins and NF-kB dimers is mediated by ankyrin
repeats, which all IkB members encode in varying amounts. Additionally, p105
and p100 both encode ankyrin repeats and act as IkB inhibitors.

1.3.2.2. NF-kB Activation Pathways

1.3.2.2.1. The Canonical Pathway

The canonical pathway is the most studied route to NF-kB activation. A
wide range of stimuli can initiate the canonical pathway, one example being the
cytokine TNF-a upon its binding to the TNF-a receptor (TNFR) (Figure 6A).
Recruitment of TRADD, TRAF2, TRAF5, and RIP leads to activation of TAK1 and
TAK1-binding protein (TAB) 2 and TAB3. The complex then activates IKKa,
IKKB, and NEMO and follows a similar path to NF-kB activation as with PAMP
activation discussed above in section 1.3.1.2. The IKK complex then
phosphorylates IkBa at serine (Ser)32 and Ser 36, leading to polyubiquitination at
lysine (Lys)21 and Lys22 and targets IkBa for degradation by the 26S
proteasome. This results in the release of the NF-kB dimer and allows for
nuclear translocation.

The dimer itself can be composed of various NF-kB subunits. The most
predominant dimer is that of p50 and p65 and this is often thought of as the
classic NF-kB heterodimer. RelB also forms heterodimers with p50 and both
RelB and p65 form dimers with p52. As both p50 and p52 lack TADs, it is
necessary to dimerize with either p65 or RelB in order for the complex to be
transcriptionally active.

Activation of this pathway is also initiated by TLR2 upon binding to its
bacterial lipoprotein ligand (Figure 6B). TLR2 signals via MyD88, leading to
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Figure 6. Brief synopsis of NF-kB signalling initated by TNF-a and TLR-2.

(A) TNF-a binds to the TNF receptor, initiating a signalling cascade leading to
activation of the IKK complex and degradation of inhibitor IkBa, releasing the NF-
kKB dimer. The dimer translocates to the nucleus where it initiates transcription of
various NF-kB responsive genes. (B) Recognition of bacterial lipoprotein by
either TLR2 alone or TLR2 in complex with TLR1 leads to MyD88-dependent
signalling to activate the IKK complex. (C) Activation of this pathway also leads
to phosphorylation of p105, leading to its total degradation or partial processing.
p50 homodimers retained by p105 are then released or generated, respectively,
and translocate to the nucleus. Homodimers of p50 complex with transcriptional
co-activators and initiate transcription. Figure modified from Hayden and Ghosh
(2012) (222).
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activation of the IKK complex and NF-kB activation. As discussed in 1.3.1, TLR3
signalling also leads to activation of NF-kB.

1.3.2.2.2. The Noncanonical Pathway

More recently, an alternative pathway to NF-kB was discovered (224).
The non-canonical pathway mainly is initiated by the TNFR family members
lymphotoxin B receptor (LTBR) and B-cell activating factor receptor (BAFFR)
binding to ligands lymphotoxin B (LTB) and B-cell activating factor (BAFF),
respectively (reviewed in 225). Receptor binding activates NF-kB inducing
kinase (NIK) which then phosphorylates IKKa homodimers. This pathway is
dependent upon IKKa and does not require IKKB or NEMO. Activated IKKa
phosphorylates p100, which is then polyubiquitinylated and proteasomally
processed to yield p52. The subunit is associated via its rel-homology domain
(RHD) with RelB and translocates to the nucleus where it initiates transcription.
The non-canonical pathway is initiated by LTB primarily in lymphocytes and
mediates the development of peripheral lymphoid organs. BAFF-mediated
signalling induces expression of bcl-2 and bcl-x, which are anti-apoptotic genes,
resulting in survival of B cells. The non-canonical pathway is not initiated as a
part of the innate immune response to viral infections and will not be discussed
further.

1.3.2.3. NFKB1

NFKB1 encodes the pl05 subunit of NF-kB which is processed via
proteasome to p50 and the subunits are collectively referred to NFKB1. The 20S
proteasomal processing of pl05 to p50 can occur co-translationally or
independently of translation and is both induced by activation and constitutive,
though the mechanisms remain controversial (226, 227). Constitutive processing
has been speculated to be carried out by the 20S proteasome independently of
ubiquitination (226), while others have shown that ubiquitination of pl105 is
necessary for processing to occur (228-230). Most recently, it was shown that
pl105 is monoubiquitinated (not a chain of ubiquitin as previously thought) and
that multiple monoubiquitins are necessary for processing to occur (231). The
processing of p105 requires the glycine rich region (GRR) located between the
RHD and Ankyrin repeats, as deletion of this proteasomal stop signal abolishes
processing to p50 (232, 233). Post-stimulation, p105 is either processed into p50
or, more predominantly, entirely degraded thereby releasing NF-kB subunits it
was bound to which are primarily p50 homodimers (Figure 6C) (234, 235). The
process of complete degradation begins with phosphorylation of p105 on Ser927
and Ser932 and recruitment of SCFPT™P ubiquitin ligase which leads to
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ubiquitination and complete degradation of p105. Enhanced processing of p105
with stimulation occurs and this process is dependent upon IKK phosphorylation
followed by ubiquitination. Interestingly, it appears that ubiquitination of a subset
of lysine residues results in differential processing as opposed to degradation
(236).

The p105 subunit contains an kB domain which allows it to act as an
inhibitor of NF-kB subunits. In a resting cell, it preferentially binds to homodimers
of p50, retaining the complex in the cytoplasm (237). As p50 lacks a TAD, it and
its homodimers cannot initiate transcription alone. Along with forming dimers with
p65, p50 forms homodimers in an unstimulated cell, which also act as
transcriptional repressors when complexed with transcriptional co-repressors
such as histone deacetylase 3 (HDAC3) and silencing mediator of retinoic acid
and thyroid hormone receptor (SMRT) (238). Homodimers of p50 have also
been found to be transcriptionally active when complexed with atypical IkB
proteins such as IkB{ and BCL-3, resulting in upregulation of ant-inflammatory
cytokine IL-10 (239, 240). The p50 subunit can also form dimers with
transcriptional co-activators such as CREB-binding protein (CBP) and p65, as
mentioned (241). Once the cell has been stimulated resulting in activation of its
IKK complex, these NF-kB heterodimers compete with p50 homodimers for kB
site binding. Among the multitude of genes whose transcription is initiated is
NFKB1 itself, as the promoter region contains a KB consensus sequence that is
bound by p65/p50 dimers, thereby initiating transcription (242, 243).

1.3.2.4. NF-kB Responsive Genes

The transcription of a myriad of genes is induced by NF-kB transcription
factors. They are involved with a wide range of functions, and products
encompass cytokines, chemokines, adhesion molecules, and negative regulators
of NF-kB.

NF-kB is traditionally thought of as proinflammatory and this is due to the
many chemokines and cytokines induced once the transcription factor is
activated. The expression of pro-inflammatory cytokines such as IL-13, IL-6, and
TNF-a are all upregulated (244). Both IL-18 and TNF-a are also activators of NF-
KB, leading to a positive autoregulatory loop. The activation of NF-kB by IL-13
also results in the expression of the enzymes cyclooxygenase 2 (COX-2),
phospholipase 2 (PLA2), and inducible nitric oxide synthase (iINOS), leading to
vasodilation and an increase in inflammation (245). TNF-a signalling through the
TNFR can have diverse outcomes, one of which is the activation of NF-kB.
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Apoptosis can also occur with TNF-a stimulation if TRADD signals via Fas
associated death domain (FADD), leading to activation of the caspase pathway
(246, 247). Conversely, the activation of NF-kB by TNF-a can be anti-apoptotic,
resulting in the inhibition of caspase-8 (248). IL-6 is a key multifunctional
cytokine in the inflammatory response and regulates T cell, B cell, and
macrophage differentiation and activation (249).

Chemokines such as IL-8, regulated on activation, normal T cell expressed
and secreted (RANTES), macrophage inflammatory protein 1 alpha (MIP-1a),
and monocyte chemotactic protein 1 (MCP-1) are also transcribed by activated
NF-kB. These result in chemotaxis of immune cells, such as neutrophils,
monocytes, T cells, and eosinophils, to the site of insult (250-252). Migration of
these cells is also aided by the upregulation of adhesion molecules on endothelial
cells, a common result of NF-kB activation. Intercellular adhesion molecule 1
(ICAM1), vascular cell adhesion molecule 1 (VCAM1), and endothelial leukocyte
adhesion molecule 1 (ELAM1) are several molecules of which activated NF-kB
initiates transcription (244).

The expression and transcriptional activation of NF-kB are tightly
regulated. The expression of many negative regulators of NF-kB, such as IkBa
and A20 is induced by activation of NF-kB itself (253). The classic mechanism of
NF-kB inhibition is retention of the dimers by IkB proteins. Most well studied is
the inhibitor IkBa, which binds NF-kB dimers, retaining them cytoplasmically.
Once degraded post-activation, IkBa is re-transcribed with the promotion of
activated NF-kB and resumes inhibition of NF-kB. There are also many negative
regulators of NF-kB including A20 and IkBa, which is constitutively bound to the
NF-kB complex prior to stimuli (253). Once activated by phosphorylation, |kBa is
degraded, releasing NF-kB which then translocates to the nucleus. In the
nucleus, it initiates transcription of many responsive genes, including |kBa
(reviewed in 254). Upon translation, IkBa once again binds to NF-kB, removes it
from the nucleus and transcription ceases.

A20, also known as TNF-a induced protein 3 (TNFAIP3), is an inhibitor of
NF-kB induced by TNF-a-activated NF-kB, highlighting an important self-
regulatory loop (255). A20 is a dual ubiquitin editing protein which regulates the
activation and degradation of components of the NF-kB signalling cascade by
either removing regulatory Lys63-linked ubiquitin or adding Lys48-linked
ubiquitin, thus targeting the protein for degradation. It has been shown to de-
ubiquitinate the adaptor protein TRAF6 as well as NEMO, thus removing Lys63-
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ubiquitin and halting NF-kB signalling (256, 257). A20 has also been shown to
both de-ubiquitinate and ubiquitinate the adaptor protein RIP1 (258). RIP1 first is
de-ubiquitinated by A20 via removal of regulatory Lys63-linked ubiquitin and
subsequently A20 ubiquitinates RIP1 with the addition of Lys48-linked ubiquitin,
leading to its proteasomal degradation (258).

Recently, another mechanism of control was found to negatively regulate
the expression of NFKB1. A microRNA (miRNA), miR-9, was shown to target the
3'UTR of NFKB1 and resulted in decreased mRNA expression (259, 260). As
with other protein regulators of NFkB, the expression of miR-9 is inducible by
stimuli which also activate NFkB, such as TNF-a, LPS, and TLR2 agonists (259).

1.3.2.5. Viral Manipulation of NF-kB

As with other components of the innate immune response, viruses have
developed methods to advantageously manipulate NF-kB. As the transcription
factor is also important in the initiation of IFN-B transcription, many of the
mechanisms affecting NF-kB also have downstream effects on IFN.

The secretion of soluble TNFR by some poxviruses results in sequestering
of TNF-a. The T2 protein of myxomavirus selectively interacts with TNF-a and
increases virulence in host rabbits (261). This method is limited to DNA viruses
with large genomes and no known RNA viruses employ this decoy strategy.

Viral proteins are able to block the initial activation of the IKK complex
responsible for phosphorylating inhibitor IkBa, leading to its degradation. The
N1L and K1L proteins of vaccinia virus interact with the IKK complex, preventing
its activation by phosphorylation (262, 263). The ICP27 protein of HSV-1 also
prevents the phosphorylation and ubiquitination of IkBa by directly binding to the
inhibitor and stabilizing it (264). NF-kB activation is effectively suppressed by this
method.

The process of ubiquitinating IkBa is also targeted by viruses. The E3
ubiquitin ligase SCF*T™P which is responsible for ubiquitination of IkBa, is bound
by CP77 and A59 of vaccinia virus and Vpu of HIV (265-267). TNF-a treatment
was still able to induce phosphorylation of IkBa in cells expressing these viral
proteins, but subsequent degradation of the inhibitor did not occur resulting in
decreased NF-kB activity (265, 266). The rotavirus protein NSP1 is able to inhibit
NF-kB activation by inducing the degradation of B-TrCP, the F-box component of
SCFPFTCP (268).
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Targeting of the NF-kB transcription factors themselves is also commonly
found in many viruses. The CP77 protein of vaccinia virus, NS1 of West Nile
virus, and nucleocapsid protein of Hantaan virus are able to prevent the nuclear
localization of p65 (266, 269-271). The nucleocapsid protein of Hantaan virus
prevents TNF-a-stimulated NF-kB activation by binding importin-a, which is
responsible for p65 nuclear localization (269). The M150 (also known as
myxoma nuclear factor) protein of myxomaviruses contain ankyrin repeats, one of
which is similar to those found in IkBa (272). This allows the viral protein to bind
p65 in the nucleus and prevent its transcriptional activity (272). Similarly, the
G1R protein of cowpox virus encodes ankyrin repeats, allowing the viral protein
to interact with p105, enabling the blockage of NF-kB activation (273, 274). The
myxomavirus protein M013 also interacts with p105 (275). This binding prevents
activation and nuclear localization of NF-kB (275).

In addition to inhibiting NF-kB, it is desirable for some viruses to activate it.
This is prominent in oncogenic viruses such as hepatitis B virus and Epstein Barr
virus (EBV). The hepatitis B protein HBx induces IkBa degradation, leading to
constitutive activation of NFkB, promoting hepatocellular carcinoma (276). The
latent membrane protein 1 (LMP1) of EBV constitutively activates NF-kB by
interacting with TRAF2 and promotes B cell immortalization by suppressing
apoptosis (277-279). The core protein of hepatitis C virus binds to the TNFR
death domains, resulting in NF-kB activation and an anti-apoptotic response
(280). Infection with respiratory syncytial virus leads to persistent inflammation,
attributed to activation of NF-kB leading to production of proinflammatory
cytokines (281). Interestingly, this activation cannot be inhibited by increased
levels of IkBa.

Some viral genomes contain NF-kB binding sites in their promoters and by
activating NF-kB, enhance viral transcription (282). The human cytomegalovirus,
which contains NF-kB binding sites within its genome, activates NF-kB during
infection and the expression of cytomegalovirus immediate early genes is
enhanced (277, 283). In addition, the immediate early gene IE1 is itself an
activator of NF-kB and perpetuates the activation of NF-kB and expression of
immediate early genes (277, 283).

As evidenced above, viruses are adept at targeting each component of the
complex pathway surrounding NF-kB. These methods often lead to suppression
of the innate immune response to aid in viral evasion, but can also result in cell
transformation and uncontrolled inflammation.
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1.4. microRNAs

1.4.1. microRNA biogenesis and gene regulation

Once thought to be a matter of transcription and translation, gene
regulation on another level was discovered to occur in the early 1990’s (284).
The revelation that microRNAs existed in Caenorhabditis elegans led to the
unearthing of thousands of regulatory miRNAs in humans.

In humans, miRNAs are transcribed in the nucleus by DNA-dependent
RNA polymerase and when first transcribed are generally several kilobases long
with 5’ caps and are polyadenlyated. The initial transcript is known as primary
mMiRNA (pri-miRNA), which are hairpin structures containing a terminal loop, a
stem of complementary nucleotides, and an unpaired flanking region (Figure 7).
The unpaired flanking region is then bound by DiGeorge critical region 8
(DGCRS8), a dsRNA binding protein which binds a region approximately 11 bp
from the ssRNA-dsRNA junction (SD junction) between the unpaired flanking
region and stem of the pri-miRNA (285). DGCRS8 is complexed with RNase IlI
protein Drosha, which then cleaves the stem at this location 11 bp from the SD
junction, releasing a stem-loop structure known as the precursor miRNA (pre-
mMiRNA) (285). Drosha cleavage leaves a 3’ overhang of 2 nucleotides on the
pre-miRNA which is the site of recognition for Exportin-5 and Ran-GTP. This
protein complex then exports the pre-miRNA to the cytoplasm where it is
recognized by Dicer and trans-activation response element (TAR) RNA-binding
protein 2 (TRBP), forming the RNA-induced silencing complex (RISC)-loading
complex. Dicer then cleaves the pre-miRNA at the terminal loop, yielding a
strand of dsRNA approximately 22-23 nt in length with 3’ overhangs on both
ends. One strand of the dsRNA is then discarded and is selected based on
stability as well as 5’ terminal nucleotides. Strands that are kept, known as the
MiRNA guide strand as opposed to discarded strands known as miRNA* (or the
passenger strand), usually possess the least stable 5 end (the end with least
complementarity between nucleotides) and contain a U or A as the 5’ terminal
nucleotide (286, 287).

Once the passenger strand has been discarded, the mature miRNA is
incorporated in the RISC complex with Argonaute 2 (Ago2) and the miRNA
guides the complex towards its mRNA target with complementary base pairing
(288). Sequences are contained within the 3’ untranslated region (UTR) of the
mRNA and although it is uncommon in mammals to have perfect
complementarity between miRNA and mRNA, homology of a sequence at
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Figure 7. Brief overview of microRNA biogenesis.

Transcription of pri-miRNA occurs in the nucleus and the highly structured RNA is
then cleaved by the Drosha/DGCR8 complex to form pre-miRNA. Exportin-5 and
Ran-GTP then transports the pre-miRNA to the cytoplasm where it is further
processed by the RISC loading complex. Once the terminal loop has been
cleaved, the passenger strand of the remaining duplex is degraded, leaving the
guide strand. The guide strand directs Ago2 to the target mRNA and prevents
translation. DGCR8 (DiGeorge critical region 8), TRBP (trans-activation response
element (TAR) RNA-binding protein 2), PACT (protein activator of the IFN-
induced protein kinase), Ago2 (Argonaute 2). Figure modified from Filipowicz et
al. (2008) (289).
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positions 2-8 from the 5 end, known as a seed region, is important for this
targeting. Regulation of protein expression is then achieved either by inhibition of
target translation or destabilization and degradation of the mRNA (290, 291,
reviewed in 292).

1.4.2. Current knowledge of viral exploitation of miRNA

As with many cellular mechanisms and processes, viruses have evolved to
exploit and manipulate the miRNA pathway. Since the first report of virally
encoded miRNA in y-herpesviruses nearly a decade ago, a multitude of viral
MiRNAs have been identified in a wide range of viruses (293, 294, reviewed in
295, 296). The sequences of viral miRNAs are generally not perfectly
complementary to their targets and this is speculated to be because viruses have
evolved miRNAs that target 3’UTR sequences of a few key targets that are not
strictly conserved among hosts.

Viruses exploit the miRNA pathway in several different fashions. The viral
mMiRNA may target an important protein in immune signalling such as IRAK1 and
MyD88, which are targeted by Karposi's sarcoma-associated herpesvirus (KSHV)
encoded miR-K9 and miR-K5, respectively (297). Via expression of these viral
MiRNAs, KSHYV is able to reduce the innate inflammatory response by blocking
TLR signalling (297). Virally encoded miRNA also mimic miRNAs expressed by
host cells. A well studied example of this is miR-155 which is induced after
activation of lymphoid cells with constitutive expression leading to oncogenic
transformation of cells (298, 299). KSHV encodes a mimic of miR-155, called
miR-K11, and expression of this viral homolog results in the downregulation of
genes controlling cellular growth and pro-apoptotic factors (300, 301).

If the miIRNA homolog is not encoded in the viral genome, viruses are
capable of inducing host expression of the miRNA. The Epstein Barr virus (EBV),
like KSHV, is a y-herpesvirus but unlike KSHV, it does not encode a viral analog
to miR-155. EBV encodes a protein, latent membrane protein 1 (LMP1), that
activates NF-kB and initiates transcription of miR-155 (302). As a result, cells
infected with EBV show increased transformation and immortalization, as
expression of miR-155 inhibits apoptosis (303). The human immunodeficiency
virus (HIV) has recently been shown to induce miR-132 during infection of T cells,
enhancing replication (304). The expression of cellular miRNA has also been
shown to be essential to viral growth, as is the case in Hepatitis C virus (HCV)
infection (305). The RNA virus belonging to the Flavivirus family relies on the
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constitutively expressed liver-specific miR-122 which acts to protect the viral
genome (306). While bound to Ago2, miR-122 specifically binds the 5’ end of the
HCV genome, shielding the 5’ terminal triphosphate from recognition by the cell’s
immune system and allowing for increased viral replication (305-307).
Additionally, this interaction between the miR-122/Ago2 complex and HCV RNA
appears to stabilize the genome, preventing exoribonuclease decay (307, 308).

Lastly, viruses have been shown to downregulate expression of cellular
mMiRNAs. RNA decoys, encoded by simian herpesvirus saimiri and muring
cytomegalovirus, target miR-27 and expression of the viral noncoding RNAs
result in degradation of the cellular miRNA (309, 310). Overexpression of miR-27
strongly inhibits viral replication and this evasion technique allows for robust viral
growth (309). The expression of all host miRNAs may be prevented by both
poxviruses and adenoviruses. The poxvirus vaccinia virus encodes a polyA
polymerase which polyadenylates host miRNAs, leading to their degradation
(311). The 3’ polyadenylation is dependent on the methylation status of the RNA,
a post-transcriptional modification used by host cells to differentiate between self
and foreign RNA, as small interfering RNAs (siRNAs) which contain a 2’0O-methyl
group were not degraded (311). The adenovirus prevents miRNA expression at
an earlier point in biogenesis than the vaccinia virus. The virally encoded RNA
decoy VA1 binds competitively to Exportin-5, preventing the nuclear export of the
pre-miRNA and effectively inhibiting miRNA biogenesis (312). The viral RNA
also competitively binds Dicer, preventing the processing of cellular miRNAs
(313). miRNA processing is also prevented by the Ebola virus proteins VP30 and
VP35 which directly interact with pre-miRNA processing proteins Dicer and TRBP
effectively preventing miRNA gene silencing (314, 315).

In all of the above illustrations of viral exploitation of the miRNA pathway,
the majority of examples cited DNA viruses as the manipulators. Thus far, no
RNA virus has been shown to encode a miRNA mimic, although whether HIV
encodes mMIiRNA sequences is debatable (316, 317). Certainly, the most
apparent disadvantage to RNA viruses encoding miRNA sequences is the likely
destruction of the viral genome due to processing by cellular miRNA machinery.
Despite the lack of one mechanism for miRNA manipulation, RNA viruses are
continually being found to similarly induce miRNAs and block miRNA biogenesis
to their advantage as seen by both HIV and Ebola examples.
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1.5. Aims

The human coronaviruses have not been extensively studied and while the
emergence of SARS-CoV, and more recently MERS-CoV, has reignited interest
in these large RNA viruses, much is still unknown. It is known that the
nucleocapsid protein is a multifunctional and essential component of CoVs, and
in addition, N proteins of MHV and SARS-CoV have been found to suppress the
innate immune response. Although the overall amino acid homology between the
nucleocapsid proteins of MHV, SARS-CoV and other HCoVs OC43, 229E, and
NL63 is low, there are regions that are conserved between them. This indicates
that there may be similar functions or an evolutionary advantage to maintaining
the sequence in these areas.

It was hypothesized that the N proteins of HCoVs OC43, 229E, and NL63
have a similar ability to suppress the innate immune system. These three viruses
were chosen because OC43 and 229E are considered prototypical HCoVs and
NL63 is a newly emerged HCoV which served as a good comparison to the two
classic HCoVs. The main aim of this research was to investigate the effects of
HCoV 0C43, 229E, and NL63 nucleocapsid proteins on the innate immune
response. The objectives set forth were as follows:

1. Determine whether OC43, 229E, and NL63 nucleocapsid proteins affect
the type | interferon response in vitro.
a. Determine the HCoV nucleocapsid point of impact on the IFN
signalling pathway.
b. Roughly map functional regions of the nucleocapsid to determine
the responsible region
2. Determine whether OC43, 229E, and NL63 nucleocapsid proteins affect
NF-kB activation and signalling in vitro.
a. Determine the HCoV nucleocapsid point of impact on the NF-kB
pathway
b. Determine the mechanism of HCoV nucleocapsid affect on the NF-
kB pathway.
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Chapter 2
Materials and Methods
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2.1. Cells and Viruses.

Vero and A549 cells were maintained in alpha modified Eagle’s medium
(a-MEM) supplemented with 8% (v/v) fetal bovine serum (FBS), 2 mM L-
glutamine, 100U/mL penicillin and 100 pg/mL streptomycin. 293T and HEK293
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 8% (v/v) FCS, 2mM L-gluatamine, 100U/mL penicillin and 100
pg/mL streptomycin.  NCI panel of cell lines were maintained in Roswell Park
Memorial Institute medium (RPMI) supplemented with 8% (v/v) FBS, 2 mM L-
glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin. HCT-8 cells
(American Type Culture Collection (ATCC), Manassas, VA, USA) were
maintained in RPMI supplemented with 8% (v/v) FCS, 2 mM L-glutamine, 10 mM
HEPES, 1 mM sodium pyruvate, 4.5 g/L D-glucose, 1.5 g/L sodium bicarbonate,
100 U/mL penicillin and 100 ug/ml streptomycin. All cells were grown at 37°C in
a 5% humidified CO; incubator. The vesicular stomatitis virus (VSV) AG GFP
VSV is a mutant that lacks the glycoprotein (G) gene and contains green
fluorescent protein (GFP) in the place of G. Matrix mutant AM51 VSV expressing
FLAG-tagged OC43 nucleocapsid protein (N-FLAG) was generated by PCR
amplification of OC43 N with a FLAG sequence (DYKDDDDK) on the reverse
primer, creating a C-terminal FLAG tag (Table 2). OC43 N-FLAG was subcloned
into the A51 VSV genome between the G and L genes. The resulting virus
genome was rescued and amplified in 293T cells. Coronavirus OC43 (ATCC,
VR-1558) was a kind gift from Dr. James Mahony. The virus was propagated in
HCT-8 cells at 33°C for three days in serum-free RPMI supplemented with 2 mM
L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/L D-glucose, 1.5 g/L
sodium bicarbonate. Supernatants and cell monolayers were collected and
freeze thawed. Cell debris was pelleted by centrifugation at 1500 rpm for 10 min.

Table 2. Sequences of primers utilized to amplify OC43 N-FLAG for VSV
insertion.

oA | 5-GCCTCGAGGCCACCATGTCTTTTACTCCTGGTAAGCAAT

OC43-N | 5-GACACCTCAGAAATAGATTACAAGGATGACGACGATAAGTAAT
Xba Rev | CTAGAGC

2.2. Plasmids.

Coronaviral nucleocapsid (N) genes were amplified via RT-PCR using
cDNA generated from coronavirus infected cells (primers listed in Table 3). The
amplified genes were FLAG-tagged and subcloned into expression vector pEF.
pSG5-G was generated by cloning VSV G into the pSG5 expression vector
(Stratagene, Agilent, Santa Clara, CA, USA). Measles V protein was FLAG
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tagged and cloned to produce pEF-V-FLAG. Interferon stimulated response
element luciferase (ISRE-luc) and ARIG-I (ARIG-I Myc-pCDNA) plasmids were a
kind gift from Dr. John Hiscott. The plasmids containing B-galactosidase (B-gal)
and NFkB-luc were kind gifts from Dr. Karen Mossman. Mutant OC43 N genes
were PCR amplified using full-length N in pEF-BOS as a template (primers listed
in Table 3). Products were subcloned into the pEF vector. pUNO-hTLR2
(Invivogen, San Diego, CA, USA) was a kind gift from Dr. Dawn Bowdish. Empty
vectors pCDNA3.1 (pCDNA, Invitrogen, Life Technologies, Carlsbad, CA, USA)
and pSG5 were also utilized. The green fluorescent protein (GFP) expression
plasmid, pEGFP-N1 (pEGFP) was also utilized (Clontech, Mountain View, CA,
USA). The luciferase plasmid luc-NFKB1 was a kind gift from Dr. Massimo
Locati.

2.3. In Cell Western for OC43 Titering.

HCT-8 cells were plated in 12-well plates and infected the following day
with a dilution series of OC43. After a 60 min incubation, cells were overlayed
with serum-free 2xMEM and 1% (w/v) agarose. Plates were incubated at 33°C
for two days after which agarose overlays were removed, and cells were fixed
with cold acetone:methanol (1:1). Cells were blocked with fish gelatin in tris-
buffered saline (TBS) and probed with primary antibody against OC43 N and
secondary antibody anti-mouse 800 (Molecular Probes, Invitrogen). Plates were
scanned on the Odyssey (Licor, Lincoln, NE, USA).

2.4. Antibodies.

Antibodies against FLAG were obtained from Rockland Immunochemicals
Inc. (polyclonal) and Sigma-Aldrich (monoclonal) (Gilbertsville, PA, USA and St.
Louis, MO, USA, respectively). Anti-lkBa and anti-p65 NF-kB were both obtained
from Santa Cruz Biotechnologies (Santa Cruz, CA, USA). Antibodies against
hnRNPU, Ku70, and nucleolin were also obtained from Santa Cruz
Biotechnologies. Anti-YB1 was obtained from Cell Signaling (Danvers, MA,
USA). Anti-pSTAT1 was obtained from BD Biosciences (San Jose, CA, USA).
Anti-B-actin was obtained from Sigma-Aldrich. Anti-NFKB1 was obtained from
Santa Cruz Biotechnologies. Anti-OC43 N was obtained from Chemicon
(Millipore, Billerica, MA, USA).
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2.5. Western Blots.

For detection of FLAG-tagged coronaviral N genes, full length and mutant:
293T cells plated in 6-well dishes were transfected with coronaviral plasmids
using Lipofectamine 2000 (Invitrogen). Twenty-four hours post-transfection, cells
were lysed with radioimmunoprecipitation assay (RIPA) buffer containing a
protease inhibitor cocktail (Roche, Penzburg, Germany). Lysates were run on an
SDS-PAGE gel and transferred to nitrocellulose membrane (GE Healthcare,
Niskayuna, NY, USA). Membranes were blocked with 5% (w/v) milk-TBS and
probed with primary polyclonal antibody against FLAG (Rockland). Membranes
were then incubated with a secondary antibody, anti-rabbit 680 (Molecular
Probes, Invitrogen) and scanned on the Odyssey (Licor).

For detection of phosphorylated STAT1: 293T cells plated in 6-well dishes
were transfected with OC43 N or pCDNA using Lipofectamine 2000. Twenty-four
hours post-transfection, cells were treated with 500 U/ml of IFN-a and lysed at
various time points with RIPA buffer containing a protease inhibitor cocktail as
well as a phosphatase inhibitor cocktail (Sigma-Aldrich). Nitrocellulose
membranes were blocked with Odyssey Buffer (Licor), probed with primary
antibody against phosphorylated STAT1 (BD Biosciences) and anti-mouse 800
(Molecular Probes, Invitrogen). Membranes were scanned on the Odyssey.

For detection of IkBa: 293T cells were plated in 6-well plates and
transfected with OC43 N or pCDNA using Lipofectamine 2000. Twenty-four
hours post-transfection, cells were treated with 10 ng/ml of TNF-a (Peprotech,
Rocky Hill, NJ, USA) and lysed at various time points with RIPA buffer containing
a protease inhibitor cocktail. Nitrocellulose membranes were blocked with 5%
(w/v) milk-TBS and probed with antibodies against IkBa (Santa Cruz) and B-actin
(Sigma-Aldrich). Membranes were incubated with secondary antibodies anti-
rabbit 680 and anti-mouse 800 and scanned on the Odyssey.

For detection of NFKB1 (p105/p50): 293T cells were plated in 6-well
plates and transfected with OC43 N or pCDNA (for TLR2 variation, cells were
also transfected with TLR2 plasmid). Twenty-four hours post-transfection, cells
were treated with 10 ng/ml of TNF-a (for TLR2 variation, cells were treated with
100 ng/ml Pam3CSK4 (Invivogen)) and lysed at various time points with RIPA
buffer containing a protease inhibitor cocktail. Nitrocellulose membranes were
blocked with Odyssey Buffer and probed with antibodies against NFKB1 (Santa
Cruz) and B-actin. Membranes were incubated with anti-rabbit 800 and anti-
mouse 680 (Molecular Probes, Invitrogen) and scanned on the Odyssey.
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For detection of OC43 Nucleocapsid: HCT-8 cells were plated in 60 mm
dishes and infected with OC43 at an MOI of 1. Cells were lysed with RIPA buffer
containing protease inhibitor cocktail at various days post-infection.
Nitrocellulose membranes were blocked with Odyssey Buffer and probed with
antibody against OC43 N (Chemicon, Millipore). Membranes were probed with
secondary antibody anti-mouse 800 and scanned on the Odyssey.

2.6. VSV G-less Assay.

A549 cells were plated in 6-well plates at a density of 5x10° cells per well.
Cells were co-transfected with pSG5-G and the coronaviral gene of interest in
pEF using Lipofectamine 2000 (Invitrogen). Empty vector pCDNA3 served as a
negative control and pEF-V-FLAG, a measles protein established to be a
repressor of IFN, was used as a positive control. Approximately 24 hours post-
transfection, cells were infected at an MOI of 5 with AG GFP VSV for 45 min at
37°C. Cell monolayers were then thoroughly and repeatedly washed with PBS
and incubated overnight. Supernatants from each well were collected the
following day and frozen at -80°C. Vero cells were seeded in a 96-well plate at
2x10* cells per well and 24 hours after plating, supernatant from transfected and
infected A549 cells was applied in a dilution series. Plates were incubated
overnight and then scanned by Typhoon imaging system (GE Healthcare).
Production of fluorescence, as an indication of virus replication, was measured by
ImageQuant software (GE Healthcare). In the Vero variation of the VSV G-less
assay, Vero cells were plated in 6-well plates at a density of 5x10° cells per well.
Cells were transfected as above for the A549 variation. The following day post-
transfection, cells were treated with a dilution series of IFN-a for 6 hours at 37°C.
Cells were then infected at an MOI of 5 with AG GFP VSV for 45 min at 37°C.
Following infection, cell monolayers were thoroughly and repeatedly washed with
PBS, IFN-a of the appropriate dilution was re-applied, and cells were incubated
overnight. Supernatants were collected and applied onto Vero cells as described
above. Plates were imaged and analyzed as described above.

2.7. Luciferase Reporter Assay.

293T cells were plated in 24-well plates at a density of 1.3x10° cells per
well. Cells were co-transfected with a luciferase reporter plasmid (ISRE-luc or
NFkB-luc), B-gal plasmid, and coronaviral gene of interest using Lipofectamine
2000. Cells were treated with either IFN-a (50 or 100 U/mL; Peprotech) or
tumour necrosis factor alpha (TNF-a, 10 or 20 ng/mL; Peprotech) 24-hours post-
transfection. Twenty-four hours after treatment, cells were assayed for luciferase
activity using the Enhanced Luciferase Assay Kit (BD Biosciences, Franklin

49



Frances W. Lai — Ph.D. Thesis McMaster University Medical Sciences

Lakes, NJ, USA) and [B-galactosidase activity using the Luminescent -gal kit
(Clontech). The TLR-2 luciferase assay employed identical methods as the
NFkB-luc assay described above, with the exception that the TLR-2 expression
plasmid was also co-transfected with NFkB-luc, 3-gal, and N gene plasmid. Cells
were treated 24-hrs post-transfection with PAM3-CSK4 (100 ng/mL). For assays
stimulated with constitutively active RIG-I and IRF3, along with ISRE-luc and (-
gal, cells were also co-transfected with either ARIG-I or IRF3-5D. Twenty-four
hours post transfection, cells were lysed and assayed as above. For OC43
NFkB-luc assays, HCT-8 cells were co-transfected with NF-kB-luc and (-gal
plasmids. Twenty-four hours post-transfection, cells were infected with OC43 at
an MOI of 1. Cells were lysed as before at 1, 2, and 3 days post-infection.
Luciferase and B-galactosidase measurements were taken as above.

2.8. miR-Targeted Luciferase Reporter Assay.

293T cells were plated in 24-well plates at a density of 1.3x10° cells per
well and HEK293 cells were plated at a density of 5x10* in 24-well plates. Cells
were co-transfected with a luciferase reporter plasmid, NFKB1-luc, OC43-N or
empty vector, and miR mimic miR-9 (Sigma-Aldrich) using DharmaFECT Duo
(Dharmacon, Lafayette, CO, USA). Cells were assayed for Renilla and Firefly
luciferase 2 days post-transfection using the Renilla Luciferase Assay System
and Luciferase Assay System (Promega, Madison, WI, USA).

2.9. Immunofluorescence.

For detection of FLAG-tagged coronaviral N genes, full length and mutant:
Cells were seeded on glass coverslips and transfected with various coronaviral
genes. Twenty-four hours post-transfection, cells were fixed with 4% (v/v)
paraformaldehyde and permeablized with 1:1 acetone:methanol. Coverslips
were blocked with 1% (w/v) BSA-PBS and incubated with primary antibody
against FLAG (Rockland) for 2 hours. Coverslips were washed and incubated
with secondary anti-rabbit 488 antibody (Molecular Probes, Invitrogen) for 1 hour.
Cell nuclei were stained by incubation with Hoechst and mounted on slides. Cell
fluorescence was visualized by fluorescence confocal microscopy (Leica,
Wetzlar, Germany).

For detection of p65: 293T cells were seeded on glass coverslips and
transfected with OC43 N or pCDNA. Twenty-four hours post-transfection, cells
were treated or left untreated with 10 ng/mL TNF-a and fixed with cold 1:1
acetone:methanol. Coverslips were blocked with 5% (v/v) goat serum-PBS and
incubated with primary antibody against FLAG (Rockland) to detect OC43 N, and
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p65 NF-kB (Santa Cruz Biotechnology). Coverslips were incubated with
secondary anti-rabbit 594 and anti-mouse 488 antibodies (Molecular Probes,
Invitrogen).  Cell nuclei were visualized by incubation with DAPI.  Cell
fluorescence was visualized by fluorescence confocal microscopy (Leica).

For detection of OC43 N and hnRNPU or Ku70: 293T cells were seeded
on glass coverslips and transfected with OC43 N. Twenty-four hours post-
transfection, cells were fixed with cold 1:1 acetone:methanol and blocked with 5%
(v/v) goat serum-PBS. Cells were co-stained with antibodies against FLAG to
detect OC43 N and hnRNPU (Santa Cruz Biotechnology) or Ku70 (Santa Cruz
Biotechnology). Coverslips were incubated with secondary anti-rabbit 594 and
anti-mouse 488 antibodies and cell nuclei visualized by DAPI. Cell fluorescence
was visualized by fluorescence confocal microscopy.

2.10. Quantitative RT-PCR for detection of NFKB1.

293T cells were transfected with OC43 N or pCDNA. Cells were then left
untreated or stimulated with 10 ng/ml TNF-a. RNA was extracted with RNeasy
Mini Kit (Qiagen, Valencia, CA, USA). cDNA was synthesized using RT? First
Strand cDNA Kit (SABiosciences, Qiagen) and NFKB1 was amplified by
guantitative PCR utilizing SYBR Green Master Mix (SABiosciences, Qiagen) and
normalized to B-actin (primers listed in Table 4). Analysis of threshold cycle (Cy)
values was carried out by the AAC; method yielding a fold change of NFKB1
MRNA levels in N transfected cells compared to control cells. For detection of
NFKB1 mRNA in OCA43 infected cells, HCT-8 cells were infected at an MOI of 1.
RNA was extracted at 1, 2, and 3 days post-infection with RNeasy Mini Kit.
cDNA synthesis and amplification was as before. Analysis of C; values was also
performed as described above.

Table 4. Sequences of primers utilized for NFKB1 and B-actin amplification.

NFKB1 | Fwd | 5 CCTGAGACAAATGGGCTACAC

NFKB1 | Rev |5 TTTAGGGCTTTGGTTTACACGG

B-actin | Fwd | 5-GGATCCTATGACTTAGTTGCGTTACACCCTTTCTTGACA

B-actin | Rev | 5-AGATCTGAAAGCAATGCTATCACCTCCCCTGTG

2.11. Immunoprecipitation for Protein Interactions.

293T cells were plated in 150 cm dishes and infected with N-FLAG A51
VSV or GFP A51 VSV, each at MOI 5. Twenty-four hours post-infection, all cells
were gathered and lysed in FLAG-IP lysis buffer with protease inhibitor (Roche).
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Lysates were incubated on ice for 30 minutes and cell debris was spun out. The
resulting supernatant was incubated overnight at 4°C with washed resin pre-
conjugated with monoclonal FLAG antibody (Sigma-Aldrich). The resulting resin
was then washed and precipitated proteins were eluted by competitive binding.
The eluate was then concentrated via spin columns (Millipore). Eluate was run
on pre-cast SDS-PAGE gradient gels (Invitrogen) using the Novex Midi Gel
system (Invitrogen). Gels were stained for protein using Coomassie Blue Silver
stain (318). Gels were scanned on the Odyssey imaging system (Licor). For
RNase treatment, identical protocols were followed, however, prior to incubation
with FLAG resin, cell lysates were treated with RNase H (150 U; Fermentas) or
mock treated at 37°C.

2.12. Real-Time PCR Arrays.

293T cells were transfected with OC43 N-FLAG or pCDNA and
subsequently treated with 10 ng/mL of TNF-a. RNA was extracted at 3 hours and
6 hours post treatment using either the RNeasy Mini Kit (Qiagen) for
Inflammatory Pathway array or the RT2 gPCR-Grade miRNA Isolation Kit
(SABiosciences, Qiagen) for miRNome miRNA array. For Inflammatory Pathway
arrays, reverse transcription of resulting RNA was performed using the RT2 First
Strand cDNA Kit and PCR arrays for Human Inflammatory Pathway (PAHS-
011C) were performed with RT2 SYBR® Green PCR Master Mix
(SABiosciences) on the 7900HT Real-Time PCR System (Applied Biosystems,
Life Technologies). For miRNome miRA arrays, reverse transcriptioni of resulting
RNA was performed using the RT2 miRNA First Strand Kit (SABiosciences).
PCR arrays for and Human miRNome miRNA (MAH-100) (SABiosciences) were
performed with RT2 SYBR® Green gPCR Master Mix (SABiosciences) on the
7900HT Real-Time PCR System (Applied Biosystems, Life Technologies).

2.13. RNA-Immunoprecipitation (RIP).

For OC43 N transfected and N-FL VSV infected cells: 293T cells were
either infected with N-FL VSV or GFP VSV or transfected with OC43 N-FL or
PEGFP. 24-hours post-infection or tranfection, cells were lysed in FLAG-IP lysis
buffer with protease inhibitor (Roche). The same immunoprecipitation procedure
previously described using the commercial FLAG-immunoprecipitation kit was
followed. After elution, RNA was extracted from eluates using the miRNeasy Mini
Kit (Qiagen). Reverse transcription of resulting RNA was performed using the
RT2 miRNA First Strand Kit (SABiosciences, Qiagen). gPCR was performed with
commercial primers for miR-9 (SABiociences, Qiagen) and RT2 SYBR® Green
gPCR Master Mix (SABiosciences, Qiagen) on the 7900HT Real-Time PCR
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System (Applied Biosystems). Analysis of threshold cycle (C) values was carried
out by the AAC; method yielding a fold change of miR-9 levels in N expressing
cells compared to control cells.

For OC43 infected cells: HCT-8 cells were infected at an MOI of 1 and
were lysed at 8 and 20 hours post-infection in immunoprecipitation buffer with
protease inhibitor and RNase inhibitor (New England Biolabs). Protein A/G
sepharose beads (Pierce, Thermo Scientific, Rockford, IL, USA) were incubated
with OC43 N antibody, allowing for binding. Conjugated beads were then
incubated with cell lysates. Following supernatant removal, RNA was extracted
by applying Qiazol (Qiagen) directly to the beads. The RNA was then extracted
as per manufacturer’s instructions for the miRNeasy Kit for miRNA extraction
(Qiagen). Reverse transcription and gPCR were performed as described above.

2.14. Flow Cytometry.

For NFKB1 detection in OC43 N transfected cells: 293T cells were
transfected with N-FLAG or pCDNA. Twenty-four hours post-transfection, cells
were treated with 10 ng/mL of TNF-a for 6 hours. Cells were then collected and
fixed and permeabilized with Cytofix/Cytoperm Fixation/Permeabilization Solution
(BD Biosciences). Cells were incubated with FC block (BD Biosciences),
followed by incubation with antibodies against FLAG and NFKB1. Anti-GFP was
utilized as an isotype control. Cells were then incubated with secondary
antibodies anti-rabbit 649 and anti-mouse 488. Cells were run on LSR Il (BD
Biosciences) and data analyzed with FlowJo software.

For detection of NFKB1 in OC43 infected cells: HCT-8 cells were infected
with OC43 at an MOI of 1. Twenty-four hours post-infection, cells were collected
and fixed and permeabilized with Cytofix/Cytoperm Fixation/Permeabilization
Solution. Cells were incubated with FC block, followed by incubation with
antibodies against OC43 N and NFKB1. Anti-GFP was utilized as isotype
control. Cells were then incubated with secondary antibodies anti-rabbit 649 and
anti-mouse 488. Cells were run on LSR Il (BD Biosciences) and data analyzed
with FlowJo software (Ashland, OR). .
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Chapter 3
Coronavirus Nucleocapsid Modification of the
Interferon Response
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3.1. Introduction

3.1.1. Current knowledge in the field of coronavirus modification of IFN

Numerous studies have been conducted illuminating the impact of CoV on
the type | IFN response, with several different coronaviral proteins possessing
abilities to suppress this pathway. Like most other aspects of human
coronaviruses, extensive investigations into SARS and IFN have been made
since the 2003 outbreak, but a negligible number of studies have been done on
gene function and properties of the remaining human coronaviruses.

In general, SARS-CoV infection fails to induce an IFN response both in
vivo and in vitro (103, reviewed in 104, 319). Several proteins have been linked
to the repression of type | IFN and all appear to target different points of the
pathway. As previously discussed, accessory genes are not necessary for viral
replication, but are thought to be virulence factors. The accessory proteins
ORF3b and ORF6 have been shown to be IFN antagonists (320). Both ORF3b
and ORF6 inhibit IRF3 phosphorylation and nuclear translocation, while ORF6
also prevents STAT1 nuclear translocation (320). Interestingly, ORF6 does not
impede phosphorylation of STAT1, but instead retains nuclear import factors
responsible for STAT1 nuclear localization in the ER/Golgi (321). The accessory
protein 3a induces the degradation of IFNAR1, leading to decreased receptor
expression and contributing to IFN resistance (322). Two non-structural proteins
have also been implicated in IFN antagonism. Nonstructrual protein 1 (nspl)
induces host cell mMRNA degradation, resulting in global decreased protein
expression, including IFN, and it also has been shown to downregulate STAT1
phosphorylation (323-325). The protein responsible for processing ORFla and
ORF1lab polyproteins, the papain-like protease (PLP), is a potent inhibitor of IRF3
phosphorylation (326, 327). In addition, structural proteins M and N are also IFN
antagonists. The M protein acts upstream in the IFN pathway and prevents the
formation of the signalling complex of TRAF3, TANK, TBK1, and IKKi by binding
RIG-I, TBK1, IKKi, and TRAF3 (328). The N protein of SARS-CoV interferes with
IFN signalling in a stimulation-dependent manner. N is able to prevent Sendai
virus and poly(l:C)-induced IRF3 phosphorylation and nuclear localization as well
as IFN synthesis, but not IFN-B signalling (320, 329). The exact mechanism of
how SARS-CoV N suppresses IFN is unknown, but is speculated to be due to N’s
RNA-binding ability (329, 330).

The murine coronavirus, formerly murine hepatitis virus (MHV) and most
frequently still referred to as such, also possesses IFN antagonistic properties.
Thus far, only one of MHV’s accessory genes, 5a, has been found to antagonize
interferon (331). The mechanisms of 5a interferon suppression are unknown.
Similar to SARS-CoV, the MHV PLP has also been implicated in interference with
the IFN response. MHV PLP, which is encoded by nsp3, acts in several manners
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to target IRF3 activation. PLP binds and deubiquitinates IRF3, effectively
preventing and reversing its activation (332). Furthermore, PLP also targets
TBK1, an upstream activator of IRF3, and deubiquitinates TBK1 resulting in
deactivation (333). Lastly, the nucleocapsid of MHV is an IFN antagonist,
allowing an IFN-sensitive vaccinia virus to replicate in the presence of IFN (334).
Additionally, N is able to interfere with the activity of 2’-5 oligodenylate
synthetase (OAS) and RNase L, as indicated by the rescuing of protein
translation in infections with IFN-sensitive vaccinia virus expressing MHV N
(334).

Compared to SARS-CoV, very little research has been performed on other
human coronaviruses in the area of the innate immune response to infection. Itis
known that infection of human alveolar macrophages with HCoV 229E results in
robust TNF-a production, but a suppression in IFN-B mRNA is observed (335).
Additionally, the PLP of NL63 prevents IFN signalling, similar to SARS-CoV PLP
(327). NL63 PLP, similar to MHV PLP, is a deubiquitinating protein, and acts to
deconjugate ubiquitin and interferon stimulated gene 15 (ISG15) from substrates
though this activity is not directly responsible for its IFN antagonism (52, 336).
No studies to date have examined proteins of OC43 and their ability (or lack
thereof) to alter the IFN response.

3.1.2. VSV and the G-less Assay

In the study of interferon, an extremely useful virological tool is Vesicular
stomatitis virus (VSV). VSV is a member of the order Mononegavirales, family
Rhabdoviridae, genus Vesiculovirus (reviewed in 337). Primarily a livestock
pathogen, infection with the virus results in lesions of the mouth and hooves.
Human infection is non-fatal and causes influenza-like symptoms (338). The
small, enveloped, bullet-shaped virus has a negative sense single stranded 11 kb
RNA genome composed of 5 genes, nucleocapsid (N), phosphoprotein (P),
matrix (M), glycoprotein (G), and large protein (L) (Figure 8) (339). Once the
virus has entered the cell by receptor-mediated endocytosis via G protein, L and
P proteins, which encode the viral polymerase, begin subgenomic mRNA
transcription. Once translated, G protein localizes to the plasma membrane via
the secretory pathway (339). N, P, and L form the nucleocapsid, and along with
M are transported to the cell membrane and interact with membrane-embedded
G protein. The virus is then assembled and progeny virus buds from the cell
(339). During this replication cycle, VSV suppresses the host IFN response via
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Figure 8. The vesicular stomatitis virus particle and genome organization.

(A) VSV is a bhullet-shaped enveloped particle with glycoprotein G embedded in
its host-derived membrane. (B) VSV encodes an 11 kb ssRNA genome
composed of 5 proteins. N (nucleocapsid), P (phosphoprotein), M (matrix), G
(Glycoprotein), and L (large protein). Figure modified from Lichty et al. (2004)
(340).
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its matrix protein (341). The M protein prevents mRNA transport out of the
nucleus via interaction with the nuclear pore complex, effectively stopping cellular
protein synthesis (342-344). This ability has been pinpointed to the methionine at
position 51 of M (345-348). A mutation at M51 renders the virus unable to inhibit
the IFN response (344, 349). Wild-type VSV is able to stop the IFN response,
but it is severely sensitive to IFN. It is this sensitivity that makes it a valuable aid
in the study of the IFN response to other viruses.

The VSV G-less assay is advantageous in transient transfection settings to
examine effects on the IFN response (350). As implied by the name, this assay
utilizes a G-deleted VSV, AG VSV, that although replication competent, progeny
virions are noninfectious due to lack of glycoprotein. Propagation of this virus
occurs in cells that express G on their surface by either transient transfection or
stable expression. Thus production of infectious particles only occurs from cells
previously transfected by G. By employing AG VSV, it is possible to examine the
IFN response in cells that have been transfected only, as those will express the
viral G protein, and are the only source of infectious progeny.

As summarized in Figure 9, the G-less assay relies on the induction of
type | IFN (and an antiviral state) upon co-transfection of A549 cells with VSV-G
and the gene of interest. Subsequent infection with AG VSV expressing GFP
(AG GFP VSV) yields two possible outcomes. Firstly, if the gene of interest does
not have an effect on the antiviral response, IFN will be produced and AG GFP
VSV infection is prevented and these transfected cells produce no progeny
despite the presence of transfected G. Alternatively, if the gene of interest is
able to suppress the antiviral response, AG GFP VSV will infect the transfected
cells and replicate, producing viral progeny as these cells provide G protein
expressed in trans. As readout, the supernatants from the transfected and
infected cells are collected and passaged onto Vero cells. GFP is measured as
an indication of AG GFP VSV infectivity and an inference can be made of the
gene of interest’s effect on the antiviral response. Supernatants are passaged
onto Vero cells in serial dilution as subtleties in differences between candidates
can be obscured in undiluted supernatants that contain large amounts of VSV.

A second variation on this assay utilizes Vero cells as the recipient of
transfected VSV-G and gene of interest. These cells do not have the ability to
produce IFN-B as they lack the gene (351, 352). However, the cell line can
respond to IFN and induce an antiviral state. The Vero variation of the G-less
assay therefore also begins with co-transfection of VSV-G and the gene of
interest, but prior to AG VSV infection, the cells are treated with exogenous IFN
to induce an antiviral state. The outcomes of the assay are analogous to the
A549 G-less assay.
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Figure 9. Schematic representation of the VSV G-less assay.

Alterations of the innate antiviral response can be assessed using this innovative
assay. An individual gene co-transfected with VSV-G either alters the antiviral
response or leaves the response untouched. This outcome can be seen in the
production of infectious virus particles or lack thereof and is quantified by GFP
fluorescence.
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3.1.3. Objectives

The evidence discussed above in 3.1.1. as well as other studies reporting
modulation of IFN by various proteins of related arteriviruses such as porcine
respiratory and reproductive syndrome virus and equine arteritis virus can be
utilized to form hypotheses about HCoV and their own proteins (353-357).
Additionally, as the nucleocapsid of SARS has been shown to downregulate type
I IFEN, the other human coronavirus N proteins potentially act in the same manner
(320). Although several accessory proteins of SARS-CoV have been shown to
suppress the production and signalling of type | IFN, we chose to examine the
nucleocapsid, as it is an essential protein common to all CoV, as opposed to the
accessory proteins which vary greatly between viruses. The objectives of the
following research were to establish whether the N proteins of HCoV OCA43,
229E, and NL63 interfered with the innate IFN response and elucidate the
mechanism of this antagonism.

3.2. Results

3.2.1. The nucleocapsid dampens the host antiviral response

As aforementioned, other coronaviral nucleocapsid proteins have been
shown to antagonize the type | interferon response. It was probable that the N
proteins of human coronaviruses OC43, 229E, and NL63 also affected the IFN
response and to initially test this hypothesis, these viral proteins were utilized in
the VSV G-less assay.

The three HCoV nucleocapsid genes were first FLAG-tagged and cloned
into mammalian expression vector pEF and expression of the resulting plasmids
pEF OC43 N-FLAG, pEF 229E N-FLAG, and pEF NL63 N-FLAG, was first
confirmed. Strong expression of all N genes was observed by western blot of
transfected cells (Figure 10A). By western blot, doublet bands were detected in
both NL63 and OC43 lanes, indicating that these proteins had most likely been
post-translationally modified by phosphorylation. Cellular localization was also
examined by immunofluorescence (Figure 10B). Once again, expression of all
FLAG-tagged N proteins was strong, but most of the N expression was excluded
from the nucleus.

The three HCoV N genes were subjected to the VSV G-less assay to
assess their abilities to affect the antiviral response. Briefly, A549 cells were co-
transfected with a VSV-G expression vector and either one of the three HCoV N
gene vectors, empty vector pCDNA or positive control vector pEF V-FLAG. The
pEF V-FLAG positive control vector expresses a FLAG-tagged Measles virus V
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Figure 10. Detection of coronavirus N protein expression.

(A) 293T cells were transfected with expression plasmids containing FLAG-
tagged OC43, 229E, and NL63 N genes. Cell lysates were separated on an
SDS-PAGE gel and probed with a FLAG antibody. Positive control measles V
was seen at the expected size of approximately 37 kD. 229E-N and NL63-N
were detected at expected sizes 44 kD and 42 kD, respectively. OC43-N,
migrating comparatively more slowly, was detected at the expected size of 55 kD.
(B) Vero cells were transfected with expression plasmids containing FLAG-
tagged OC43, 229E, and NL63 N genes. Cells were fixed and stained with anti-
FLAG, followed by a 488-conjugated secondary. Fluorescence was visualized by
confocal microscopy.
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Figure 11. Human coronavirus N genes negatively impact the innate
antiviral response in vitro.

The N genes were assayed for impact on the antiviral response via the G-less
VSV assay. (A) Positive control measles V-FLAG showed increased GFP and
therefore increased viral replication. Empty vector pCDNA served as a negative
control and allowed for minimal viral replication. Empty vector without VSV-G
served as a control for carryover of input virus. OC43, NL63, and 229E N genes
all showed an elevated level of GFP, indicating an increase in viral replication.

(B) Graphic representation of the quantified GFP measurements illustrate that all
3 N genes allow for increase viral replication as compared to negative control
PCDNA.
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protein, which is a potent suppressor of the IFN response (358-360). A further
negative control used was empty vector transfected alone without VSV-G. 24
hours after transfection, cells were infected with AG GFP VSV and supernatants
collected the day following infection. These supernatants were then applied in
serial dilution to Vero cells and GFP, an indication of viral infection, was
measured 24 hours post infection. After visualization by Typhoon scanner, it was
clear that all three CoV N proteins strongly impaired the antiviral response in
A549 cells (Figure 11A). Further, the fluorescence was quantified from each well
and confirmed that cells transfected with OC43 N-FLAG, 229E N-FLAG, and
NL63 N-FLAG allowed for more viral replication as compared to empty vector
control pCDNA (Figure 11B). Negative control pCDNA allowed for minimal levels
of VSV replication and without VSV-G, no replication was observed. As
expected, positive control Measles V allowed for high levels of VSV replication.
This data indicated that all three HCoV N proteins were able to negatively affect
the antiviral response.

The other variation of the VSV G-less assay that employs Vero cells was
used to further establish the ability of HCoV N proteins to hinder the IFN
response. In this assay, Vero cells were co-transfected with a VSV-G expression
vector and either one of the three HCoV N gene vectors, empty vector pCDNA or
positive control vector pEF V-FLAG. Following transfection, cells were treated
with a series of IFN-a concentrations and subsequently were infected with AG
GFP VSV. Supernatants were then passaged onto Vero cells in serial dilution.
Typhoon scans of the cells showed that in the pCDNA control, VSV infection was
strong in untreated cells, but quickly diminished with increasing IFN-a (Figure
12A). As was observed in the A549 G-less assay, Vero cells that were
transfected with all three HCoV N genes were permissive to AG GFP VSV
infection despite treatment with IFN-a (Figure 12A). At higher concentrations of
IFN-a (300 and 600 U/ml), VSV infection appears to wane. Measles V was again
used as a positive control and cells transfected with this gene were permissive to
VSV infection even at higher concentrations of IFN-a. As before, the intensity of
GFP was measured and represented in graphical form (Figure 12B). The graph
represents data collected from the third dilution (a 1:9 dilution from neat) in the
series, as at this level of dilution, subtle differences between samples are more
evident. This data corroborates with the A549 G-less assay in that the HCoV N
proteins were able to negatively affect the innate antiviral response in Vero cells.
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Figure 12. Human coronavirus nucleocapsid proteins impede IFN-induced
antiviral responses in Vero cells.

The N genes were assayed for impact on the antiviral response via the G-less
VSV assay in Vero cells. (A) V-FLAG transfected cells showed consistent
resistance to IFN at all concentrations. Negative control pCDNA allowed for
minimal infectivity with IFN treatment. All OC43, NL63, and 229E N genes all
showed an elevated level of GFP despite IFN treatment, indicating an increase in
viral replication. At the highest concentrations of IFN, HCoV N genes were less
capable of antiviral suppression. Empty vector without VSV-G served as a control
for carryover of input virus. (B) Graphic representation of the quantified GFP
measurements from the 1:9 dilution illustrate that all 3 N genes allow for increase
viral replication as compared to negative control pCDNA.
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3.2.2. The nucleocapsid impairs the interferon signaling pathway

In order to further dissect the IFN pathway, the three HCoV N genes were
subjected to a series of luciferase assays. A luciferase reporter plasmid
containing Firefly luciferase under the control of an interferon stimulated
response element (ISRE) promoter, ISRE-luc, and internal control plasmid
expressing Betagalactosidase (B-gal) were co-transfected into 293T cells with
either one of the three HCoV N gene vectors, empty vector pCDNA or positive
control vector pEF V-FLAG. Cells were subsequently stimulated with either 10 or
100 U/ml of IFN-a to drive luciferase expression or left untreated. Upon
measurement of luciferase levels, a high level of luciferase was stimulated by
IFN-a treatment in pCDNA transfected cells and as expected, minimal luciferase
expression was induced in Measles V transfected cells (Figure 13). The HCoV N
genes affected IFN-a-stimulated luciferase to varying degrees. 0OC43 N
appeared to have the greatest negative effect, followed by NL63 N. 229E N had
a minimal effect on IFN-a-stimulated luciferase compared to the pCDNA control.
The membrane protein (M) of OC43 also served as a negative control. This viral
protein did not prevent IFN-stimulated luciferase expression, highlighting that
suppression of IFN signalling in this luciferase assay is not a general effect of
viral proteins. This assay gave further confirmation that HCoV N was impacting
the IFN-a signalling pathway.

Next, impact of coroanviral N on RIG-I signalling was investigated by
luciferase assay. A vector expressing a constitutively active RIG-I, ARIG-I, was
utilized to drive the ISRE-luc reporter plasmid. This form of RIG-I consists of its
two CARD domains and lacks the autoinhibitory domain (361). Two different
amounts of ARIG-I were co-transfected with ISRE-luc, B-gal, and coronaviral N
plasmids or control plasmids pCDNA and pEF V-FLAG. 24 hours post-
transfection, luciferase was measured. The ARIG-I vector stimulated luciferase
expression in pCDNA transfected cells and measles V was able to dampen the
effects of ARIG-I by approximately 50% (Figure 14). However, none of the
coronaviral N genes were able to block ARIG-I stimulation of luicferase
expression to any statistically significant level. From this data, it was concluded
that HCoV N did not affect RIG-I mediated signalling.

Lastly, in order to investigate effects of HCoV N on interferon regulatory factor 3
(IRF-3), a vector expressing a dominant negative (constitutively active) IRF-3,
IRF3-5D, was utilized to drive the ISRE-luc reporter plasmid. IRF3-5D contains
five serine to aspartic acid substitutions in its key C-terminal region of
phosphorylation which mimics phosphorylated and activated IRF3 (362). Once
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Figure 13. Human coronavirus N proteins negatively impact IFN signalling.

293T cells were co-transfected with each CoV-N gene and reporter plasmid
ISRE-luc and subsequently stimulated with IFN-a. While OC43 N reduced
luciferase expression by more than half compared to pCDNA control, 229E N did
not have as significant an effect. NL63 N also significantly interfered with IFN
signalling, but not as dramatically as OC43 N. Negative control OC43 M protein
did not affect IFN signalling. All luciferase measurements were normalized to 8-
galactosidase and compared to negative control pCDNA, which was set to 1.
PCDNA, measles V, and OC43 N data represents four independent experiments,
each performed in duplicate. 229E N and NL63 N data represents three
independent experiments, each performed in duplicate. OC43 M data
represents one experiment performed in duplicate. Error bars represent standard
error of the mean. *p < 0.1, * p <0.01, *** p < 0.0001, ns — not significant.
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Figure 14. Human coronavirus N proteins do not interfere with RIG-I
signalling.

293T cells were co-transfected with each HCoV N gene, constitutively active
construct ARIG-1 and reporter plasmid ISRE-luc. No significant reduction in
luciferase activity was observed in HCoV N expressing cells compared to empty
vector control. All luciferase measurements were normalized to B-galactosidase.
Data represents two independent experiments, each performed in duplicate.
Error bars represent standard error of the mean. *p <0.1.
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again, two different amounts of IRF3-5D were co-transfected with ISRE-luc, B-
gal, and HCoV N vectors or control plasmids pCDNA and pEF V-FLAG. 24 hours
post-transfection, luciferase was measured. Measles V was able to significantly
reduce luciferase expression as compared to control vector pCDNA (Figure 15).
While the HCoV N genes did not appear to have a dramatic effect on IRF-3
driven luciferase expression, OC43 N dampened luciferase activity at lower
concentrations of IRF3-5D (Figure 15). 229E N also lessened luciferase activity
driven by IRF3-5D to a level that was significantly lower, statistically, than the
pPCDNA control. No significant reduction was observed in cells expressing NL63
N. It was concluded that OC43 N and 229E N have minimal effects on IRF-3
signalling.

The state of STAT1 phosphorylation was examined in N-transfected cells via
western blot. Cells were transfected with OC43 N and subsequently treated with
IFN-a. The state of STAT1 was detected at several times post-IFN treatment
with a phospho-specific STAT1 antibody. Untreated cells did not contain
phosphorylated STAT1 (Figure 16). STAT1 was rapidly phosphorylated with IFN
stimulation in both empty vector and N-transfected cells. There did not appear to
be any differences in STAT1 phosphorylation between control and N-expressing
cells, indicating that STAT1 is not the point at which N impedes IFN signalling.

3.2.3. Functional mapping of the nucleocapsid via mutational analysis

As discussed in section 1.2.2., the CoV N protein has several functional
domains which serve various purposes during coronaviral infection. In an
attempt to dissect which domain was responsible for interference with the
antiviral response, several mutants of N were constructed. OC43 N was chosen
for mutant construction and continuing research as it consistently had effects in
both the G-less and luciferase assays.

The N mutants were constructed based on previous research of functional
regions (125). Four mutants were constructed by PCR mutagenesis (Figure 17).
Mutants consisting of the N-terminal domain (NTD) and C-terminal domain (CTD)
of N were constructed, as well as a mutant lacking the central serine arginine
(SR) rich domain (ASR). Lastly, an additional N-terminal mutant was constructed
which contained an adjacent serine, glycine, arginine rich (SGR) domain, SGR-
NTD. All mutants were FLAG-tagged for detection purposes.
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Figure 15. Human coronavirus N proteins negatively effect IRF3 signalling.

293T cells were co-transfected with each HCoV N gene, constitutively active
construct IRF3-5D and reporter plasmid ISRE-luc. Significant reduction in
luciferase activity was observed in both OC43 N and 229E N expressing cells
compared to empty vector control. NL63 N did not significantly impact IRF3
stimulated luciferase. All luciferase measurements were normalized to B-
galactosidase. Data represents two independent experiments, each performed in
duplicate. Error bars represent standard error of the mean. *p < 0.1, ** p < 0.01,
*** n < 0.001, ***p < 0.0001.
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Figure 16. OC43 N does not prevent STAT1 phosphorylation in response to
IFN.

293T cells were transfected with OC43 N or empty vector pCDNA and
subsequently stimulated with IFN-a. STAT1 phosphorylation was detected at
various timepoints post-IFN treatment. STAT1 in both N and pCDNA transfected
cells was phosphorylated as early as 5 min post-treatment and remained
phosphorylated up to 180 min post-treatment. OC43 N does not interfere with
IFN-induced STAT1 phosphorylation.

79



Frances W. Lai — Ph.D. Thesis McMaster University Medical Sciences

SGRD NTD SRD CTD
— N ) T oc43N
— T ASR
( | | ] SGR-NTD
( | NTD

C_: CTD

80



Frances W. Lai — Ph.D. Thesis McMaster University Medical Sciences

Figure 17. Schematic of mutant N genes generated.

A total of 4 truncated N mutants were created. ASR consists of OC43 N with a
deletion of its SR domain. The SGR-NTD mutant contains the SGR domain and
NTD, whereas the NTD mutant solely contains the N-terminal region of the gene.
Mutant CTD consists of the C-terminal domain of the gene.
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After construction of the mutants, expression of the truncated N proteins
were verified by western blot. Both ASR and CTD mutants were easily detected
from transfected cells (Figure 18A). As the central SR region is a major site of
phosphorylation, the ASR mutant was not detected as a doublet as seen in wild
type N indicating that post-translational phosphorylation had not taken place.
Both were expected sizes of approximately 53 kDa (ASR) and 23 kDa (CTD).
The two N terminal mutants, NTD and SGR-NTD, were not detected by western
blot.  Although protein levels were undetectable in NTD and SGR-NTD
transfected cells, it was a possibility that they were being transcribed but not
translated or the proteins were unstable and being degraded. The mMRNA
expression of NTD and SGR-NTD in transfected cells was assessed by RT-PCR.
MRNA was detected from both NTD and SGR-NTD transfected cells, though
expression of SGR-NTD appeared to be stronger than NTD (Figure 18B). This
confirmed that transcription of both mutants was occurring, though protein
expression was not detectable.

Subcellular localization as well as expression of the NTD mutant was
examined in transfected cells by immunofluorescence.  Numerous cells
expressed the CTD and ASR mutants well and expression was mostly
cytoplasmic (Figure 19). Expression of the NTD mutant was extremely low in
frequency, with the number of cells on one slide expressing NTD in the single
digits.

The ability of the mutants to inhibit the innate immune response was
tested utilizing the VSV G-less assay. A549 cells were co-transfected with VSV-
G and the mutant N genes ASR, NTD, SGF-NTD, CTD, or control plasmids
pCDNA and pEF V-FLAG. Transfected cells were then infected with AG GFP
VSV as before, and supernatants were subsequently passaged onto Vero cells.
When the Vero cells were scanned for GFP fluorescence indicating VSV
infection, surprisingly all the mutants transfected allowed for significant AG VSV
replication (Figure 20). The level of permissiveness was on par with both
measles V and WT N.

The ISRE luciferase assay was performed with the mutant N genes. 293T
cells were co-transfected with ISRE-luc, B-gal, and the mutant N genes ASR,
NTD, SGF-NTD, CTD or control plasmids pCDNA and pEF V-FLAG. Transfected
cells were subsequently stimulated with IFN-a. Resultant luciferase levels
reflected what was observed in the G-less assay. All N mutants blocked IFN-a
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Figure 18. Expression of N mutant proteins.

(A) 293T cells were transfected with each WT OC43-N, ASR, CTD, NTD, SGR-
NTD, and pCDNA. Mutant N proteins were detected by western blot. WT OC43-
N was detected at its expected size of 55 kD, with a doublet as seen previously.
The mutant ASR was detected as a single band at around 55 kD. The CTD
mutant was detected around its expected size of 23 kD. The 2 NTD mutants,
NTD and SGR-NTD, were not able to be detected by Western (not shown). (B)
RT-PCR from SGR-NTD and NTD transfected cells revealed that mRNA from
both constructs were expressed.
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Figure 19. Truncated N proteins show cytoplasmic distribution.

Vero cells were transfected with OC43 N truncated mutant constructs, fixed and
stained with an antibody against FLAG. Hoechst was utilized to visualize the
nucleus. All three mutants were visualized primarily in the cytoplasm.
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Figure 20. Truncated N genes impede the innate antiviral response.

Mutant N genes were assayed for differing ability to impact the innate antiviral
response in vitro via VSV G-less assay. (A) As compared to the negative
control pCDNA, all mutant N genes appeared to allow for increased VSV
replication. (B) Graphical representation of the quantified GFP.
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signalling, resulting in lower luciferase levels compared to pCDNA control (Figure
21).

Lastly, the other plasmid stimulants of ISRE-luc, ARIG-I and IRF3-5D,
were also used to determine if the mutant N genes had an effect on RIG-I and
IRF-3 signalling. Cells were co-transfected as before, and luciferase measured.
No significant suppression by mutant N genes was observed in ARIG-I stimulated
luciferase (Figure 22). When ISRE-luc was driven by IRF3-5D, both ASR and
CTD mutants suppressed luciferase activity and less of an effect was observed in
cells transfected with NTD and SGR-NTD (Figure 23).

3.3. Discussion

The nucleocapsid proteins of coronaviruses have been shown to be
multifunctional, as they play a major role in virion formation along with possessing
immune modulatory properties. The immune modulatory properties of human
coronaviruses OC43, 229E, and NL63 had not previously been explored. By
analogy to other nidovirus nucleocapsid proteins, it was hypothesized that these
three HCoV N proteins would retain similar properties of IFN antagonism.

The N genes of OC43, 229E, and NL63 were initially investigated for
effects on the innate antiviral response via the VSV G-less assay. The
advantages of this assay are numerous for investigation of individual proteins in a
transient transfection situation. As AG GFP VSV can only be produced from cells
transfected with VSV-G which would also be transfected with the gene of interest,
HCoV N in this case, only the innate immune response generated in the
transfected cells will be measured. AG GFP VSV will also only replicate in cells if
the innate immune response has been compromised by the co-transfected gene
of interest. The hypothesis that HCoV N is able to affect the innate immune
response was confirmed via our G-less assay. The N proteins were able to
prevent an innate immune response from being generated in A549 cells in
response to transfection. In the other variation of the VSV G-less assay which
employs transfected Vero cells treated with IFN, all HCoV N genes allowed for
AG GFP VSV replication post-IFN-a-treatment. VSV infection and replication did
decline as IFN-a concentrations increased, revealing a dose response and
implying a threshold for inhibition by HCoV N. The positive control measles V
protein is more potent inhibitor of type | IFN compared to N, reflected in the
sustained VSV infection in measles V transfected cells despite increases in IFN-a
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Figure 21. Mutant N genes impact IFN-stimulated signaling.

293T cells were co-transfected with each mutant N gene and reporter plasmid
ISRE-luc and subsequently stimulated with IFN-a. All mutant genes had a
negative effect on the expression of IFN-a stimulated ISRE-luciferase. All
luciferase measurements were normalized to B-galactosidase. Data from
pPCDNA, measles V, wild-type N, and ASR mutant represents four independent
experiments, each performed in duplicate. CTD mutant data represents two
independent experiments, each performed in duplicate. NTD and SGR-NTD
mutant data represents one experiment performed in duplicate. Error bars
represent standard error of the mean. **** p < 0.0001.
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Figure 22. Mutant N genes do not impact RIG-I mediated signaling.

293T cells were co-transfected with each mutant N gene, constitutively active
construct ARIG-I and reporter plasmid ISRE-luc. No significant differences in
luciferase activity were observed between cells transfected with empty vector
control pCDNA and mutant N genes. All luciferase measurements were
normalized to B-galactosidase. Data from pCDNA, measles V, wild-type N, and
ASR mutant represents three independent experiments, each performed in
duplicate. Data from CTD, SGR-NTD, and SGR mutants represents one
experiment performed in duplicate. Error bars represent standard error of the
mean. ** p <0.01.
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Figure 23. CTD and ASR mutant N proteins negatively impact IRF3
signalling.

293T cells were co-transfected with each mutant N gene, constitutively active
construct IRF3-5D and reporter plasmid ISRE-luc. Consistent with previous
results, full-length N significantly prevented IRF3-induced luciferase at lower
concentrations of IRF3-5D. Both ASR and CTD mutants were also able to
significantly interfere with IRF3 signalling. All luciferase measurements were
normalized to B-galactosidase. Data from pCDNA, measles V, wild-type N, and
ASR mutant represents three independent experiments, each performed in
duplicate. Data from CTD, NTD, and SGR-NTD mutants represents one
experiment performed in duplicate. Error bars represent standard error of the
mean. *p < 0.1, * p <0.01, ** p < 0.001, *** p < 0.0001.
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treatment. Taken together, this implicated that the HCoV N proteins were
impacting the cell’s ability to generate and respond to antiviral signals.

One potential difficulty in studying individual proteins by transfection is
expression variations between cells and efficiency of transfection itself, which
also varies depending on cell line. This was encountered with initial experiments
using HCoV N genes which were originally cloned into the pCDNA mammalian
expression vector. Protein overexpression typically yields relatively robust levels
of the foreign protein, however N genes expressed from pCDNA vectors were
barely detectable. This was mirrored by VSV G-less assays in which cells
transfected with N genes showed similar levels of AG VSV susceptibility to that of
pCDNA control. Even though the VSV G-less assay somewhat neutralizes the
variation experienced in transfection-based assays (in terms of efficiency
oftransfection), transcription levels and subsequent protein levels of the
exogenous protein remain significant. This expression issue was resolved by
subcloning the HCoV N genes into another expression vector, pEF, in which the
V-FLAG positive control was cloned. One major difference between pCDNA and
pEF is the promoter, human cytomegalovirus (CMV) immediate-early versus
elongation factor (EF), respectively. As excellent expression was always seen
with V-FLAG, it was expected that the N genes would also be vigorously
expressed in the pEF vector.

Another factor impacting expression is contamination of the prepared DNA
with endotoxin or lipopolysaccharide (LPS), a bacterial component that can
remain from the bacteria used to propagate the plasmid. It has been long known
that LPS contamination could lead to lower transfection efficiencies, though the
level of endotoxin necessary is debatable (363, 364). This can be eliminated by
using endotoxin-free reagents, commercially available, to prepare all plasmid
DNA. This tactic was employed to ensure that optimal levels of protein
expression were being obtained. This was also important in that innate immune
signalling was being examined and LPS is a stimulant of innate immunity.

The HCoV N genes were confirmed to interfere with the IFN response via
the luciferase assay employed. The reporter plasmid utilized consisted of an
ISRE promoter, which can be driven by various stimuli. In cells transfected with
HCoV N, IFN-a stimulated luciferase expressed was negatively affected. This
corroborated with the effects seen in the VSV G-less assay. To attempt to further
dissect the point of intervention in the IFN pathway, different stimuli were
employed. Two plasmids encoding constitutively active RIG-I (ARIG-I) and IRF3
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(IRF3-5D) were co-transfected with HCoV N genes to drive the expression of
luciferase. No repression of ARIG-I-induced luciferase was observed in HCoV N
expressing cells, while the positive control Measles V had some effect. While the
most obvious conclusion that can be made from this data is that HCoV N is not
able to block downstream signalling of RIG-I, it is also possible that the activity of
ARIG-I was too strong to overcome. Overexpression of the constitutively active
protein would lead to high levels of ARIG-I which could have overwhelmed the
mechanism by which HCoV N inhibits.

HCoV N genes appeared to be more effective at interfering with IRF3-5D
stimulation of ISRE-luc, with both OC43-N and 229E-N having statistically
significant impacts on luciferase expression. As previously discussed, the RIG-I
pathway leads to IRF3 activation, which seems contradictory to the luciferase
results when considered together. Many pathways lead to IRF3 activation,
however, such as the pathway initiated by TLR3. Downstream pathways also
differ, as RIG-I activation results in the activation of not only IRF3, but also NF-
kB. Utilizing a reporter with a promoter that is further upstream in the pathway,
such as the IFN-B promoter, could help further distinguish which point in the
pathway HCoV N is affecting.

Mutational analysis was undertaken using OC43 N in attempts to dissect
the active region of the nucleocapsid protein in the IFN suppression. The
generation of deletion mutants was based on previous reports of CoV N regional
analyses. The C-terminal mutant (CTD) and mutant lacking the central SR-rich
region (ASR) were robustly expressed, but the N-terminal mutants (NTD and
SGR-NTD) were not detected via western blot. Both NTD and SGR-NTD were
confirmed to express their respective mMRNAS, indicating the expression problem
lay within protein translation or stability. Further investigation by
immunoflourescence of N-terminal mutant transfected cells revealed that the
protein was being expressed, but the expression was only detectable in a
minimal number of cells. As endotoxin contamination can inhibit transfection, all
DNA plasmids were prepared endotoxin-free, but expression levels did not
change.

Mutants were screened for effects on antiviral innate immunity via the VSV
G-less assay. Surprisingly, all of the mutants were able to suppress the antiviral
response, allowing for AG GFP VSV permissiveness. This result was echoed in
the ISRE luciferase assay when stimulated with IFN-a. Most surprising was that
the low-expressing N-terminal mutants had an effect as well. It is unknown why
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the NTD mutants had effects on the antiviral response, as the protein expression
level was so low. While these assays do somewhat control for variations in
transfection efficiency, it does not entirely explain why such a large effect was
observed.

Subsequent to the completion of this research, a report was published
detailing the functional regions of OC43 N specifically (123). Prior to this study,
no research on the elucidation of OC43 N regions had been published. The
domains described varied from our created mutants as we also considered linker-
regions between domains. More recently, this same group has further published
on the OC43 N N-terminal and this region is more in line with our N-terminal
mutant (365, 366). Our mutant constructs classified the N-terminal domain
between amino acids 1-191, SR-rich domain between amino acids 197-208, and
the C-terminal domain between amino acids 253-448. The published study
defined these domains between amino acids 1-173, 174-300, and 301-448,
respectively, which results in both our NTD and CTD domains to overlap with the
published SR domain. These discrepancies between our constructs and
published regional divisions could account for the identical effects between N
mutants in the VSV G-less assay and luciferase assays, assuming that there is a
single region responsible for IFN antagonism.

No concrete mechanisms have been reported for the downregulation of
the type | IFN response by CoV-N as of yet. One recent report on SARS-CoV N
gave evidence to support that the point of interference was upstream of RIG-I
(329). While N could prevent poly(l:C) and Sendai virus-induced IFN, N could not
prevent the induction of IFN by RIG-I, MAVS, TRIF, TBK1 or IKKi (329). This
indicated that the point of interference was upstream of these components of the
signalling pathway. Furthermore, SARS-CoV N inhibited synthetic dSRNA analog
polyinosinic:polycytidylic
acid (poly(I:C)) induced IRF3 nuclear localization, but was not able to prevent
IRF3 activation via the MAVS pathway. In addition, the authors determined that
the C-terminal of SARS-CoV N was essential for the suppression of IFN and
correlated with the RNA-binding abilities of the C-terminal to this immune
evasion. The authors speculated that SARS-CoV N masks the recognition of
RNA via interaction. The RNA-binding regions of SARS-CoV N originally were
thought to be solely located in the N-terminal, with the C-terminal solely
responsible for oligomerization, but more evidence points towards the C-terminal
possessing RNA-binding capabilities equivalent to or greater than the N-terminal
(122, 367, 368). These results corroborate with a previous study by Kopecky-
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Bromburg et al. which showed SARS-CoV N suppresses IFN response induced
by Sendai virus, a strong IFN inducer, and prevents the phosphorylation and
nuclear localization of IRF3 (320). SARS-CoV N does not, however, inhibit I[FN-3
signalling, as STAT1 was phosphorylated and an ISRE-luc reporter assay
showed equivalent activation to control.

Although no mechanism was elucidated for OC43 N, 229E N, and NL63 N
in the suppression of IFN, it appears that they act differently than that of SARS-
CoV N. Our data indicates that the three HCoV N proteins are able to suppress
IFN signalling, whereas SARS-CoV N does not. The ability of SARS-CoV N to
bind and mask RNA from innate immune recognition may apply to the remaining
HCoV N proteins, but one can only speculate as although N-transfected cells
were challenged with VSV, they were not stimulated with poly(I:C). The N
proteins are all known RNA binding proteins and this interaction could contribute
to IFN suppression in addition to another unknown mechanism.
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Chapter 4
Coronavirus Nucleocapsid Modification of the
NF-kB Activation Pathway
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4.1. Introduction

4.1.1. Current knowledge of effects of coronaviral N on NF-kB

Currently, limited published studies have reported the relationship between
coronaviral infection and the transcription factor NF-kB. Even fewer have
addressed the effects of human coronaviruses, with the exception of SARS-CoV,
on NF-kB.

Several proteins of SARS-CoV have been shown to effect NF-kB
activation. In transfected cells, the structural spike protein (S) activates the p65
subunit of NF-kB, leading to increased expression of proinflammatory cytokines
II-6, TNF-a, and IL-8 (369, 370). Conversely, the membrane protein binds IkB
kinase B (IKKB) in transfected cells, and as a result suppresses NF-kB activation
(371). Nonstructural proteins of SARS-CoV also have an effect on NF-kB. The
papain-like protease (PLP) antagonizes NF-kB activation, while non-structural
protein 1 (nsp 1) activates NF-kB (327, 372). Two of SARS-CoV accessory
proteins, 3a and 7a, are also activators of NF-kB which leads to an increase in IL-
8 expression (373).

Few other coronaviruses have been examined for effects on NF-kB.
Transmissible gastroenteritis virus (TGEV), which infects pigs, has been shown
to activate NF-kB during in vitro infection, leading to apoptosis (374). Conflicting
evidence has been published concerning the prototypic coronavirus, murine
hepatitis virus (MHV) and its effects on NF-kB activation. A study reported the
extensively studied strain MHV-A59 activates the p65 NF-kB, though this
activation was not necessary for MHV-induced TNF-a production (375). Contrary
to this publication, it was previously reported that neither MHV-A59 nor MHV
strain JHM activate NF-kB and cannot prevent its activation via synthetic dsRNA
poly (I:C) (376). Lastly, the PLP of human coronavirus NL63 was examined for
effects on NF-kB activation and similarly to the SARS-CoV PLP, it also blocks
signalling and activation of NF-kB (327).

No studies have been published examining HCoV nucleocapsid proteins
and their effect on NF-kB activation. The one exception to that statement is
SARS-CoV, which since its emergence in 2003 has reinstated interest in the
coronavirus field. In addition to the aforementioned research on various viral
proteins, several publications on the nucleocapsid (N) of SARS-CoV have
explored the affects of this essential structural protein on NF-kB. SARS-CoV N
has been the most extensively studied structural protein in its impact on NF-kB,
with varying results. Some studies have reported that the N protein activates NF-
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kKB and binds to the NF-kB promoter binding site, leading to an increase in IL-6
expression (377-379). Opposing studies report that N does not activate NF-kB
and furthermore can suppress NF-kB activation when challenged with a stimulus
(320, 380).

4.1.2. microRNA: Regulation of NF-kB

As discussed in section 1.3.2, NF-kB can be negatively regulated in a
multitude of methods. In the canonical pathway, the inhibitory protein IkBa is
proteasomally degraded upon phosphorylation by inhibitory kB kinase B (IKKpB)
thereby releasing the p65:p50 dimer, allowing for its nuclear localization and
subsequent initiation of transcription. Several of the genes transcribed encode
inhibitors of NF-kB, including IkBa and A20, also known as TNF-a induced
protein 3 (TNFAIP3). Once translated, these proteins complete the negative
feedback loop by binding to NF-kB and re-sequestering the dimer in the
cytoplasm (in the case of IkBa) and inhibiting the NF-kB activators IKK (in the
case of A20).

In addition to these protein inhibitors, microRNAs also negatively regulate
NF-kB. Specifically, miR-9 targets the 3'UTR of NFKB1, which encodes the NF-
KB subunits pl105 and p50. Currently, only a handful of publications have
addressed the regulation of NFKB1 by miR-9 and are primarily in the context of
cancer. These studies have shown that miR-9 is able to hinder cancer cell
growth and metastasis by targeting NFKB1 and preventing its expression (260,
381, 382). The reduction in NFKB1 expression attributed to miR-9 has also been
correlated with increased sensitivity of cancer cells to gamma irradiation (383).
Similar to protein mechanisms in place for negative regulation of NFKB1, miR-9
is also an inducible negative regulator. Its transcription is initiated upon TLR2
and TLR7/8 activation as well as stimulation with TLR4 ligand lipopolysaccharide
(LPS), TNF-a and IL-1B (259).

4.1.3. Objectives

As several viruses, including coronaviruses, have been shown to affect the
NF-kB pathway, the objectives of the following research were to establish
whether the N proteins of HCoV OC43, 229E, and NL63 affected NF-kB activity.
Elucidation of the mechanism of this interference was also attempted.
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4.2. Results

4.2.1. The nucleocapsid causes potentiation of NF-kB activation

Initially, to examine the state of NF-kB activation in the presence of HCoV
N proteins, luciferase assays were employed. The plasmids containing HCoV N
proteins of OC43, NL63, and 229E were co-transfected into 293T cells with a
luciferase reporter plasmid containing firefly luciferase under the control of an NF-
KB DNA-binding domain, NF-kB-luc. These cells were subsequently either
stimulated with TNF-a or left untreated. Unexpectedly, while untreated cells
expressing N yielded luciferase levels similar to control plasmids, those
stimulated with TNF-a showed a hyperactivation of NF-kB with luciferase
measurements ten-fold higher than the control (Figure 24A). This effect was
observed with all three HCoVs, but not negative control viral protein OC43 M.

A decision was made to continue solely focusing on the N protein of
OC43. Mainly this was due to the immense affects of the protein on the IFN
response (Chapter 3). All data presented from this point onwards is exclusively
of OC43 N. All references to N will indicate OC43 N unless otherwise stated.

To determine if this phenomenon was TNF-a dependent, another pathway
that initiates NF-kB activation was examined. The toll-like receptor 2 (TLR-2)
pathway is well characterized and activates NF-kB as a result of binding various
ligands, one of which is Pam3CSK4, a synthetic lipoprotein. This commercially
available synthetic ligand is analogous to the amino terminus of bacterial
lipoproteins, which are cell wall components known to be proinflammatory and
are ligands for TLR-2 (384). As 293T cells do not express TLR-2, a plasmid
containing TLR-2 was also co-transfected in addition to N and NF-kB luciferase
plasmids. As observed with TNF-a stimulation, inclusion of the N protein
expression plasmid led to a greater than ten-fold enhancement in the NF-kB
response to stimulation (Figure 24B). This signified that the phenomenon of
potentiated NF-kB activation in the presence of OC43 N occurs via multiple
pathways.

It had been noted in the luciferase assay that the potentiation of NF-kB
activation in the presence of N solely occurred following stimulation by either
TNF-a or Pam3CSK4. This discernment led to the hypothesis that the
mechanism by which N was affecting NF-kB was by interfering with a negative
regulator of the transcription factor. By preventing the effective “shut-off” of NF-
KB, N expression would lead to a perpetually active NF-kB after stimulation, but
not in the absence of an activator when NF-kB is in its inhibited state In the
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Figure 24. NF-kB activation is potentiated in the presence of OC43-N upon
stimulation.

(A) A luciferase reporter assay using a reporter vector (NF-kB-luc) with an NF-kB
DNA-binding site promoter was used to examine NF-kB activation. Cells were
stimulated with TNF-a for 24 hours prior to measurement. All luciferase
measurements were normalized to (-galactosidase and compared to negative
control pCDNA, which was set to 1. pCDNA, measles V, and OC43 N data
represents five independent experiments, each performed in duplicate. 229E N
and NL63 N data represents three independent experiments, each performed in
duplicate. OC43 M data represents one experiment performed in duplicate.
Error bars represent standard error of the mean. (B) A TLR2-expressing plasmid
was co-transfected with NF-kB-luc and OC43 N or empty vector and cells were
stimulated with PAM3CSK4 for 24 hours prior to measurement. Cells were also
co-transfected with empty vector and NF-kB-luc to ensure any response seen
was due to TLR2 signalling. All luciferase measurements were normalized to B-
galactosidase and compared to untreated pCDNA, which was set to 1. Data
represents 2 independent experiments, each performed in triplicate. Error bars
represent standard error of the mean. ** p < 0.01, **** p < 0.0001, ns — not
significant, nd — not determined.
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canonical NF-kB signalling pathway, the p65 and p50 dimers are retained in the
nucleus by the inhibitory IkBa. This protein becomes ubiquitinated and degraded,
leading to the release of the NF-kB dimer. NF-kB is then able to localize to the
nucleus and bind its DNA consensus site, initiating transcription.

It was hypothesized that the point of interference in this negative
regulatory pathway was IkBa and its target p65. Therefore, the p65 subunit of
NF-kB was first examined for prolonged activation in the presence of N. Cells
grown on coverslips were transfected with OC43 N expression plasmid or empty
vector and subsequently treated with TNF-a. Cells were fixed with methanol at
various times post-TNF-a treatment and co-stained with antibodies against FLAG
(to detect FLAG-tagged OC43 N) and p65. When examined via confocal
microscopy, no differences were observed between cells expressing N and
empty vector (Figure 25). p65 localized to the nucleus as early as 15 minutes
post-treatment and began to re-localize to the cytoplasm by 90 minutes post-
treatment. Localization was examined up to 210 min post-TNF-a treatment but
p65 staining in N and empty vector transfected cells were similar (Figure 25).

Concurrently, the degradation kinetics of IkBa were examined via western
blot. Cells were transfected with OC43 N expression plasmid or empty vector,
subsequently treated with TNF-a, and lysed at various time points. By western
blot, the kinetics of IkBa degradation were indistinguishable between cells
transfected with N and cells transfected with empty vector (Figure 26). Together,
these data indicate that OC43 N does not interfere with p65 activation nor IkBa
degradation.

4.2.2. N interactions with cellular proteins

As the initial hypothesis that OC43 N was affecting the p65 subunit and/or
its inhibitor IkBa was incorrect, another approach was employed to deduce the
negative inhibitor of NF-kB that was being affected by N. One direct approach
was to identify cellular proteins with which N was interacting by co-
immunoprecipitation. In order to achieve sufficient N protein expression, a
vesicular stomatitis virus was generated expressing a FLAG-tagged N gene.

The generation of the VSV expressing N, designated N-FLAG VSV, was
carried out by PCR amplification of a FLAG-tagged N gene followed by ligation
into the A51 mutant VSV genome, between G and L (Figure 27A). The genome
was co-transfected into cells with VSV helper plasmids and the resulting virus
was collected. Expression of N-FLAG was checked by infecting cells with N-
FLAG VSV and immunoprecipitating subsequent cell lysates with an antibody
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Figure 25. OC43 N does not alter the kinetics of p65 activation.

Cells transfected with pCDNA or N-FLAG were treated with TNF-a for varying
lengths of time. Nuclear localization of NF-kB subunit p65 was tracked by
immunofluorescence. Cells were co-stained with antibodies against FLAG and
p65 and nuclei were visualized by DAPI. No kinetic differences in p65 activation
were observed between cells transfected with N-FLAG (A) and cells transfected
with pCDNA (B).
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Figure 26. OC43 N does not alter the kinetics of IkBa degradation.

Cells transfected with pCDNA or N-FLAG were treated with TNF-a for varying
lengths of time. |kBa degradation examined via western blot did not reveal any
kinetic  differences between N and pCDNA transfected cells.
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Figure 27. Construction of VSV expressing OC43 N.

(A) Schematic representation of the VSV genome with location of OC43 N
insertion. (B) Expression of N-FLAG by N-FL VSV was confirmed by FLAG
immunoprecipitation and western blot. GFP VSV was utilized as a negative
control.
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against FLAG. A western blot confirmed expression and proper FLAG-tagging of
N (Figure 27B).

A large number of 293T cells were infected with N-FLAG VSV and control
virus GFP VSV. Lysates of these infected cells were then immunoprecipitated
with an antibody against FLAG, run on gradient SDS-PAGE gels and proteins co-
immunoprecipitated with N were identified by mass spectrometry (Figure 28A).
Numerous cellular proteins were pulled down with N and unique bands were
sequenced. Although no NF-kB inhibitors were identified, it was confirmed that
analogous to the majority of Nidoviral nucleocapsid proteins examined, OC43 N
interacts with the nucleolar protein nucleolin (Figure 28B). Upon review, a trend
emerged amongst the interacting proteins—virtually all possessed the ability to
bind RNA.

In a coronaviral infection, the N protein complexes with the RNA genome
to form the nucleocapsid, which indicates that it is an RNA-binding protein. Other
studies, as previously mentioned, have identified that coronaviral N is an RNA-
chaperone. The protein has clearly been shown to have the ability to bind RNA
and given that the majority of the proteins identified to interact with N are also
RNA-binding proteins, it led to the inquiry of whether these interactions were
direct or occurring via RNA.

In order to test this possibility, cells were infected as before, but prior to
co-immunoprecipitation with the FLAG-conjugated beads, lysates were treated
with RNase or mock treated. The immunoprecipitates were then run on a
gradient SDS-PAGE gel and coomassie stained as before. Compared to
untreated cells infected with N-FLAG VSV, samples treated with RNase co-
immunoprecipitated dramatically fewer proteins (Figure 29A). Furthermore,
interactions with several cellular proteins that had been specifically confirmed by
western blot were eliminated with RNase treatment (Figure 29B). Interactions
between N and nucleolin, Y-box binding protein (YB1), heterogeneous
ribonucleoprotein U (hnRNP U), and Ku70 were ablated with RNase (Figure
29B). These data indicated that interactions between N and cellular proteins
were mediated through RNA.

It remained a possibility that although N interactions were RNA-dependent,
N was having an effect on the cellular proteins by re-localization. To examine the
subcellular localization of hnRNP U and Ku70 in the presence of N, cells grown
on coversilps were transfected with N expression plasmid and fixed with
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Figure 28. Proteins identified to co-immunoprecipitate with OC43-N.

(A) Lysates of N-FL VSV and GFP VSV infected cells were immunoprecipitated
with an anti-FLAG antibody and resulting precipitates were coomassie stained.
(B) Proteins co-immunoprecipitated with N-FL were identified by mass
spectrometry. Numbered bands correspond with numbered bands in (A).
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Figure 29. OC43-N interacts with many cellular proteins in an RNA-
dependent manner.

(A) Cells lysates of N-FL VSV infected cells were treated with RNase or left
untreated prior to FLAG-immunoprecipitation. GFP VSV infected cell lysates were
again FLAG-immunoprecipitated as a control. (B) Several proteins identified via
mass spectrometry to interact with N-FL were confirmed to be pulled down with
N. These interactions were eliminated when lysates were treated with RNase
prior to immunoprecipitation

118



Frances W. Lai — Ph.D. Thesis McMaster University Medical Sciences

methanol. The fixed cells were co-stained with antibodies against FLAG to detect
N and hnRNP U or Ku70, and visualized by confocal microscopy. Neither hnRNP
U or Ku70 were re-localized from their nuclear positions in the presence of N
(Figure 30). Thus, although N interacted with these proteins in an RNA-
dependent fashion, it had no effect on the subcellular localization of either
protein.

4.2.3. N interference in miR-9 negative regulation of NFKB1

The demonstration that N was binding cellular proteins via RNA resulted in
speculation that it may be binding microRNA (miRNA). Initially, effects of N on
cellular miRNAs were assessed by PCR array, allowing for 384 miRNAs to be
screened. 293T cells were transfected with OC43 N or empty vector, followed by
TNF-a stimulation. In the presence of N, a myriad of miRNA levels were altered
and miR-9 expression, in particular, showed over a 3-fold increase as compared
to empty vector (Figure 31). Upon further investigation into published literature, it
was revealed that miR-9 targets NFKB1 (259, 383). NFKB1 encodes the NF-kB
subunit p105, which is then proteasomally processed to form the p50 subunit
(226). This information led to the postulation that N could be functionally
hindering the negative regulation of NFKB1 by interacting with miR-9. To test this
hypothesis, N was expressed in cells both by transfection with N expression
plasmid and infection with N-FLAG VSV, lysates were immunoprecipitated as
before with anti-FLAG, and the resulting immunoprecipitates were subjected to
RNA extraction. By both conventional and quantitative PCR, miR-9 was detected
in immunoprecipitates from cells expressing N, but not the control plasmid
(Figure 32). This confirmed that OC43 N binds miR-9 and supported the
hypothesis that N was sequestering this negative regulator of NF-kB.

As miR-9 prevents the translation of NFKB1, if N was preventing miR-9
function it would be logical to expect an increase in NFKB1 subunits p105 and
p50 in cells that were expressing N. The protein expression of NFKB1 was then
examined by western blot. Cells were transfected with N expression vector or
empty vector, and subsequently treated with TNF-a. Several timepoints post-
treatment were scrutinized for NFKB1 expression. Both p105 and p50 subunits
were detected, quantified, and compared between samples. Protein expression
of both p105 and p50 were elevated in cells transfected with N plasmid when
compared to empty vector (Figure 33). The total protein levels of NFKB1
remained consistently higher in N expressing cells throughout the timecourse.
Similarly, when cells were co-transfected with N and TLR-2 expression vectors
and subsequently stimulated with TLR-2 ligand Pam3CSK4, total protein levels of
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Figure 30. OC43 N does not relocalize cellular proteins.

Cells were transfected with OC43 N expression vector, fixed and stained with
antibodies against FLAG and hnRNPU (A) or Ku70 (B). Nuclei were visualized
by DAPI. No relocalization of cellular proteins was observed.
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Figure 31. Profiling of human miRNA expression indicates OC43 N effects
miR-9 levels.

A heat map of human miRNA PCR array comparing cells transfected with N-
FLAG to pCDNA transfected cells, both treated with TNF-a, shows various miR
that are affected by N-FLAG. Of particular interest is hsa-miR-9 (B2), which is
over 3-fold higher in N-FLAG cells as compared to pCDNA. Gray squares —
unamplified.
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Figure 32. OC43 N interacts with miR-9.

FLAG immunoprecipitation was performed on cells (A) infected with N-FL VSV or
GFP VSV and (B) transfected with N-FLAG or GFP. miR-9 was detected in N-
containing immunoprecipitate by gRT-PCR (i) and also by conventional RT-PCR
(if). Error bars represent standard error of the mean. *** p < 0.001.
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Figure 33. Presence of OC43 N results in elevated expression of NFKB1.

(A) Western blot detecting NFKB1 products p105 and p50 in cells transfected
with pCDNA or N-FLAG and treated with TNF-a for various lengths of time.
Representative blot is shown. (B) Quantification of the both p105 and p50 bands
show that NFKB1 protein is more highly expressed in cells transfected with OC43
N. Values were normalized to B-actin. Data represents three independent
experiments. Error bars represent standard error of the mean.
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NFKB1 were higher in cells expressing N compared to empty vector (Figure 34A,
B).

To delineate effects in cells specifically expressing N, cells were examined
via flow cytometry. This allowed for consideration of only those cells expressing
N, as opposed to the entire population which includes untransfected cells.
Transfected 293T cells were stained with antibodies against FLAG and NFKBL1.
As is commonly found in transient transfection, N-transfected cells contained
populations of cells with varying levels of N expression. These two groups of
cells were designated Ny and Ny, which expressed high levels and low levels of
N protein, respectively (Figure 35A). While cells expressing low levels of N did
not display enhanced NFKB1 levels, those that strongly expressed N did,
indicating that the steady-state level of NFKB1 correlated with N protein
expression levels (Figure 35B, C). This corroborated with the previous
observation that in the cells expressing N, an elevated NFKB1 protein level is
seen.

It would be expected that if N disrupted the negative feedback cycle of
miR-9, an increase in NFKB1 mRNA would also occur. The addition of pathway
stimulation, such as TNF-a, would result in elevated transcription of NFKB1. A
further augmentation of NFKB1 mRNA would be observed with the addition of N
to the system. Quantitative RT-PCR was employed to investigate the mRNA
levels in N-transfected cells stimulated with TNF-a. A modest increase of NFKB1
MRNA was observed in unstimulated N-transfected cells compared to empty
vector (Figure 36). In cells stimulated with TNF-a, however, a more pronounced
difference in NFKB1 mRNA was apparent between N and empty vector
transfected cells (Figure 36). Thus, these data further supported the hypothesis
that OC43 N was perturbing the negative feedback mechanism of miR-9 resulting
in increases in both mMRNA and protein levels of NFKBL1.

Though the previous assays showed that in the presence of N, both
NFKB1 protein and mRNA levels were increased, it had not been confirmed
whether N could directly functionally impair miR-9. A luciferase assay that
allowed for assessment of miR-9 function was employed. This assay, specifically
designed for detection of miRNA function, consists of a luciferase reporter vector
containing Renilla luciferase with a 3’UTR of the mRNA targeted by the miRNA of
interest (Figure 37A). Thus, if the miRNA targets the 3’UTR expressed with
luciferase, translation of luciferase will not occur. If the miRNA does not target
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Figure 34. An elevation in NFKB1 is observed in cells co-transfected with
TLR2 and OC43 N.

(A) Western blot detecting NFKB1 products p105 and p50 in cells co-transfected
with pCDNA or N-FLAG and TLR2 and treated with Pam3CSK4 for various
lengths of time. (B) Quantification of the both p105 and p50 bands show that
NFKB1 protein is more highly expressed in cells transfected with OC43 N.
Values were normalized to -actin.
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Figure 35. Elevated expression of NFKB1 is observed in cells expressing
OC43 N.

Cells were transfected with N-FLAG or pCDNA and then treated with TNF-a or
left untreated. Cells were then co-stained with antibodies against NFKB1 and
FLAG and protein expression was examined by flow cytometry. (A) FLAG
staining specifically stained cells transfected with OC43-N. Two different
populations of FLAG positive cells were seen with varying expression levels of
FLAG, Npn and Nj. (B) Comparison of NFKBL1 levels in the total population of
cells (left). No difference was observed between N-FLAG and pCDNA
transfected cells. Comparison of NFKB1 levels in cells both positive for FLAG
and NFKB1 show a difference in staining intensity between Ny and Ny cells
(right). Anti-GFP was utilized as an isotype control. (C) Graphical representation
of mean fluorescent intensity of NFKB1 staining. In Ny; cells (++), the expression
of NFKB1 is significantly higher than that of N, (+) and pCDNA (-) transfected
cells. Data represents two independent experiments, each performed in
triplicate. Error bars represent standard error of the mean. * p < 0.05, * p <
0.01.
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Figure 36. NFKB1 mRNA levels are elevated in cells expressing N.

NFKB1 mRNA was detected by gRT-PCR in cells transfected with pCDNA or N-
FLAG and either treated with TNF-a or left untreated. In cells transfected with
OC43-N, NFKB1 mRNA levels were increased as compared to pCDNA
transfected cells. Data represents the fold change of NFKB1 mRNA amplified in
relation to untreated pCDNA NFKB1 (negative control), which was set to 1. All
NFKB1 mRNA levels were normalized to housekeeping gene GAPDH. Error
bars represent standard error of the mean. *** p < 0.001.
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Figure 37. OC43-N prevents miR-9 negative regulation of NFKB1.

(A) Schematic of the luciferase assay shows possible outcomes of the assay.
Figure modified from www.promega.ca. (B) The NFKB1 luciferase construct,
NFKB1-luc, was co-transfected with either empty vector pSG5 or N-FLAG and
with or without miR-9. When transfected with empty vector, a basal level of
luciferase is observed. With the addition of miR-9, luciferase levels are reduced.
The presence of N-FLAG blunts the effect of miR-9 on luciferase levels. All
renilla luciferase measurements were normalized to firefly luciferase and
subsequently compared to empty vector without miR-9 which was set to 1. Data
represents three independent experiments. Error bars represent standard error
of the mean. **** p < (0.0001.
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the 3'UTR of the predicted target, then translation will be allowed to occur and a
measurable amount of luciferase will be present in the cell (Figure 37A).

For the purposes of this research, a luciferase expression construct luc-
NFKB1, which contains the NFKB1 3'UTR, was co-transfected into 293T cells
with either the N expression vector or empty vector, with or without miR-9. As
expected, in cells transfected with empty vector, the level of luciferase decreased
with the addition of miR-9. With the addition of N, the ability of miR-9 to suppress
luciferase expression was obstructed (Figure 37B). This signified that by binding
to miR-9, N was able to prevent its function in the negative regulation of NFKB1.

4.2.4. Phenomena in OCA43 viral infection

As all data gathered thus far utilized a transient transfection system, whether
analogous phenomena occurred in the context of a coronaviral infection was
unknown. Upon attaining the OCA43 virus, strain VR-1558, characterization of the
growth characteristics and establishment of a virus titering protocol was
necessary. Initial inoculation of susceptible cell line HCT-8 at a low multiplicity of
infection (MOI) resulted in clear visualization of cytopathic effects (CPE) at 4 days
post infection (dpi) (Figure 38A). Although literature states that growth of OC43
in vitro should occur at 37°C which is the conventional tissue culturing
temperature, American Type Culture Collection (ATCC), the original source of
VR-1558, states virus growth should occur at 33°C. A direct comparison was
performed by growth of OC43 at both temperatures, harvesting the virus, and
titering to investigate under which temperature resulted in superior virus growth.
Virus that was grown at 33°C reached a titer greater than one log higher than the
virus grown at 37°C (Figure 38B). A growth curve was also performed to
establish the optimal day post infection for harvesting (Figure 38C). Lastly, a
western blot of infected HCT-8 cells was performed and OC43 N was detected at
1, 2, and 3 days post infection (Figure 38D).

Initially, the binding of N to miR-9 during OC43 infection was investigated.
HCT-8 cells were infected with OC43 or mock infected and cells were lysed at 8
and 20 hours post infection. Subsequent lysates were immunoprecipitated with
an anti-OC43 N antibody and resulting immunoprecipitates were subjected to
RNA extraction. miR-9 was amplified by quantitative PCR at as early as 8 h.p.i.
indicating that during OC43 infection, N bound miR-9 (Figure 39).

Next, it was sought to establish whether there was an increase in NFKB1
protein expression during OC43 infection. Cells were infected with OC43 or
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Figure 38. Characterization and optimization of OC43 growth.

After obtaining OC43, characterization of its growth in HCT-8 cells was carried
out. (A) CPE was visible after infection at 4 days post infection, with more
prominent CPE appearing at 5 days post infection. (B) A comparison of
propagation of OC43 at 33°C and 37°C revealed growth to a higher titer at the
lower temperature. (C) A growth curve of OC43 indicated peak titers are reached
at 3 days post infection after initial inoculation at MOI 1. Error bars represent
standard error of the mean. (D) A western blot for detection of N shows strong
expression at 1 day post infection.
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Figure 39. N interacts with miR-9 during infection with OC43.

HCT-8 cells infected with OC43 were subjected to immunoprecipitation with
antibody against N. (A) miR-9 was amplified by gPCR from RNA extracted from
immunoprecipitates. Amplified miR-9 is expressed as fold change relative to
mock. Data is averaged from triplicates. Each sample was amplified in triplicate.
(B) Representative portion of OC43 N expression at various time points during
infection both from entire lysates pre-immunoprecipitation (left) and
immunoprecipiatate (right).
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mock infected and lysed at various times post-infection. Lysates were run on
SDS-PAGE gel and subjected to western blotting for the NFKB1 subunits p105
and p50. As expected, in OC43 infected cells, the protein expression of NFKB1
was significantly higher than in mock infected cells (Figure 40A, B). Infected cells
were also subjected to flow cytometry to examine NFKB1 protein expression
solely in cells infected with OC43. Cells, OC43 infected and mock infected, were
co-stained with anti-OC43 N and anti-NFKB1 antibody and in cells infected with
0OCA43, the level of NFKB1 protein was significantly higher than in mock infected
cells (Figure 40C). This confirmed that NFKB1 protein expression was
augmented in cells infected with OC43.

The mRNA level of NFKB1 was also examined during OC43 infection.
Cells were infected with OC43 and RNA was extracted at 1, 2, and 3 days post
infection. At all timepoints, NFKB1 mRNA was increased in OC43 infected cells
versus mock infected cells (Figure 41).

Lastly, the activation of NF-kB during OC43 infection was examined via
luciferase assay. HCT-8 cells were transfected with the reporter construct NF-
kB-luc and subsequently infected with OC43 or mock infected. At 1, 2, and 3
days post infection, NF-kB activation in OC43 infected cells was higher than
mock infected cells (Figure 42). Taken all together, these data indicate that
similar phenomena occur in the context of an OC43 infection as does when the
nucleocapsid is overexpressed in cells.

4.3. Discussion

The above findings illustrate a novel method by which viruses can modify the
host immune response. Although many viruses have been found to modulate
signalling and subsequently activate NF-kB (reviewed in 385), human
coronaviruses other than SARS-CoV have not been identified to interfere with
this pathway. SARS-CoV membrane protein and papain-like protease (PLP)
have been found to block NF-kB signalling whereas the spike protein has been
found to activate NF-kB (327, 369, 371). As aforementioned, one study reported
that the N protein of SARS-CoV inhibited NF-kB activation via luciferase reporter
assay (320) while others reported NF-kB activation by the nucleocapsid (377,
378). No mechanisms of interference were proposed in these reports.

The unexpected observation that the three HCoV N proteins significantly
potentiated NF-kB activation following cytokine or TLR ligand stimulation initiated
interest in the interaction between viral N and this important signalling pathway.
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Figure 40. Infection with OC43 results in elevated expression of NFKB1.

(A) Western blot detecting NFKB1 products p105 and p50 in cells infected with
OCA43 for various lengths of time compared to uninfected cells. (B) Quantification
of total NFKBL1 in infected cells relative to mock. All NFKB1 intensities were
normalized to B-actin. Data represents 3 independent experiments. Error bars
represent standard error of the mean. (C) Flow cytometric analysis of OC43
infected cells compared to mock at 1 day post infection. Cells were co-stained
with antibodies against NFKB1 and OC43-N protein. The mean fluorescence
intensity of NFKB1 was significantly higher in infected cells as compared to mock.
Error bars represent standard error of the mean. * p <0.05
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Figure 41. NFKB1 mRNA levels are elevated in OC43 infected cells.

Cells were infected with OC43 and RNA was extracted at 1, 2, and 3 days post
infection. Quantitative PCR detecting NFKB1 mRNA showed an increase in
NFKB1 mRNA in infected cells compared to mock.
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Figure 42. Infection with OC43 results in activation of NF-kB.

HCT-8 cells were transfected with reporter plasmid NF-kB-luc and were
subsequently infected with OC43. A significant increase in luciferase activity was
observed in OC43 infected cells as compared to mock infected. Error bars
represent standard error of the mean. **** p < 0.0001.
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It was remarked, however, that the perpetuation of NF-kB activation by N solely
occurred when the cells were stimulated. This indicated that the cell could not
effectively turn off activated NF-kB when N was present and suggested that the
point of interference was a negative regulator of NF-kB. Preliminary pursuit of
this mechanism of NF-kB activation potentiation began with examination of the
NF-kB subunit p65 and its inhibitor IkBa. These were the obvious candidates and
points in the pathway at which many other viruses interfere (267, 386, 387).
While anticipating that N perhaps prolonged IkBa degradation and allowed for
potentiated p65 activation, the data indicated that neither protein was affected by
the presence of N. Despite the elimination of these candidates, the hypothesis
that OC43 N was affecting a negative regulator of NF-kB was maintained. It was
possible that OC43 N was binding to a protein responsible for negatively
regulating NF-kB activation and we sought to identify cellular proteins with which
N interacts.

Many published studies have explored interactions between various
nidovirus nucleocapsids and cellular proteins. It has been well established that
there are many interactions with nuclear and nucleolar proteins, such as fibrillarin
and nucleolin though none have reported these interactions for OC43 N (106,
116, 388). Additionally, no previously identified interacting partners were directly
involved in the regulation of NF-kB activation and thus proteins that interacted
with OC43 N were investigated. Numerous cellular proteins that interacted with
N were identified, among them nucleolin, and upon further scrutiny, it was noted
that the majority of them were RNA binding proteins. The nucleocapsid itself is a
known RNA-binding protein, as its main function in viral replication is to complex
with the RNA genome and additionally, other coronaviral N proteins have been
found to be RNA chaperone proteins (114). Taken together, this led to the
suspicion that the identified protein interactions were RNA-dependent. With
RNase treatment, these interactions were revealed to be RNA-dependent, which
to our knowledge, has not been previously recognized for other nidoviral
nucleocapsid interactions including the binding to nucleolin.

The revelation that these were indirect interactions via RNA gave rise to
the prospect that the N protein could be binding to regulatory RNAs such as
microRNAs. These small, non-coding RNAs have come to light as extremely
important regulators of gene expression and play an important role in the
regulation of the innate immune response (reviewed in 389, 390, 391). Through
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a large genome wide gPCR-based screen of miRNAs, a multitude of miRNAs
which were upregulated with OC43-N expression and TNF-a treatment were
identified. One of these miRNAs with increased expression that also had links to
NF-kB was miR-9. Multiple studies, as well as predictive software, have
implicated miR-9 in the prevention of NFKB1 translation by targeting the 3’'UTR
(259, 260, 381, 383). Additionally, miR-9 expression is inducible by TNF-a as
well as TLR2 signalling pathways (259, 260).

Subsequent experiments illustrated that not only did the OCA43
nucleocapsid bind miR-9, but prevented its functionality via this interaction. RNA-
immunoprecipitation of N-transfected cells revealed that miR-9 co-
immunoprecipitated with N, indicating binding. As would be expected if miR-9
was prevented from NFKB1 negative regulation, when OC43 N was expressed in
cells, elevated protein levels of both NFKB1 subunits were observed,
demonstrating that the negative regulation of NFKB1 had been disrupted. The
luciferase assay confirmed that N was functionally interfering with miR-9 function,
as mir-9 suppression of luciferase via the NFKB1 3'UTR was reversed when N
was present. In examining protein levels of NFKB1 via western blot and flow
cytometry, cells treated with TNF-a did not show a significant difference in
p105/p50 intensity compared to untreated cells. NFKB1 levels do not fluctuate
greatly from basal levels due to the tightly regulated expression of these proteins.
This important negative feedback loop is significantly disrupted by the N protein,
as observed by the increase in both steady state and stimulated levels of NFKB1.

It was important to confirm these phenomena in the context of a
coronaviral infection, as while transient transfection reveals the impact of an
individual protein, there are a multitude of other factors during a viral infection
that could lessen or negate the effects. Once OC43 growth in human colorectal
carcinoma cell line, HCT-8, was established and optimized, similar interactions
with miR-9 were observed. Interactions between N and miR-9 were confirmed,
as miR-9 was co-immunoprecipitated with N from OC43 infected cells. The level
of detection was lower, as evidenced by the 8 to 10-fold difference from control
as compared to RNA immunoprecipitated from N-FL VSV infected cells, which
was 30-fold higher than the control. A factor affecting these data is the differing
method of immunoprecipitation; one employed a commercial FLAG
immunoprecipitation kit with high efficiency, and the other employed the
traditional method of conjugating a nucleocapsid antibody which was a great deal
less efficient. The other possible factor leading to a lesser amount of
immunoprecipitated miR-9 may have been OC43 genomic RNA, which could
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have bound competitively to N. This was supported by the inverse relationship
between N protein levels and precipitated miR-9. Though the amount of N
detected at 20 h.p.i. is higher than 8 h.p.i., the quantity of miR-9 detected is
lower. As N has been shown to bind viral RNA more efficiently than non-viral
RNA, this discrepancy is not necessarily surprising as more viral RNA is present
at later time points during infection (392).

As expected with miR-9 sequestration, an increase in NFKB1 protein
expression was seen in OC43 infected cells as compared to mock. An increase
in NFKB1 mRNA was also observed in OC43 infected cells as was in the N-
transfected scenario. Lastly, activation of NF-kB was also observed in OC43
infected cells via luciferase assay. These data combined support the hypothesis
that during OC43 infection, the nucleocapsid protein binds miR-9 and prevents
the negative regulation of NFKB1. Unfortunately, stimulation of OC43 infected
HCT-8 cells with TNF-a or TLR-2 ligand Pam3CSK4 was not possible to compare
to N-transfected data. HCT-8 cells were unresponsive to both stimulants as NF-
KB activation by luciferase assay was not achieved. This is a possible
explanation as to why although activation of NF-kB by luciferase was detected in
OCA43 infected cells, super activation of NF-kB as observed in transfected cells
did not occur. Few cell lines are permissive to OC43 infection and this restricted
the ability to directly compare transfection and infection scenarios (393).

Taken together, the data has aided in the creation of a proposed
mechanistic model of how OC43-N is interacting with the NF-kB pathway. As
seen in Figure 43A, in resting, unstimulated cells, p105 is processed into p50,
which then can homodimerize and act as a transcriptional repressor or activator
depending on co-factors. p50 also dimerizes with other NF-kB members such as
p65 and remains in the cytoplasm in an inhibitory state. There is also a basal
level of expression of NFKB1 mRNA and miR-9 in order to regulate NFKB1
translation. Upon stimulation, p50-p65 heterodimers are released from the
control of IkBa and are able to translocate to the nucleus where again, depending
on whether they are bound to co-activators or co-repressors, they activate or
inhibit transcription (Figure 43B). There is also a marked increase in NFKB1
MRNA and miR-9 upon stimulation. Figure 43C shows what is proposed to be
occurring when OC43-N is expressed in resting cells. OC43-N binds miR-9,
which is basally expressed, and prevents its control of NFKB1 mRNA. With a
stimulus such as TNF-a, both miR-9 and NFKB1 mRNA increase, but OC43 N
continues to bind miR-9, preventing inhibition of NFKB1 translation (Figure 43D).
This interference in the negative feedback mechanism of p105/p50 expression
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Figure 43. Proposed mechanism of HCoV N interference with NFKB1.

(A) In resting cells, basal levels of NFKB1 and miR-9 are expressed.
miR-9 negatively regulates NFKB1 expression. (B) With stimulus, a signalling
cascade is initiated, resulting in increased transcription of both NFKB1 and miR-
9. (C) Upon OC43 infection of cells, miR-9 is bound by the N protein, allowing
for increased translation of NFKB1. (D) Addition of stimulus to OC43 infected
cells further increases both NFKB1 and miR-9 transcription, but miR-9 is unable
to act negatively in NFKB1 expression as it is bound by OC43 N.
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leads to increased NFKB1 mRNA and therefore protein expression. This last
scenario presented in Figure 43D is purely speculative, as HCT-8 cells were not
responsive to TNF-a and NFKB1 could not be assessed in cells both infected
with OC43 and treated with TNF-a.

As to why OC43 potentiates NFKB1 activation, a few scenarios can be
theorized. The first possibility is that this is merely an unintentional side-effect of
its RNA-binding nucleocapsid protein. In the context of an infection, there may
be other viral proteins that aid in controlling the inflammatory response. As OC43
does not generally manifest in fatal infections, it is feasible that this is the key
difference between OC43 and its fellow betacoronavirus, SARS-CoV. The latter
causes immense levels of inflammation in the lungs of patients that does not
resolve, resulting in high mortality. We also recognize that N is binding other
miRNAs, and that its interaction with cellular RNAs is not limited to miR-9,
indicating that this contact may be inadvertent.

The second possibility is that there is an advantage for OC43 to increase
activated NFKB1. Although the subunit p50 can form dimers with other NF-kB
subunits like p65, it may also form homodimers which can function as
transcriptional repressors. Because p50 lacks transactivation domains (TAD),
when homodimerized it binds consensus sequences in the promoter region and
prevents transcription of various genes. When complexed with many of its co-
activators of transcription, p50 homodimers also initiate transcription of anti-
inflammatory genes. It is this property as well as the inhibitory IkB properties of
precursor pl05 that renders NFKB1 primarily anti-inflammatory. The full-length
subunit p105 is also an inhibitor of NF-kB subunits which can retain them in the
cytoplasm. An excess of both p50 and pl05 subunits may lead to a state of
repression within the cell, whereas normally in the context of a viral infection, a
state of activation is desirable. This may also possibly have an impact on the
interferon response. p50 homodimers have been shown to bind guanine-rich
interferon response elements in the IFN-B enhancer region, effectively preventing
transcription of IFN-f3 (394).

OC43 is by no means the only RNA virus with an RNA-binding protein,
and this could be a common function across different genera of RNA viruses.
Viruses such as influenza A, hepatitis C virus, and rubella virus all possess
nucleocapsid proteins that complex with genomic RNA (395-397). Although
several studies have shown that nucleocapsid recognizes viral RNA specifically,
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it is not necessarily surprising that a viral RNA binding protein is able to bind
cellular RNA (49, 117). miRNAs are an extremely important subset of cellular
RNAs and have been the focus of a large volume of research since their
discovery in the early 1990’s (284). Many groups have shown anti-viral effects of
mMiRNAs as well as viral manipulations of the miRNA pathways, including the
encoding of viral mMiIRNA mimics. This strategy is thought to be mainly a DNA
virus specialty, as they typically have much larger genomes to encode
extraneous virulence factors. RNA viruses must, as with other evasion tactics, be
mutationally creative and utilize what little genomic space they possess. This
often means multitasking of their encoded proteins. This novel mechanism of
binding miRNAs to prevent function is a prime demonstration of how RNA viruses
are constantly evolving to best the host immune system.
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Chapter 5
Final Conclusions
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Due to low rates and severity of morbidity and mortality, human
coronaviruses were understudied until the beginning of the 21 century. With the
emergence of SARS-CoV and MERS-CoV, it appears increasingly imperative
that we understand the biology of coronaviruses, as cross-species transmission
continues to occur. In this body of work, the nucleocapsid protein of HCoVs was
shown to be an inhibitor of the innate interferon response and to deregulate
NFKB1.

The nucleocapsid proteins of HCoVs were able to block IFN-initiated
signalling.  Although we were not able to elucidate the mechanism of
interference, this property of human CoV N proteins has not been previously
shown. It is important to ascertain that this essential protein of HCoV may be a
main contributor to innate immune suppression in infections. This is most likely a
common feature of coronaviruses, as our investigations show three HCoV N
proteins possess abilities to block IFN signalling and in previous publications,
SARS-CoV N as well as MHV N were also capable of antagonizing IFN.

Most intriguingly, the nucleocapsid interfered with the negative regulation
of NFKB1. This ability has not been shown previously in any coronavirus. The
elucidated mechanism is attributed to the RNA binding properties of the
nucleocapsid, which has widespread implications for coronaviruses, as RNA
binding is a common attribute among CoV N proteins.

Taken together, it is tempting to speculate that one of the consequences to
increasing the amount of NFKBL1 is the reduction of IFN-B and other ISGs. In
addition to recognizing and binding to kB promoter sequences, homodimers of
p50 also show a high affinity for guanine-rich interferon response elements (IRE)
(394). p50 homodimers bind to these guanine-rich IREs in the promoter of IFN-3
and other ISGs, repressing the transcription of these antiviral genes (394). As
one of the most abundant NF-kB dimers in mammals, it is thought that these p50
homodimers act as competitive repressors and is speculated to primarily function
as a competitor of IRF3, which preferentially binds a similar IRE sequence (394,
398). If expression of CoV N is able to promote p50 homodimer formation as a
result of increased NFKB1 expression, this may be a mechanism by which CoV
suppresses IFN.

Further research is necessary to test whether N is capable of promoting
p50 homodimer formation and subsequent binding to IFN promoters. The
abundance of p50 homodimers in a cell expressing N could be compared to
untransfected cells, indicating whether N has the capability to positively skew the
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formation of p50 homodimers. The DNA binding preferences of these
homodimers in N expressing cells could also be examined via chromatin
immunoprecipitation and determination of whether there is an increase in p50
homodimer binding to the IFN-B promoter could be examined. IFN-B transcript
levels could also be examined in N expressing cells via quantitative PCR. These
aspects should also be investigated in the context of OC43 infection. As we
observed with miR-9 binding in Chapter 4, it seems that there is an inverse
relationship between N-miR-9 binding and infection progression. This is likely
due to competitive binding of the viral genome as the abundance of the genome
is higher later in infection. It could then be speculated that this mechanism
described above is dependent on the progression of OC43 infection, where N-
miR-9 binding and its subsequent consequences occurs early in infection, but is
lessened at later time points. This avenue would be important to explore in the
future.

Zoonotic transmission of coronaviruses has been proven to possess the
potential to be deadly. Evidence suggests that OC43 originated from BCoV,
citing a deletion of two BCoV accessory proteins, and it is speculated that a
pandemic between 1889 and 1890 coincided with this zoonotic transmission and
genetic divergence (7). This outbreak was characterized by increased fatalities in
the elderly and along with more typical symptoms such as malaise and fever,
severe neurological symptoms were observed, supporting the line of evidence
that the neurotropic OC43 was responsible (7). Although this speculated initial
zoonotic transmission was fatal, OC43 has since become an infection that results
in mild illness in the majority of populations. Both SARS-CoV and MERS-CoV
have bat origins and although SARS-CoV was quickly controlled and has faded
from the population, only time will tell if MERS-CoV will follow suit (399).
Knowing this, it is valuable to learn as much as possible from non-pathogenic or
non-fatal viruses, as much can be inferred from these viruses and implicated in
related, more severe disease-causing viruses. RNA viruses are known to be
highly mutable and coronaviruses are no exception. This research contributes to
the understanding of the molecular biology of coronaviruses, particularly human
CoV, and expands on the knowledge of coronavirus-host interactions. We hope
that these studies have aided in furthering the discipline of human coronavirus
research and have helped to additionally equip the field with knowledge for
zoonotic coronavirus transmissions yet to come.
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