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ABSTRACT

Coronaviruses are important animal and human pathogens. In this study, two stress
pathways — the unfolded protein response (UPR) and c-Jun N-terminal kinase (JNK) pathway are
shown to be activated in cells infected with infectious bronchitis virus (IBV). The inositol
requiring protein 1 (IRE1) branch of UPR protects infected cells from apoptosis by splicing the
MRNA of X-box protein 1 (XBP1) and differentially modulating the activation of two kinases.
The PKR-like ER protein kinase (PERK) branch of UPR promotes IBV-induced apoptosis by
up-regulating C/EBP homologous protein (CHOP). JNK is phosphorylated by MKK?7 during
IBV infection, and it promotes apoptosis by modulating the level of B cell lymphoma-2 (Bcl2)
family proteins. Moreover, IRE1 mediates autophagy induction whereas XBP1 and JNK
contribute to the induction of pro-inflammatory cytokines (interleukin-8) and type-I interferon in
the IBV-infected cells. Therefore, these stress pathways modulate critical cellular events and

contribute to pathogenesis during coronavirus infection.
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Chapter One:

Literature Review



1.1 MOLECULAR BIOLOGY OF CORONAVIRUS

Coronavirus is a family of enveloped virus with a large RNA genome. Coronavirus
infections in domestic animals have long been an important veterinary issue, leading to severe
economic loss worldwide. The emergence of two highly pathogenic human coronaviruses — the
severe acute respiratory syndrome coronavirus (SARS-CoV) and the Middle East respiratory
syndrome coronavirus (MERS-CoV), has clearly demonstrated that coronaviruses can cross the
species barrier and become lethal zoonotic human pathogens. Therefore, understanding the
pathogenesis of coronavirus is essential for identifying antiviral agents and developing effective
vaccines. In the following sections, current knowledge of coronavirus will be reviewed, with a

focus on its molecular biology and replication cycle.
1.1.1 Human and animal diseases caused by coronaviruses

As early as in the 1960s, infection of coronaviruses such as Human Coronavirus 229E
(HCoV-229E) or HCoV-0OC43 has been associated with mild upper respiratory symptoms [1,2].
To date, four human coronaviruses (HCoV-229E, HCoV-OC43, HCoV-NL63 and HCoV-
HKU1) have been demonstrated to be globally distributed and responsible for about one third of
common cold in human adults [3]. Sometimes, these viruses may also cause severe lower

respiratory infections in infants, the elderly and immunocompromised individuals.

In 2002-2003, an outbreak of severe acute respiratory syndrome (SARS) in southern
China rapidly spread to other countries, which eventually infected over 8000 people worldwide
with a mortality rate of ~9.6% [4]. The etiologic agent for SARS was identified as a highly
pathogenic coronavirus and named SARS-CoV [5]. After an incubation period of 2-10 days,
most SARS patients would develop pneumonia, which in severe cases could lead to respiratory
failure and acute respiratory distress syndrome [6]. Apart from the respiratory infection, SARS-
CoV has also been shown to infect multiple organs (such as liver, kidney, intestine and brain)
and the immune system according to autopsy of SARS patients [7]. Initially, the SARS-CoV was
proposed to origin from bat, adapt to the intermediate host palm civet and finally gain the ability
to infect humans [8,9]. Recently a live SARS-like coronavirus has been isolated from bats,

suggesting that direct human infection by some bat coronavirus may also be possible [10].



In 2012, a novel human coronavirus — MERS-CoV emerged in Saudi Arabia, which was
associated with severe acute respiratory illness with a high mortality rate (~40%) in patients with
comorbidities [11,12]. Although sustained human-to-human transmission is considered low,
MERS-CoV has managed to persist and spread to other countries in the Middle East and Europe.
Current evidence strongly suggests the dromedary camels to be the natural reservoirs of MERS-

CoV, adding to the list of zoonotic coronaviruses that are highly pathogenic in humans [13].

Coronavirus also infects a wide range of animals. The murine hepatitis virus (MHV) has
been the most extensively studied prototype coronavirus prior to the SARS pandemic. Being
extremely contagious, MHV has been considered as the most important pathogen of laboratory
mice [14]. There are about 25 strains of MHV, which differ in tissue tropism and virulence. Mice
experimentally infected with the neurotropic strains of MHV (such as A59 and JHM) develop
acute encephalitis and chronic demyelination, which are commonly used as animal models for
multiple sclerosis [15]. On the other hand, natural MHV infection of laboratory mice drastically

affects host physiology and compromises their value as research subjects [14].

Coronavirus infections in domestic animals are also a significant concern in the livestock
industry. Bovine coronavirus (BCoV) and transmissible gastroenteritis coronavirus (TGEV)
mainly infect the gastrointestinal tract, which cause high mortality in neonates and reduce yield
in adults [16,17]. In 2013, the outbreak and spreading of porcine epidemic diarrhea virus
(PEDV), which has a mortality rate approaching 100% in suckling piglets, has caused major
economic impact to the swine industry in North America [18].

Finally, the infectious bronchitis coronavirus (IBV) causes highly contagious respiratory
disease in chickens [19]. Apart from the upper respiratory tract, IBV may also replicates in other
epithelial tissues such as the gastrointestinal tract, kidney and reproductive organs. Infection with
IBV reduces the performance of both meat-type and egg-laying chickens and causes severe

economic loss to the poultry industry worldwide [19].



1.1.2 Classification

The family Coronaviridae, together with Arteriviridae and Roniviridae, are grouped
under the order Nidovirales, which are characterized by the 3’-nested set of subgenomic RNAS
(sgRNAS) during viral replication. Coronaviridae is divided into two subfamilies, the
coronavirinae and the torovirinae. The Coronavirinae is further classified into four genera,
namely the Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus [20].
The classification was originally based on antigenic relationships and later confirmed by
sequence comparisons of viral genomic sequences [21]. Current evidence supports that
Alphacoronavirus and Betacoronavirus evolve from coronaviruses in bats and establish tropism
in mammals, whereas Gammacoronavirus and Deltacoronavirus origin from coronaviruses in

birds and adapt to mainly avian hosts [22].

Within the genus Betacoronavirus, four lineages (A, B, C and D) can be distinguished
based on phylogenetic analysis. MHV, HCoV-OC43 and HCoV-HKUL1 belong to the lineage A.
Lineage B includes the SARS-CoV and its likely precursor, the SARS-like coronavirus WIV1
that infects bats. The newly emerged MERS-CoV, together with two bat coronaviruses HKU4
and HKUS5, belongs to the C lineage, whereas lineage D only contains one species of bat
coronavirus (HKU9). The up-to-date classifications of coronaviruses, as well as prototypes or

clinically important species of each genus, are summarized in Figure 1-1.



Order: Nidovirale

Family: Arteriviridae Coronaviridae Roniviridae
|
| |
Sub-family: Coronavirinae Torovirinae
Genus: Alphacoronavirus ~ Betacoronavirus Gammacoronavirus  Deltacoronavirus
Species: TGEV IBV BuCoV HKU11

— Lineage A: MHV

— Lineage B: SARS-CoV
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— Lineage D: Bat-CoV HKU9

Figure 1-1 Taxonomy of coronaviruses

Taxonomic classification of coronaviruses and the representative viruses. The taxonomic
ranks are presented on the left. TGEV, transmissible gastroenteritis coronavirus; MHV,
murine hepatitis coronavirus; SARS-CoV, severe acute respiratory syndrome coronavirus;
MERS-CoV, Middle East respiratory syndrome coronavirus; Bat-CoV HKU9, bat
coronavirus HKUS; IBV, infectious bronchitis coronavirus and BuCoV HKU11, Bulbul
coronavirus HKU11.




1.1.3 Virion morphology and structures

Under electron microscope, coronavirus is generally spherical or moderately pleomorphic
in shape, with a mean diameter of 80 to 120 nm. The virus particle contains distinct “club-like”
projections on the surface that resemble sonar corona, giving rise to the name coronavirus
(Figure 1-2A). Formed by the trimers of the spike (S) proteins, these protrusions have thin bases
anchoring in the envelope, which swell to about 10 nm at the distal end and project to 20 nm
from the virion surface [23]. In some Betacoronaviruses, a second type of shorter projections (5
to 10 nm) can be found under the major spikes, which are contributed by the homodimers of the
hemagglutinin-esterase (HE) protein [24]. Apart from the prominent S and HE proteins, the
envelop is also embedded with the membrane (M) protein and a much lower amount of the
envelope (E) protein. The interior of the coronavirus virion is occupied by a helically symmetric
nucleocapsid, which is comprised of the RNA genome closely associated with the nucleocapsid
(N) protein. A schematic diagram demonstrating the morphological features of a typical

coronavirus particle is shown as in Figure 1-2B.
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Figure 1-2  Morphology of coronaviruses

(a) Transmission electron micrograph of IBV virions (adapted from Public Health Image
Library). (b) A typical coronavirus particle (Adapted from [20]).




1.1.4 Genome organization

Coronavirus has a non-segmented, single-stranded RNA genome. The genome is positive
sense (same as MRNAS) and is infectious when transfected into permissive host cells. Similar to
eukaryotic mRNAs, the genomic RNA contains a 5’-caps and is modified by 3’-polyadenylation.
The coronavirus genome is the largest among RNA viruses, ranging from 27,000 to 32,000
nucleotides. There are two untranslated regions (UTRs) flanking the coronavirus genomic RNAs.
The 5°-UTR, ranging from 210 to 530 nucleotides in length, contains a leader sequence at the 5°-
terminal that is 70 to 100 nucleotides long. The 3’-UTR ranges from 270 to 500 nucleotides and
contains a highly conserved octameric sequence (GGAAGAGC) 70 to 80 nucleotides upstream
from the poly(A) tail [20].

Unlike most eukaryotic mRNAs, the coronavirus genomic RNAs have multiple open
reading frames (ORFs). Nearly two-thirds of the genome at the 5’ end is occupied by the viral
replicase gene with two ORFs (ORF1a and ORF1b). The remaining one third of the genome
encodes the four structural proteins: the S, E, M and N protein [25]. Although the invariant gene
order in a coronavirus is 5’-replicase-S-E-M-N-3’, rearrangement of the gene order is found to
be tolerated by the virus [26]. In addition to the canonical genes, the coronavirus genome also
contains numerous ORFs coding for accessory proteins, which are interspersed among the
structural protein genes. With a few exceptions, these accessory proteins share low sequence
homology to any known proteins and are not essential for viral replication in the cell culture. A
color-coded schematic diagram of the genome organization for TGEV, MHV, SARS-CoV,
MERS-CoV and IBV is shown in Figure 1-3.

During coronavirus replication, the genome has three main functions. Immediately after
entry and uncoating, the genome serves as an mRNA encoding the replicase polyprotein.
Secondly, the genomic RNA acts as the template for the transcription of subgenomic RNAs and
for the replication of progeny genomes. Finally, during virus assembly, the genomes are

encapsidated by the N proteins and incorporated into progeny virions [20].



Alphacoronavirus

TGEV 3a 7 A

|

3b

Betacoronavirus

— 1
SARS-CoV 3a[5p 7a[5 8a[ 51 mA(n)
|
wiers-cov {[ORFIAERERRIIST 2 1 4argp [ S

Gammacoronavirus

)

— 1

!

Figure 1-3  Genome organization of coronaviruses

Schematic diagram showing the genome organization of TGEV, MHV, SARS-CoV,
MERS-CoV and IBV, respectively. The 5’ leader sequences are shown in green boxes. The
replicase genes (ORF1a and ORF1b) are indicated with red boxes. Structural protein genes
are shown in blue boxes, whereas genes encoding the accessory proteins are represented by
gray boxes (not drawn to scale).




1.1.5 Coronavirus structural proteins

The four structural proteins, namely the S, E, M and N protein, are the major protein
components of the mature coronavirus particles, although some accessory proteins and host
proteins are also recruited into the virion at low abundance. In the following section, structural

and functional characteristics of the coronavirus structural proteins will be briefly reviewed.

1.1.5.1 Spike (S) protein

Being the largest structural protein, the S protein is about 128-160 kilo Dalton (kDa) in
size, and reaches 150-200kDa after glycosylation (exclusively N-linked) [20]. It is a type |
transmembrane protein, with a large N-terminal ectodomain, a single transmembrane domain and
a short C-terminal endodomain (Figure 1-4). In most coronaviruses, the S protein is cleaved by
host proteases into two functional subunits of roughly the same size, an N-terminal S1 domain
and a C-terminal S2 domain [27]. The S protein cleavage may be mediated by furin or furin-like
protease during exocytosis of the virion (as for IBV), by endosomal cathepsin proteases during

cell entry (as for SARS-CoV) or by proteases present in the extracellular milieu [28-30].

The S1 domain makes up the globular head of the S protein and harbors the receptor
binding domain (RBD). The RBD has been mapped to different regions in the S1 domain in
different coronaviruses, namely the N-terminal of S1 for MHV, center of S1 for SARS-CoV and
C-terminal of S1 for TGEV [31-33]. The S2 domain constitutes the stem of the S protein and
contains an upstream buried fusion peptide, followed by two heptad repeat regions (HR1 and
HR2), a transmembrane domain and a short cytoplasmic tail. The fusion peptide and heptad
repeats are important for virus-cell membrane fusion after receptor binding by RBD. For some
coronaviruses like TGEV and IBV, the S protein is retained intracellularly by a tyrosine motif
located in the cytoplasmic tail [34,35].

Due to the large size and the formation of numerous disulfide bonds in the luminal
domain, the S protein folds slowly and trimerizes in the ER before it is transported to the
assembly sites [36]. Based on the fusion mechanisms, the coronavirus S protein is classified as
class | fusion proteins, which also include the influenza virus hemagglutinin (HA) and the human
immunodeficiency virus type | (HIV-1) env protein [27]. Due to its fusion activity, the S protein

often causes cell-cell fusion (syncytia) in the infected cells or when it is overexpressed [37].
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1.1.5.2 Membrane (M) protein

Although the S protein is the most prominent component on the viral envelope, the M
protein is the most abundant protein in the virion. Composing of 220 to 260 amino acids, the M
protein contains a short N-terminus exposed on the outside of the virion, three hydrophobic
transmembrane domains, and a large C-terminal tail inside the virion (Figure 1-4). Coronavirus
M protein is modified by glycosylation on the N-terminal domain, which is O-linked for most
betacoronavirus and N-linked for alpha- and gammacoronavirus [38-40]. Homotypic interaction
between M proteins is thought to provide the scaffold for the assembly of envelope, and
therefore pivotal for the virion morphogenesis [41]. Moreover, the M protein also interacts with
the S, E, N protein and the genomic RNA, thereby orchestrating the proper recruitment of viral
components at the assembly sites [42]. The M protein also interacts with cellular proteins such as
B-actin, and has been implicated in viral pathogenesis as a type | interferon antagonist [43,44].
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Figure 1-4 Membrane topology of the coronavirus S protein and M protein

Schematic diagram showing the membrane topology of coronavirus S and M proteins. The
two sub-units (S1 and S2) of S protein and the heptad repeat regions (HR1 and HR2) for
membrane fusion are also indicated (modified from [20]).
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1.1.5.3 Envelope (E) protein

The E protein is non-glycosylated, very small in size (~8-10kDa) and presents at a low
amount in the virion, which explains its late discovery and recognition as a virion component
[45]. Although the E protein has been shown to be an integral membrane protein, its membrane
topology is still under debate [46,47]. Certain coronavirus E proteins are palmitoylated, although
the function of this modification is unknown [47,48].Nevertheless, E protein is important for
coronavirus assembly, which is likely mediated by its ability to induce membrane curvature and
its physical interaction with the M protein [49,50]. In fact, co-expression of the M and E protein
is necessary and sufficient for the formation of virus-like particles (VLPs) in cells [50,51].
Interestingly, the E protein is not essential for certain coronavirus such as MHV and SARS-CoV,
although deletion of the E protein gene results in severely crippled virions with significantly
lower titers [52,53]. Notably, the E protein has also been shown to exhibit viroporin activity, as it
can alter membrane permeability and function as an ion channel [48,54,55]. Indeed, recent
studies have clearly elucidated the pentameric a-helical bundle of SARS-CoV E Protein, which

shows voltage independent ion conductance that are also regulated by lipid charges [56,57].
1.1.5.4 Nucleocapsid (N) protein

The N protein is a phosphoprotein ranging from 43 to 50kDa in size. The primary
function of N protein is to bind the coronavirus genomic RNA in a beads-on-a-string fashion,
thereby encapsidating it into a helical nucleocapsid within the mature virion [58]. The N-terminal
of the N protein is rich in positively charged arginine and lysine residues, which facilitate its
binding to the negatively charged genome. The C-terminal, however, is rich in basic residues and
is proposed to interact with M protein during viral assembly [59]. The N protein has been found
to bind RNA in both sequence-specific and sequence non-specific manner [60,61]. Interestingly,
in vitro studies have found that phosphorylation of N protein allows binding to viral RNA
substrates with higher affinity compared to non-viral RNA [60,62]. Phosphorylation of N protein
may also play a role in virus assembly and maturation [63]. Being a multifunctional protein, the
N protein has also been implicated in viral RNA transcription and replication [64], viral mMRNA

translation [65], and RNA chaperone activity [66].
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1.1.6 Coronavirus non-structural proteins

As mentioned above, the replicase gene of all coronaviruses consists of two ORF (ORFla
and ORF1b). Translation of ORF1a produces the polyprotein 1a (ppla). Meanwhile, ribosomal
frame shifting can occur at the junction of ORF1a and ORF1b, allowing translation to continue
from ORF1la to ORF1b, producing a larger polyprotein 1ab (pplab) [67]. Both ppla and pplab
are co- or post-translationally cleaved by two ORFla-encoded proteases. Cleavage of ppla
produces 11 non-structural proteins (nspl-nspll), while cleavage of pplab produces 15 non-
structural proteins (nsp1-nspl10, nsp12-nspl16). Notably, due to the lack of a cleavage site that
usually lies between nspl and nsp2 in other coronaviruses, IBV doesn’t have a counterpart of
nspl and only produces 15 non-structural proteins. Autoproteolytic cleavage of ppla and pplab
is mediated by the two papain-like proteases (PL1P™ and PL2P™) activity of nsp3 and the
chymotrypsin-like main protease (MP™) activity within nsp5 [68].

The functions of some non-structural proteins have been partially characterized. The
multi-pass transmembrane proteins nsp3, nsp4 and nsp6 are required for the formation of double
membrane vesicles (DMVs), which are closely associated with the coronavirus replication
transcription complexes (RTCs) [69]. The critical RNA-dependent RNA polymerase (RARp)
activity is encoded by nsp12 [70]. Nsp8 also possess RdRp activity, but it has low-processivity
and acts as a putative primase to synthesize short oligonucleotides primers [71]. The
multifunctional nsp13 is essentially an RNA helicase with 5’ to 3’ polarity, while also possessing
NTPase, dNTPase and RNA 5’-triphosphatase activity [72]. Nsp14 has 3’ to 5’ exoribonuclease
(ExoN) activity, which is proposed to ensure the fidelity during RNA transcription and
replication [73,74]. Nsp15 possesses the uridylate-specific endoribonuclease (NendoU) activity,
which is conserved in all nidoviruses and plays critical (but currently unknown) function during
coronavirus replication [75,76]. Interestingly, nsp14 also mediates RNA capping by a (guanine-
N7)-methyltransferase (N7-MTase) activity, while nsp16 caps RNA by an S-adenosyl-L-
methione-dependent RNA (nucleoside-2-O)-methyltransferase (2°0-MT) activity [77,78]. The

known functions of all coronavirus non-structural proteins are summarized in Table-1-1.
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Table 1-1: Summary of the known functions of coronavirus non-structural proteins.

Protein Functions
Suppression of host gene expression by mRNA degradation [79]; inhibition
Nspl of translation initiation [80]; induction of Go/G1 cell cycle arrest [81];
inhibition of IFN signaling by suppressing STAT1 phosphorylation [82].
Nsp2 Unknown; dispensable for replication in cell culture [83].
Papain-like protease activity for polyprotein processing [68]; ADP-ribose 1”-
Nsp3 phosphatase activity [84]; deubiquitinating enzyme activity [85]; type I IFN
antagonist [86]; NF-«B signaling antagonist [87]; DMV formation [69].
Nsp4 DMV formation [69,88].
Nsp5 Main protease activity for polyprotein processing [68]
Nsp6 Induction of autophagosome formation [89]; DMV formation [69].
Nsp7 Interacts with nsp8 to form a hexadecameric complex [90].
NSDS Interacts with nsp7 to form a hexadecameric complex [90]; noncanonical
P RNA-dependent RNA polymerase activity, may serves as primase [71].
Nsp9 Single-stranded RNA (ssRNA) binding protein [91]; interacts with nsp8 [92].
Nsp10 RNA binding protein [93].
Nspll Unknown.
Nsp12 Primer-dependent RNA-dependent RNA polymerase [70].
Nsp13 RNA helicase with 5° to 3’ polarity [72]; NTPase; dNTPase; RNA 5’-
P triphosphatase activity [94].
3’ to 5 exoribonuclease activity [74]; RNA capping by a (guanine-N7)-
Nspl4 L.
methyltransferase activity [77].
Nspl5 Uridylate-specific endoribonuclease (NendoU) activity [75].
Nsp16 RNA capping by S-adenosyl-L-methione-dependent RNA (nucleoside-2-0)-

methyltransferase (2°0-MT) activity[78].
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1.1.7 Coronavirus replication cycle

The replication cycle of coronaviruses can be artificially divided into several stages:
attachment and entry, translation and assembly of the RTC, transcription and replication,
translation of structural proteins, virion assembly and finally budding of the mature virions

(Figure 1-5). The mechanistic detail of each stage will be briefly described as below.
1.1.7.1 Attachment and entry

Coronavirus infections start with the binding of virion to the cell surface receptor via the
S protein. The interaction between the receptor and S protein is the major determinant of host
and tissue tropism of a coronavirus. In most cases, forced expression of a coronavirus receptor in
a non-permissive cell line renders it permissive to infection by the corresponding coronavirus.
On the other hand, mutations in the S protein, especially in the RBD of the S1 subunit, have been
associated with changes in host specificity. For instance, a single point mutation within the RBD
of a SARS-CoV animal isolate (SZ16) is sufficient to allow for efficient binding to human cells
[95]. As another example, when the ectodomain of MHV S protein is swapped with that of FIPV
(Feline Infectious Peritonitis Virus), the virus is said to be felinized and acquires the ability to
infect feline cells while losing the ability to infect murine cells in vitro [96].

Most alphacoronaviruses use the metallopeptidase callsed aminopeptidase N (APN) as
their receptors. The receptors of betacoronaviruses are more diverse: murine carcinoembryonic
antigen-related adhesion molecules 1 (nCEACAMZ1) for MHV, angiotensin-converting enzyme
2 (ACE2) for SARS-CoV and dipeptidyl peptidase 4 (DPP4) for MERS-CoV respectively [97-
99]. To date no receptors have been identified for gammacoronaviruses, although neuraminidase
treatment rendered permissive cells resistant to IBV infection, indicating a role of sialic acid in
the attachment stage [100].

For most coronaviruses receptor binding alone can initiate the fusion process, although
others (such as SARS-CoV and IBV) requires additional activations such as proteolytic cleavage
or acidic pH [27]. Fusion may occur either on the plasma membrane or the endosomal membrane

depending on the different routes of entry. In both cases, extensive conformational changes occur
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Figure 1-5 Replication cycle of coronaviruses

Schematic diagram showing the replication cycle of coronaviruses. Infection starts with
receptor binding and entry by membrane fusion. After uncoating, the genomic RNA is
translated into polyproteins (ppla and pplab), which are processed by auto-proteolytic
cleavage into replicase proteins. The genomic RNA is used as a template to synthesize
progeny genomes via a negative sense intermediate. Discontinuous transcription of the
genomic RNA results in a nested set of subgenomic RNAs. The replication transcription
centre (RTC) is closely associated with double membrane vesicle (DMV), which is
proposed to be originated from the ER. The S, E and M proteins are synthesized and
inserted in the ER, while the N protein is translated by free ribosomes in the cytosol.
Assembly takes place in the ER-Golgi intermediate compartment (ERGIC) and the mature
virions are released via smooth-walled vesicles by exocytosis.
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in the S protein, exposing a hydrophobic fusion peptide in the S2 subunit. After inserting the
fusion peptide into the host membrane, two heptad repeats in each of the three S monomers come
together to form a six-helix bundle. This enables close juxtaposition of the viral envelope and the
cellular membrane, allowing for fusion of the lipid bilayers and delivery of the nucleocapsid into
the cytosol. This is followed by uncoating — the dissociation of the N proteins from the genomic
RNA. The uncoating process in coronavirus is poorly characterized, and may involve the

activities of host factors and dephosphorylation of the N protein [101,102].
1.1.7.2 Translation and assembly of the replication transcription complex

Because the coronavirus genomic RNA consists of a 5’-methylated cap and a 3’-poly(A)
tail, it resembles cellular mMRNAs and is recognized by the host translation machinery. Cap-
dependent translation of the ORF1a produces the polyprotein ppla. In between ORFla and
ORF1b, there is a “slippery sequence” (UUUAAAC) and a downstream hairpin-type
pseudoknot. By virtue of these two RNA elements, around 25-30% of the ribosomes undergo -1
frameshifting and continue translation on ORF1b, thereby producing the longer polyprotein
pplab [20]. As mentioned above, protease activities residing in nsp3 and nsp5 enable auto-
proteolytic cleavage of the replicase polyprotein into 15-16 non-structural proteins with diverse

functions (see 1.1.6).

To enhance the efficiency of RNA synthesis, the replicase proteins are concentrated and
anchored to intracellular membranes in the perinuclear region of infected cells. Through
membrane association and protein-protein interactions, the coronavirus RTC is assembled, which
is also referred to as “viral factory” [103]. Notably, the RTC associated membranous structure is
originated and modified from the ER, usually in the form of DMV or spherule [104,105].
Membrane rearrangement is likely mediated by the multi-pass transmembrane non-structural

proteins nsp3, nsp4 and nsp6 [69].
1.1.7.3 Genome replication and transcription

Coronavirus RNA synthesis in the RTC comprises of two distinct but related events:
replication and transcription. Genome replication refers to the synthesis of full-length positive

sense genomic RNA for the assembly of progeny virions, whereas transcription refers to the
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production of a 3’-nested set of subgenomic RNAs (sgRNAS) that encode structural and

accessory proteins. To replicate the genome, the replicase synthesizes full-length negative sense
genomic RNA in a continuous fashion, which is in turn used as the template to synthesize large
amounts of positive-stranded genomic RNA. The synthesis of SgRNA is not so straight forward

and involves discontinuous transcription of the genome.

Coronavirus sgRNAs are 3’-nested, meaning that they share the same 3’ ends but contain
5’ ends of different lengths. Moreover, all SgRNAS possess an identical leader sequence (~70 to
100 nt in length) at the 5° end, which is also present in the genomic RNA. Immediate
downstream of the leader sequence is a consensus motif called the transcription-regulated
sequence (TRS), which is conserved in each coronaviruses genus. In the genomic RNA, TRSs
are also located in the intergenic sequences where discontinuous transcription occurs. In the
current model, during the synthesis of negative sense sgRNAS, an RNA segment between an
internal TRS and the TRS downstream of the 5’ leader in the genomic RNA template loops out,
enabling the polymerase to switch template and finish transcription on the 5’ leader sequence.
This results in a 5’-nested set of negative sense SgRNAS, which in turn serve as template for the
synthesis of positive sense sgRNAs [106,107].

1.1.7.4 Translation of structural and accessory proteins

Translated by a cap-dependent mechanism, most of the coronavirus sgRNAS are
functionally monocistronic, meaning that only the most 5’ ORF is translated. For example, in the
case of IBV, sgRNA2, sgRNA4 and sgRNAG only encode the S, M and N protein, respectively.
In contrast, some of the sgRNAs are polycistronic. For instance, the sgRNA3 of IBV encodes the
accessory proteins 3a and 3b, as well as the structural protein E. While 3a is translated by a cap-
dependent mechanism, 3b is translated by ribosome leaky scanning and translation of E is
mediated by internal entry of ribosome [108]. Similarly, the sgRNAS of IBV is bi-cistronic,

encoding another two accessory proteins 5a and 5b [109].

Membrane bound structural proteins (S, M and E) are translated, inserted and folded in
the ER. These proteins are also post-translationally modified by ER resident enzymes, before
transported to the ER-Golgi intermediate compartment (ERGIC) for assembly. On the other
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hand, the N protein is translated by free ribosomes in the cytoplasm and encapsidates the nascent

progeny genomic RNA to form the nucleocapsid.
1.1.7.5 Virion assembly and budding

The ERGIC is generally considered as the site of virion assembly, morphogenesis and
budding for coronaviruses [110,111]. Virion assembly is likely to be orchestrated by the M
protein [20]. Homotypic interaction of the M protein provides scaffold for the formation of viral
envelope. Moreover, the C-terminal cytosolic tail of M protein also interacts with S and N
protein, thereby recruiting them to the assembly sites [112,113]. Importantly, the M protein may
also be responsible for the selective encapsidation of the coronavirus genomic RNA by
interacting with a cis-acting packaging signal [114]. Finally, virion budded into the ERGIC is
exported through cellular secretory pathway in the smooth-wall vesicle, which ultimately fuses
with the plasma membrane, releasing the progeny virus into the extracellular milieu for a new
round of infection cycle. For some coronavirus, a portion of the S protein escapes from viral
assembly and is inserted into the plasma membrane by the secretary pathway. These surface S
proteins cause fusion of the infected cell with neighboring uninfected cells, forming a large
multinucleated cell known as a syncytium. Syncytia formation is a hallmark of the cytopathic
effect (CPE) in cells infected with IBV.
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1.2 APOPTOSIS AND AUTOPHAGY

Apoptosis and autophagy are two cellular events involved in diversities of physiological
and pathophysiological processes. Both apoptosis and autophagy are known to be activated
during coronavirus infections, but detailed mechanisms are only partially characterized. In the
following section, the core signaling pathways of apoptosis and autophagy will be briefly

reviewed, followed by their involvements in coronavirus infections.

1.2.1 Apoptosis

Apoptosis is a mode of cell death morphologically characterized by cell shrinkage,
plasma membrane blebbing, nuclear condensation and fragmentation. Apoptosis is a highly
controlled and self-limited process, in which cellular structures are dismantled from within,
packaged in membrane bound vesicles (apoptotic bodies) that are engulfed by phagocytes [115].
In this manner, apoptosis prevents leakage of intracellular contents and minimizes activation of
the immune system, which distinguishes it from necrosis — the immunogenic form of cell death.
The controlled demolition in apoptosis is coordinated by a family of protease known as cysteine
aspartic acid-specific protease (caspase), which can be activated by either the extrinsic pathway
or the intrinsic pathway (Figure 1-6) [116].

1.2.1.1 Intrinsic pathway of caspase activation

The B-cell lymphoma (Bcl2) family proteins play essential roles in the regulation of
apoptosis. Based on the number of Bcl2 homology (BH) domains, these proteins can be
classified into three groups. The Bcl2 like proteins (such as Bcl2, B-cell lymphoma-extra-large
[Bcl-Xi] and myeloid cell leukemia 1 [Mcl-1]), contain all four BH domains and are anti-
apoptotic. The Bcl2-associated X protein (BAX)-like proteins (such as BAX and Bcl2
homologous antagonist killer [BAK]), contain BH1, BH2 and BH3 but lack BH4. They promote
apoptosis by forming pores in the mitochondrial outer membrane. BH3-only proteins (such as
Bcl2-interacting mediator of cell death [Bim], Bcl2-associated death promoter [Bad] and BH3
interacting-domain death agonist [Bid]) only contain the BH3 domain and are pro-apoptotic
[117].
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Figure 1-6  The extrinsic and intrinsic pathway of caspase activation in apoptosis.

The intrinsic pathway is mediated by the BH3-only proteins, which induces channel
formation in the mitochondrial outer membrane and release of cytochrome c. This is
followed by the subsequent activation of the caspase cascade. The extrinsic pathway is
activated when the death receptors binds to extracellular death ligands, which leads to
activation of caspase 8 or cross-activation of the intrinsic pathway. See text for details
(modified from [115]).
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In the intrinsic pathway, BH3-only proteins act as pathway specific sensors to monitor
various stimuli that cause cell stress or damage. For example, p53 up-regulated modulator of
apoptosis (PUMA) is activated by p53 under DNA damage response; Bad is activated by growth
factor deprivation; and Bim is activated when the cytoskeleton is disrupted. When the BH3-only
proteins are activated beyond a threshold, they can overcome the inhibitory effect of Bcl2 like
proteins and promote the assembly of BAX-BAK channels in the mitochondrial outer
membranes. This leads to the release of cytochrome c from the intermembrane space into the
cytosol. Cytochrome ¢ forms a complex called apoptosome by interacting with Apoptotic
Protease Activating Factor 1 (APAF1) and pro-caspase 9, resulting in proteolytic activation of
caspase 9. Caspase 9 subsequently cleaves and activates caspase 3 and caspase 7, which targets

key substrates in the cells and set off series of events associated with apoptosis [118].

1.2.1.2 Extrinsic pathway of caspase activation

Cells can also be induced to undergo apoptosis by extracellular death signals via the
extrinsic pathway. The tumor necrosis factor (TNF) super-family of death receptors (such as Fas)
are mediators of the extrinsic pathway. Upon binding to extracellular death ligands (such as Fas
ligand [FasL]), the death receptors recruit adaptor proteins such as the Fas-associated death
domain protein (FADD). FADD contains two domains, the death domain (DD) that associates
with the DD in Fas and the death effector domain (DED) that associates with the DED in caspase
8. The complex of FasL-Fas-FADD-caspase 8 is called the death-inducing signaling complex
(DISC) and its formation leads to autocatalysis and activation of caspase 8. Like caspase 9,
caspase 8 can directly cleaves and activates caspase 3 and caspase 7 [117]. On the other hand,
caspase 8 also cleaves the BH3-only protein Bid into truncated Bid (tBid), which promotes

cytochrome c release and apoptosis activation via the intrinsic pathway [119].

1.2.1.3 Coronavirus-induced apoptosis

It has been shown that cell death induced by coronavirus infections can proceed via either
apoptosis or necrosis, or both. Actually, in the infected tissues obtained from autopsy studies of
SARS patients, both apoptotic and necrotic tissues have been observed [120]. In cell culture
studies, various coronaviruses (TGEV, IBV, SARS-CoV, ect) have been found to induce

caspase-dependent apoptosis [121-123]. The coronavirus induced apoptosis is dependent on viral
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replication, and it can be inhibited by caspase inhibitors such as z-VAD-FMK or forced
expression of the anti-apoptotic protein Bcl2 [124,125]. However, inhibition of apoptosis does
not severely affect the coronavirus replication, suggesting that apoptosis may not be essential for
replication in vitro [121,124,125].

For SARS-CoV, it has been found all four structural proteins (S, E, M, N), the main
protease, and the accessory proteins 3a, 3b, and 7a can all induce apoptosis when overexpressed
in cells [120]. However, the mechanisms for apoptosis induction by these proteins are not fully
understood. The E protein and 3a protein have been shown to form ion channels, and it has been
proposed that they may induce apoptosis by perturbing the mitochondrial permeability
[126,127]. Other proteins could modulate the mitogen-activated protein kinase (MAPK)
pathways or cell cycle control proteins, thus leading to apoptosis [128,129]. Interestingly, the N
protein of some coronaviruses has been found to be cleaved by activated caspases during viral

induced apoptosis, although the physiological significance remains unknown [130,131].

1.2.2 Autophagy

Macroautophagy (hereafter referred to as autophagy) is an evolutionarily conserved “self-
eating” process where part of the cytoplasm and/or organelles are sequestered within a double
membrane vesicle (named autophagosome), which ultimately fuses with the lysosome for bulk
degradation [132]. Under basal conditions, autophagy allows cells to break down long-lived
proteins and damaged organelles (such as mitochondria). Autophagy is also activated under
starvation or growth factor deprivation, so that cells can recycle amino acids and fatty acids to
maintain metabolism for cell survival. In fact, it has been found that mice defective in autophagy

cannot survive the nutrient deprivation following birth [133].

Autophagy is also activated under a variety of cellular stress, such as hypoxia, reactive
oxygen species, DNA damage, protein aggregates, or infection of intracellular pathogens [134].
In most scenarios, autophagy facilitates stress adaptation and cell survival. However, in other
settings, autophagy constitutes an alternative pathway of cell death called autophagic cell death
[135]. Complete autophagy pathway can be divided into four steps: initiation, isolated membrane
nucleation, elongation and lysosomal fusion (Figure 1-7). Each step is tightly regulated by

numerous highly conserved autophagy-related genes (ATGs) [136].
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Figure 1-7  The autophagy signaling pathways.

Initiation of autophagy is triggered by inactivation of mTOR and the formation of the
ULK complex. This is followed by nucleation of isolated membrane on the ER by the
class 111 PI3K complex. The elongation of autophagic vesicles is mediated by two
ubiquitin-like conjugation systems, which decorate the autophagosomes with lipidated
LC3-1I1 marker. Finally, the autophagosomes fuse with lysosomes and the contents are
degraded by lysosomal enzymes for recycle to the cytoplasm. See text for detail.
(Modified from [137])
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1.2.2.1 Signaling pathways of autophagy

Inititation ~ Under nutrition replete conditions, the mammalian target of rapamycin
(mTOR) is active and inhibit autophagy by phosphorylating the Unc-51-like kinase 1 and 2
(ULK1/2) and Atgl3. During starvation, mTOR is inactivated, leading to hypo-phosphorylation
of ULK1/2 and Atg13. This leads to the formation of the ULK1/2-Atg13-FIP200 complex and its

translocation from cytosol to certain domains of the ER where autophagy is initiated [138].

Isolated membrane nucleation The ULK complex then recruits the class 111
phosphatidylinositol-3-OH kinase (PI13K) complex, which includes vacuolar protein sorting 34
(Vsp34), Vps15 and coiled-coil, myosin-like Bcl2 interacting protein 1 (beclinl, or BECNL1).
Vsp34 is allosterically activated by beclin 1 and generates phosphotidylinositol-3-phosphate
(P13P). PIP3 recruits effectors such as the double FYVE domain-containing protein 1 (DFCP1)
and WD-repeat protein interacting with phosphoinositides (WIPI). DFCP1 initiates the formation
of ER-associated membrane structures with Q-shape, termed omegasomes, whereas WIPI acts

downstream of DFCPL1 to transform omegasomes into isolated membranes [139].

Vesicle elongation  Two ubiquitin-like conjugating systems play essential role in the
elongation of autophagic vesicles. In the first system, Atg12 is conjugated to Atg5, with the help
of the E1-like enzyme Atg7 and E2-like enzyme Atgl10. The Atg5-Atgl2 conjugate non-
covalently associates with Atg16 to form a multimeric Atg12-Atg5-Atgl6 complex, which is
present on the outer side of the isolation membrane and is essential for proper elongation of the
isolation membrane. In the second system, microtubule-associated proteins 1A/1B light chain 3C
(LC3) is first cleaved by Atg4 at the C-terminal to form LC3-1, which is soluble and localizes in
the cytosol. A lipid moiety, phosphatidylethanolamine (PE), is then conjugated to LC3-1 to form
LC3-I1 with the help of the E1-like enzyme Atg7, E2-like enzyme Atg3 and the Atgl12-Atg5-
Atgl6 complex mention above, which functions as the E3 ligase [139]. LC3 is stably associated
with both the inner and outer membrane of the autophagosomes, and its biochemical and

microscopic detection has been widely used to monitor autophagy [140].

Lysosomal fusion  The last stage of autophagy involves the fusion of autophagosomes
with lysosome or late endosome for cargo degradation. The detailed mechanism regulating

vesicle fusion remains poorly understood. However, the small GTPase Ras-related protein 7
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(Rab7), the lysosomal associated membrane protein 2 (LAMP2) and other proteins have been

proposed to mediate lysosomal fusion [141]. The vesicles after fusion are called autolysosome
and the sequestered cargos are degraded by lysosomal hydrolytic enzymes to recycle essential
biomolecules to the cytoplasm.

1.2.2.2 Coronavirus-induced autophagy

As mentioned above, coronaviruses induce formation of DMVs in the infected cells and
the replication transcription complexes are targeted to the DMVs. Since cellular stress induced
autophagosomes are also double membrane vesicles, there have been some speculations that
coronaviruses may hijack the autophagy machinery. Early studies have demonstrated that the
DMVs induced by MHV and SARS-CoV may be adopted from autophagosomes, because
immune-staining against the autophagy marker LC3 co-localize with proteins of the replication
complexes [142,143]. However, follow-up studies have not been able to corroborate these
results, and no co-localization of autophagosomes and replication complexes were detected
[144,145]. Recenly, it has been found that the non-structural protein 6 (nsp6) of IBV and other
coronaviruses, is responsible for coronavirus induced autophagy [89]. However, nsp6 does not
activate the mTOR pathway or induces ER stress. Therefore, the detailed mechansisms of how

coronaviruses induce autophagy remain elusive.

Previous studies have also shown different result regarding the role of autophagy in
coronavirus replication in cells. Whereas Prentice et al have reported that MHV growth is
reduced in ATGS5 -/- cells, studies by others have shown that MHV replication is not affected in
autophagy defective cells [143,146,147]. Moreover, a recent paper has demonstrated that IBV
replicates normally in cells after ATGS5 silencing or treatment of autophagy inhibitor wortmannin
[89]. Therefore, although coronavirus infections induce autophagy, it is likely that replication
does not rely on autophagy. Interestingly, although knockdown of LC3 significantly reduces
MHYV replication in cells, this can be completely restored by transfection of non-lipidable LC3.
Thus MHV replication only requires the autophagy-independent activity of LC3 [146].
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1.3 ER STRESS AND UNFOLDED PROTEIN RESPONSE (UPR)

Inside a eukaryotic cell, the endoplasmic reticulum (ER) is the major site for the
synthesis, folding, modification and sorting of secreted and transmembrane proteins. In cells
undergoing certain physiological changes (such as cell differentiation) or affected by
environmental stimulations (such as amino acid deficiency), the amount of proteins entering the
ER can fluctuate substantially [148]. If the ER protein influx saturates its folding capacity,
unfolded proteins will accumulate in the ER, leading to ER stress. In order to re-establish ER
homeostasis, signaling pathways known as the unfolded protein response (UPR) are activated,
which are mediated by the three ER transmembrane sensors — PKR-like ER protein kinase
(PERK), inositol-requiring protein 1 (IRE1) and activating transcriptional factor 6 (ATF6) [148].
The following section will summarized current knowledge of UPR signaling pathways, as well

as their implications during coronavirus infections.

1.3.1 ER stress induced by coronavirus infections

Coronavirus replication of in the cytoplasm is closely associated with ER and other
cellular membrane organelles. Recent studies have strongly suggested that coronavirus
replication causes ER stress and induces UPR in the infected cells. Increase expression of ER
protein chaperones, such as the immunoglobulin heavy chain-binding protein (BiP, also known
as glucose-regulated protein 78, or GRP78) or glucose-regulated protein 94 (GRP94), is
generally accepted as an indicator of ER stress [15]. The mRNA levels of BiP and GRP94,
together with other ER stress related genes, have been shown to increase in SARS-CoV-infected
cells or in cells overexpressing the SARS-CoV spike protein, as determined by micro-array
studies [149,150]. Consistently, luciferase reporters under the control of BiP or GRP94
promoters is activated in SARS-CoV-infected cells [151]. Induction of ER stress has also been
detected in cells overexpressing SARS-CoV accessory protein 3a, 6 or 8ab [152-154], or in cells
infected with other coronaviruses such as MHV [155] and IBV [156]. Therefore, ER stress is
likely to be a common outcome in cells infected with coronaviruses [157]. Although not
completely understood, coronavirus-induced ER stress has been mainly attributed to the

following three mechanisms.
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Massive production of the S glycoprotein Except for the N protein, all coronavirus
structural proteins are transmembrane proteins synthesized in the ER. Among them, the large and
highly glycosylated S protein is massively produced for virion assembly during coronavirus
infections [20]. N-linked glycosylation significantly increases the size of the S protein, and has
been shown to promote its folding and trimerization [158]. The folding and maturation of spike
protein presumably depends heavily on the ER protein chaperones, such as calreticulin and
calnexin. In fact, physical interaction between calnexin and the SARS-CoV S protein has been
determined, and inhibition of calnexin function has been shown to reduce the infectivity of
pseudotyped lentivirus bearing the SARS-CoV S protein [159]. The folding, modification and
assembly of the gigantic trimeric S protein undoubtedly increase the workload of the ER. Indeed,
overexpression of the spike protein of SARS-CoV or MHV, but not other structural proteins, has
been shown to induce potent ER stress in cell culture studies [151,155]. Interestingly, a HCoV-
OC43 variant with two point mutations in the spike protein has been found to induce a stronger
ER stress and UPR in the infected neurons as compared to the wild type virus, which may also

contribute to the increased virulence and persistence in mice [160].

Membrane modifications Modification of cellular membranes has been observed in
cells infected with various RNA viruses [161]. Among them, coronaviruses have been shown to
induce the formation of double membrane vesicles (DMVs) in the infected cells [162]. Using
immunocytochemistry and electron microscopy, these DMVs are found to closely associate with
the coronavirus replication transcription complexes (RTCs) where viral RNAs are synthesized
[144,163]. As mentioned above, DMVs formation is presumably mediated by the multi-pass
transmembrane non-structural proteins nsp3, nsp4 and nsp6 [69]. Using high resolution electron
tomography, it has been shown that the DMVs formed in SARS-CoV-infected cells are modified
from a reticulovesicular network derived from the ER, which also contains convoluted
membranes and vesicle packets [104]. Moreover, Reggiori et al. have recently uncovered a
mechanism whereby MHV obtains DMV membrane from the ER [146]. Specifically, the protein
ER degradation enhancer, mannosidase alpha-like 1 (EDEML1) is normally exported from the ER
in COPII-independent vesicles called EDEMosomes. MHV hijacks these EDEMosomes and uses
the membrane to construct the DMVSs, which further supports the ER-origin of the DMVs [146].
Last but not the least, alternative membrane rearrangements such as zippered ER and ER

spherules have also been observed in IBV-infected cells [105].

27



Membrane depletion during coronavirus assembly It has been well established that
the site for coronavirus assembly and budding is the ER-Golgi intermediate compartment
(ERGIC), which is a structural and functional extension of the ER [110,111]. Undoubtedly,
continuous morphogenesis and budding of mature virions into the ERGIC will in effect deplete
the ER membrane component. Previous studies have demonstrated that depletion of
phosphatidylcholine (the major lipid component of ER) affects the morphology of ER and
impairs protein trafficking in the Golgi [164]. This in turns induces ER stress and UPR, and the
affected cells respond by increasing lipid biosynthesis and ER membrane biogenesis [165,166].
Apart from the budding process, coronavirus infections also induce autophagy, and the
autophagosome also obtained its membrane from the ER [89]. Therefore, it is likely that

membrane depletion during coronavirus replication contribute to ER stress.

To summarize, ER stress induced by coronavirus infections may be attributed to: (1)
massive production of the S glycoprotein in the ER; (2) dramatic membrane rearrangement in the
ER for DMVs formation; and (3) ER membrane depletion due to virion assembly and induction
of autophagy. In response to the ER stress, the infected cells will activate the UPR (Figure 1-8).
In the following section, signaling pathways of the three UPR branches and their induction

during coronavirus infections will be discussed in detail.

Coronavirus infection

!

Synthesis of spike protein in ER;
ER membrane rearrangement;
Depletion of ER membrane.

|

ER stress Figure 1-8  Coronavirus-induced ER stress
l T Coronavirus replication causes ER stress by:
synthesis of the spike glycoprotein, ER membrane
UPR modification and depletion of ER membrane. The
/ \ ER stress sensors PERK, IREL, and ATF6 are
activated and trigger UPR in an attempt to counter

PERK IRE1 ATF6 ER stress. See text for detail.
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1.3.2 The PERK branch of UPR and the integrated stress response (ISR)

1.3.2.1 PERK and ISR Signaling pathways

Among the three UPR branches, PERK is generally considered to be the first sensor
activated in response to ER stress [148,167]. In unstressed cells, the luminal domain of PERK is
bound by the ER chaperone BiP and held inactive. Under ER stress, BiP is recruited to interact
with the excessive influx of unfolded proteins and dissociate from PERK. The dissociation of
BiP results in the oligomerization, auto-phosphorylation, and ultimately activation of the tyrosine
kinase activity of PERK [168]. Phosphorylated PERK is usually dephosphorylated and
inactivated by the protein tyrosine phosphatase 1B (PTP1B). In cells under ER stress, however,
PTP1B is inhibited by sulfhydration, and active PERK is thus kept in the active form [169]. The
most well characterized substrate for PERK is the a-subunit of eukaryotic initiation factor 2
(elF2a) [170]. When phosphorylated at serine 51, elF2a forms a stable complex with eukaryotic
initiation factor 2B (elF2B) and inhibits its enzymatic activity. EIF2B is a guanine nucleotide
exchange factor that converts the inactive GDP-bound elF2a to its active GTP-bound form,
which is required for the binding of initiator methionine-transfer RNA (tRNA) to the 40S
ribosome to form the 43S pre-initiation complex [171]. Thus, phosphorylation of eIF2a results in
the inhibition of translation initiation and a general suppression of cellular protein synthesis
[172]. Translation attenuation aims to reduce the influx of newly synthesized proteins into the
already stressed ER. Moreover, elF2a phosphorylation liberates ribosomes and translation
factors from mRNAs, allowing for preferential translation of UPR specific genes and
reprograming the ER for the stress condition [173].

Apart from PERK, three other proteins have been identified as elF2a kinases, namely the
heme-regulated inhibitor kinase (HRI), the general control non-derepressible 2 (GCN2) and the
protein kinase RNA-activated (PKR) [148]. Expressed predominantly in erythroid cells and
hepatocytes, HRI is activated by low heme level and coordinates the synthesis of heme and the
protein moieties of hemoglobin in red blood cells and P450 cytochromes in hepatocytes
[174,175]. GCN2 is the only known elF2a kinase with a homolog in yeast, which is activated by
uncharged tRNA under amino acid deprivation [176]. In the context of virus infection, PKR is
probably the most relevant elF2a kinase, because it is induced by interferon and activated by the

binding of double-stranded RNA (dsRNA), a common intermediate during the replication of a
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diversities of DNA and RNA viruses [177]. Binding of dsSRNA to the two dsRNA binding motifs

leads to dimerization and auto-phosphorylation of PKR, thereby switching on its kinase activity

[178]. Although the upstream stimuli are different, activation of all four elF2a kinases results in

translation attenuation and activates similar signaling pathways, which are collectively known as
the integrated stress response (ISR) (Figure 1-9) [148].
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Figure 1-9 PERK and ISR signaling pathway during coronavirus infections.

Phosphorylation of e[F2a by PKR, PERK, GCN2 or HRI leads to sequestration of elF2B
and inhibits recycling of GTP-bound elF2a, resulting in translation attenuation and the
activation of the ISR. Negative feedback mediated by CHOP and GADD34 aims to restore
translation by promoting dephosphorylation of eIF2a. Infection with MHV-A59, SARS-
CoV, and IBV has been shown to cause elF2a phosphorylation, which is most likely
mediated by PKR and/or PERK. Other proteins in the signaling pathway such as CHOP,
GADD34 and PP1 are also modulated by coronavirus infections. See text for detail.
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Translation of cellular mMRNAs is generally suppressed under ISR. However, mMRNAs of
certain genes consist of small upstream ORFs (uORFs) in their 5’UTR, and they are actually
preferentially translated under ISR [179]. These include one gene called the activating
transcription factor 4 (ATF4), the mammalian homolog of the general control non-derepressible
4 (GCN4) in yeast [173,180]. ATF4 belongs to a large family of transcription factors featured by
a basic-region leucine zipper (bZIP) DNA binding domain [181]. ATF4 induces the expression
of genes involved in amino acid biosynthesis [182], antioxidant response [183], and another
important bZIP transcription factor — the C/EBP homologous protein (CHOP, also known as
growth arrest and DNA damage-inducible protein 153, or GADD153) [184]. Acting together,
CHOP and ATF4 further induces the growth arrest and DNA damage-inducible protein 34
(GADD34), which is a regulatory subunit of the protein phosphatase 1 (PP1) [185]. GADD34
interacts with and activates PP1, which mediates the de-phosphorylation of elF2a to switch off
the translation suppression (Figure 1-9) [186]. The negative feedback enables normal translation
initiation to resume after ER stress is resolved. However, if ER stress persists, restoration of

protein synthesis can also aggravate the ER stress and contribute to cell death [185,187].

1.3.2.2 Activation of ISR during coronavirus infections

There have been diverging results regarding ISR activation during coronavirus infections.
An early study performed in cells infected with MHV-1 has detected minimal transcriptional
activation of PKR and another interferon-stimulated gene, 2°5’-oligoadenylate synthetase (OAS)
[188]. Later experiments using MHV-A59 also confirms that PKR and eIF2a are not
phosphorylated and that host protein translation was not inhibited in the infected cells [189]. The
inability to activate PKR in MHV-AL9 infected cells was attributed to the inhibition of the IFN
response by the virus [189,190]. However, in a separate study using the same virus strain (MHV-
AS9), significant elF2a phosphorylation has been observed starting from 8 hours post infection
(hpt) [191]. Although activation of the corresponding upstream kinases has not been determined,
the protein level of downstream ATF4 is clearly up-regulated, with no apparent induction of
CHOP and GADD34 [191]. It has been proposed that virus may adopt certain uncharacterized
mechanisms to down-regulate the CHOP/GADD34/PP1 feedback loop, allowing for sustained
translation attenuation of the host proteins (Figure 1-9) [191]. Meanwhile, translation of MHV
MRNASs is not affected even when elF2a is phosphorylated, although the reason is not known.

31



In terms of SARS-CoV, significant phosphorylation of PKR and PERK, but not GCN2
has been detected in the infected cells [192]. Phosphorylation of elF2a was also detected,
although changes in the host protein synthesis have not been determined. Unexpectedly, knock-
down of PKR has no effect on SARS-CoV replication or elF2a phosphorylation, indicating that
SARS-CoV is resistant to the antiviral function of PKR in vitro and that eIF20 phosphorylation
in SARS-CoV-infected cells is mediated by other kinases.[192]. On the other hand,
overexpression of SARS-CoV structural proteins has been shown to activate the PERK branch of
UPR. For example, expression of the SARS-CoV S protein activates BiP and GRP98 promoters
in a dosage dependent manner [151]. Induction of BiP and GRP98 is likely mediated through
PERK and elF2a, because co-transfection of dominant negative forms of PERK or elF2a
drastically suppresses the reporter activities [151]. Recently, the PERK activating domain of the
SARS-CoV S protein is mapped to the central region of the S1 subunit and appears to function
independent of N-linked glycosylation [193]. Interestingly, the accessory protein 3a of SARS-
CoV, a small multi-pass transmembrane protein with ion channel activity, has also been found to
activate ATF4 and CHOP promoters, and may be involved in SARS-CoV-induced ISR [152].

As for Alphacoronaviruses, TGEV replication has been shown to induce PKR and elF2a
phosphorylation in the infected cells, although the involvement of PERK has not been
determined [194]. Interestingly, Cruz et al. have generated a recombinant TGEV virus deficient
in the accessory gene 7 (rTGEV-A7). Compared with the wild type virus, cells infected with
I'TGEV-A7 have a much higher level of e[F2a phosphorylation, more severe translation
attenuation and also a stronger induction of GADD34 [194]. Moreover, the protein 7 of TGEV
has been shown to physically interact with PP1, thereby promoting e[F2a de-phosphorylation.
Although the implication of other signaling intermediates (such as ATF4 and CHOP) have not
been determined, it is likely that TGEV infection induces the PKR-eIF2a-GADD34 pathway,
which is in turn modulated by the accessory protein 7.

In terms of Gammacoronaviruses, previous studies done by this group have demonstrated
that IBV triggers PKR and PERK phosphorylations at the early stage of infection (2-8 hpi),
which diminish quickly afterwards [156,195]. The inhibition of PKR (and likely also PERK)
phosphorylation has been attributed to the nsp2 protein, which display weak antagonistic activity
towards PKR [195]. The kinetic of e[F2a phosphorylation is similar to that of PKR and PERK,
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peaking at early time points of infection but dramatically reduces thereafter [156,195].
Consequently, de novo synthesis of host proteins is not significantly affected in cells infected
with 1BV [195]. Besides the inactivation of the upstream kinases, rapid de-phosphorylation of
elF2a could also be attributed to the induction of GADD34 by ATF4 and CHOP, all of which are
significantly up-regulated at later stage of IBV infection [156,195]. RNA interference and
inhibitor experiments further confirms the activation of PKR/PERK-eIF2a-ATF4-CHOP
pathway in IBV-infected cells and the negative feedback by GADD34/PP1. Knock-down of PKR
or PERK, as well as chemical inhibition of PKR or elF2a, greatly reduces IBV-induced CHOP
up-regulation [156]. On the other hand, PP1 inhibition by okadaic acid dosage dependently
inhibits IBV replication and enhances IBV-induced eIF2a phosphorylation [195]. Moreover,

IBV replication is not affected by PKR or PERK knock-down, indicating that similar to SARS-
CoV, IBV is not sensitive to the antiviral activities of PKR or PERK in vitro [156].

1.3.3 The IRE1 branch of UPR

1.3.3.1 The IREL1 signaling pathways

The IRE1 branch of UPR is highly conserved from yeast to humans [196]. Initial studies have
suggested that IRE1 is activated via a similar mechanism as PERK, which involved ER stress
induced dissociation of BiP followed by oligomerization and trans-phosphorylation [168,197].
This idea is further strengthened by the high sequence homology (~47%) of the two proteins’ N-
terminal luminal domains (NLDs), and the fact that their NLDs are interchangeable in vivo [198].
However, recent studies have demonstrated that the NLD of IRE1 can directly bind unfolded
proteins [199]. Moreover, the dissociation of BiP may not be the primary switch for IRE1

activation, but rather serves as a buffer to modulate the sensitivity and dynamics of IRE1 [200].

Phosphorylation of IRE1 activates its cytosolic RNase domain, which results in the
unconventional splicing of the mRNA of homologous to Atf/Crebl (HAC1) in yeast and X-box
binding protein 1 (XBP1) in Metazoans [201,202]. The sequence flanking the spliced intron is
highly conserved, which forms secondary structures recognized by IRE1 [203]. In human,
splicing of the 26-nucleotide intron leads to a frame-shift transcript, which encodes the spliced
XBP1 protein (XBP1s) [202]. XBP1s is a potent bZIP transcription factor that induces
expression of genes harboring the UPR element (UPRE) or the ER stress response element

(ERSE) in the promoter sequences [204]. To counteract ER stress, XBP1s regulates genes
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involved in protein entry into ER, folding, glycosylation, ER-associated degradation (ERAD),
lipid biogenesis and vesicular trafficking [205]. The expression of at least two genes, the ER
DNA J domain-containing protein 4 (ERdj4) and the protein kinase inhibitor of 58 kDa (p58'PK)
have been shown to be specifically induced by XBP1s, but not other UPR transcription factors
[206]. XBP1s also induces the E3 ubiquitin ligase synoviolin, which promotes ubiquitination and
degradation of IRE1, forming a negative feedback loop [207,208]. The unspliced mRNA
(XBP1u) is also translated, which contains only the bZIP domain but not the transactivation
domain. XBP1u has been shown to negatively regulate the activity of XBP1s and undergoes

rapid proteasome dependent degradation (Figure 1-10) [209,210].
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Figure 1-10 IREL1 signaling pathway during coronavirus infections.

IRE1 mediates splicing of XBP1, which induces UPR genes such as ERdj4 and p58'PK.
IRE1 can also recruit TRAF2 and activate JNK-mediated apoptosis. Overexpression of the
spike proteins of IBV and MHV-A59 has been shown to activate IRE1, whereas the
SARS-CoV E protein inhibits XBP1 splicing. See text for detail.
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Previously, the mMRNA of XBP1 has been considered the only splicing substrate for IREL.
Recently, Hollien et al. have identified degradation of ER-localized mRNAs by IRE1 under ER
stress, which is termed regulated IRE1-dependent mMRNA decay (RIDD) [211,212]. Although
most RIDD substrates identified harbor XBP1-like consensus sequences [213], IRE1-mediated
XBP1 splicing and RIDD seems to operate via two distinct mechanisms [214]. Whereas basal
level of RIDD removes ER-associated mRNA to facilitate ER homeostasis, prolonged RIDD has
been shown to degrade mRNAs encoding pro-survival proteins and contribute to ER-stress
induced cell death [215].

Apart from mediating XBP1 splicing, the kinase domain of phosphorylated IRE1 has
been shown to recruit the tumor necrosis factor (TNF) receptor-associated factor 2 (TRAF2)
[216]. The IREL1-TRAF2 complex further interacts with the Apoptosis signal-regulating kinase 1
(ASK1), which ultimately activates the c-Jun N-terminal kinase (JNK) and induces ER stress
dependent apoptosis (Figure 1-10) [217]. The IRE1-IJNK pathway is also required for autophagy
activation after pharmacological induction of ER stress [218]. The decision between autophagy
and apoptosis in cells under ER stress may be intricately regulated by multiple mechanisms,
including the JNK-mediated phosphorylation of Bcl2 and the stress integrator Bax-inhibitor 1
[219,220]. In short, IRE1 facilitates the resolution of ER stress by activating the UPR gene
master control XBP1 and induction of autophagy, but prolonged activation of IRE1 can also

trigger RIDD and apoptosis via the INK pathway.

1.3.3.2 Activation of IRE1 pathway during coronavirus infections

MHYV infection or overexpression of its spike protein has been shown to induce
significant splicing of XBP1 mRNA [155,191]. However, XBP1s protein cannot be detected in
the infected cells and downstream genes such as ERdj4, EDEM1 and p58'PK are not up-
regulated. It is possible that sustained translation attenuation by MHV-induced elF2a
phosphorylation blocks the translation of XBP1s protein and suppresses the activation of this
branch of UPR [191]. In contrast to MHYV, infection of SARS-CoV or transfection of SARS-CoV
spike protein fails to induce XBP1 mRNA splicing [155,221]. This observation have been
attributed to the ability of SARS-CoV E protein to suppress host stress response [221]. A
recombinant SARS-CoV with the E gene deleted (rSARS-CoV-AE) has been generated, and

significant XBP1 splicing and higher expression levels of UPR genes are observed in the
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infected cells, compared with wild type SARS-CoV. Furthermore, transfection of E protein
strongly inhibits ER stress induced by chemicals or RSV infection [221]. The UPR modulating
function of E protein may explain why SARS-CoV lacking E protein is attenuated in animal
models [52], but its detail mechanisms remain to be investigated. Activation of the IRE1
pathway in cells infected with Gammacoronaviruses has not been systematically studied before.
In this project, IBV is used as a model Gammacoronavirus to study the involvement of IRE1

pathway in coronavirus-host interactions, with an emphasis on viral induced apoptosis.

1.3.4 The ATF6 branch of UPR

1.3.4.1 The ATF6 signaling pathways

Unlike PERK or IREL, the ATFG6 protein is a Type-Il transmembrane protein with an N-
terminal bZIP signaling domain and an ER luminal domain that is modified by glycosylation and
disulfide bonding. Similar to PERK, ATF®6 is activated by ER-stress induced dissociation of BiP
[222], although underglycosyltion [223] and reduction of disulfide bonds [224] have also been
suggested as alternative activation mechanisms. Activated ATF6 is translocated to Golgi
apparatus and processed by the Site-1 protease (S1P) and Site-2 protease (S2P) [225]. The
intramembrane proteolysis releases the cytosolic DNA binding domain, which translocates into
the nucleus and switches on genes harboring ERSE or ERSE-I11 in the promoters [226]. The
major target genes of ATF6 consist of ER chaperones (such as BiP, GRP94 and calreticulin) and
some ERAD components, thus activation of the ATF6 branch promotes protein folding and
restoration of ER homeostasis (Figure 1-11) [227].

1.3.4.2 Activation of ATF6 pathway during coronavirus infections

Compared with PERK and IRE1, there have been limited studies on the activation of
ATF6 pathway during coronavirus infections. The cleavage of ATF6 can be observed in cells
infected with MHV, but the level of both full length and cleaved ATF6 protein diminish at late
stage of infection, with no activation of target genes determined by ERSE reporter constructs
[191]. Similar to XBP1s, the lack of ATF6 transactivation may be a result of sustained
translation suppression mediated by elF2a phosphorylation. As for SARS-CoV, no significant
ATF6 cleavage is observed compared with mock infected cells [221]. Overexpression of the

SARS-CoV spike protein also fails to activate ATF6 reporter constructs [151]. In contrast, ATF6
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cleavage and nuclear translocation have been determined in cells transfected with the SARS-
CoV accessory protein 8ab, which has also been shown to physically interact with the luminal
domain of ATF6 [154]. The SARS-CoV 8ab protein was only detected in early human isolates
during the SARS-CoV pandemic. In the later isolants, genome deletion resulted in the splitting of
ORF8 into two smaller ORFs, encoding two truncated protein 8a and 8b respectively [228].
Therefore, further experiments on the 8a and 8b proteins, as well as studies using recombinant
SARS-CoV deletion mutants are required. There has been no published study regarding the
activation of the ATF6 pathway in cells infected with Gammacoronaviruses.
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Figure 1-11 ATF®6 signaling pathway during coronavirus infections.

ATF®6 protein is cleaved by S1P and S2P under ER stress. The released fragment (ATF6f)
translocates to the nucleus and induces UPR genes such as CHOP, XBP1 and ER
chaperones. Transfection of SARS-CoV accessory protein 8ab or infection with MHV-A59
has been shown to induce ATF6 cleavage. See text for detail.
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1.3.5 UPR and coronavirus-induced apoptosis

Prolonged UPR activation is known to cause apoptotic cell death and has been reviewed
in detailed [167,229]. It has also been demonstrated that coronavirus infections induce apoptosis
in vitro [230,231] and in vivo [232,233], which is caspase-dependent but p53-independent
[234,235]. Also, coronavirus-induced apoptosis is dependent on but not essential for virus
replication [124,125]. However, there have been limited studies on the involvement of UPR in
coronavirus-induced apoptosis [236]. Here, we summarize current knowledge on ER stress
induced apoptosis and the implications of UPR during coronavirus infections.

1.3.5.1 Apoptosis induction and regulation: PERK and the ISR

The early phase of ISR, characterized by elF2a phosphorylation and translation
attenuation, aims to restrict ER stress and is pro-survival in nature. However, at late stage of
persistent ER stress, with the induction of CHOP and restoration of protein synthesis by
GADD34, the pathway becomes pro-apoptotic. First, resuming protein translation in a stressed
ER aggravates the ER burden and allows for the expression of pro-apoptotic proteins, such as
CHOP and ER oxidoreductin-1a (ERO1a) [185]. Secondly, CHOP promotes the intrinsic
pathway of apoptosis by inhibiting the transcription of anti-apoptotic Bcl2 [237] and inducing
the pro-apoptotic protein Bcl2-interacting mediator of cell death (Bim) [238]. Moreover, CHOP
also promotes the extrinsic pathway of apoptosis by inducing the cell-surface death receptor 5
(DR5), which mediates apoptosis via caspase-8 cleavage [239]. Previously studies in this lab
have shown that both the mRNA and protein level of CHOP are significantly induced in IBV-
infected cells at late stage infection [156]. Knock-down of PKR or PERK significantly reduces
IBV-induced CHOP up-regulation and apoptosis. Knock-down of CHOP almost completely
abolishes IBV-induced apoptosis in the infected cells, which is associated with the hyper-
phosphorylation of the pro-survival extracellular signal-related kinase (ERK) (Figure 1-12)
[156]. Induction of CHOP is either not observed or not determined in cells infected with other
coronaviruses, although Kréhling et al have shown that PKR is required for SARS-CoV-induced
apoptosis, which is independent of eIF2a phosphorylation [192]. On the other hand, increased
elF2a phosphorylation has been associated with enhanced cytopathic effect and apoptosis in

cells infected with TGEV lacking the accessory gene 7 [194].

38



CoV infection

/  \

dsRNA ER stress
PK PERK ATF6
P-elF2a

\

ER stress CHOP

LN

Casp 12/4 P-ERK Bcl-2

— _—
—-v-—

Apoptosis

Figure 1-12 Involvement of UPR in coronavirus-induced apoptosis.

Under prolonged ER stress, phosphorylation of elF2a by PKR/PERK up-regulates CHOP,
which has been shown to suppress the pro-survival kinase ERK and the anti-apoptotic
mitochondrial protein Bcl2. ATF6 potentially facilitates apoptosis by induction of CHOP.
ER-stress induced apoptosis has also been associated with cleavage of caspase 12 (Casp
12) in mouse or caspase 4 (Casp4) in human, although their involvement during
coronavirus infections is unknown. Pro-apoptotic factors are shown in red boxes, while
pro-survival proteins in blue boxes. See text for detail.
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1.3.5.2 Apoptosis induction and regulation: IRE1, ATF6 and other mechanisms

Similar to PERK, IREL can be either pro-survival or pro-apoptotic depending on the
strength of activation and the downstream signaling pathways. Enhancement of protein folding
and ERAD through the IRE1-XBP1 pathway, as well as basal RIDD of ER-associated mMRNAs
are considered beneficial for adaptation to ER stress and cell survival [167]. In contrast,
signaling through the IRE-JNK pathway and prolonged RIDD activation are considered
detrimental and induce apoptotic cell death [215]. As mentioned above, compared with the wild
type virus, SARS-CoV lacking the E gene induces XBP1 splicing and a high level of stress
response, which is also associated with a higher degree of apoptosis [221]. This may suggest a
pro-apoptotic role of IRE1 during SARS-CoV infection, although further functional experiments
are required. The involvement of the IRE1 pathway in apoptosis induced by other coronaviruses
has not been determined so far.

The involvement of ATF6 in coronavirus-induced apoptosis has not been characterized.
Interestingly, preliminary results from this group have suggested a pro-apoptotic role of ATF6
during IBV infection, which is contrary to the common believe that ATF6 facilitates adaptation
to ER stress and promote cell survival [167]. Moreover, several recent findings have
demonstrated that under certain conditions ATF6 activation may also induce apoptosis via
transcriptional activation of CHOP and/or suppression of myeloid cell leukemia sequence | (Mcl-
1) [240-242]. Aside from the three UPR branches, ER stress induced apoptosis has been shown
to be mediated by other mechanisms, such as fluctuation of ER calcium concentration [229] and
activation of murine caspase 12 [243] or human caspase 4 [244]. However, the involvement of

these UPR-independent pathways in coronavirus-induced apoptosis remains undetermined.

1.3.6 UPR and innate immunity during coronavirus infections

The innate immunity constitute a pivotal anti-viral response against coronavirus
infections, although over-activated inflammatory response also causes extensive tissue damage
and other immunopathologies associated with SARS-CoV infection [245]. In fact, highly
elevated production of pro-inflammatory cytokines/chemokines such as interleukin-1 (IL-1), IL-
6, IL-8, Interferon gamma-induced protein 10 (IP-10) and monocyte chemoattractant protein-1

(MCP-1) has been detected in the lung tissues and serum samples from SARS-CoV patients
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[246,247]. Recent studies have suggested that the UPR may cross-talk with the innate immune
signaling pathways and modulate the production of type-I interferons and/or pro-inflammatory
cytokines in virus infected cells [248]. In the following section, implications of UPR in the

innate immunity in the context of coronavirus infections will be briefly discussed.

1.3.6.1 UPR-mediated NF-kB activation

For decades, the transcription factor nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) has been well established as the master regulator of innate immunity
and pro-inflammatory response [249]. Expression of pro-inflammatory cytokines (such as IL-6
and IL-8) and the early expression of type-I interferon has been shown to be induced by NF-xB
together with other transcription factors, such as activator protein 1 (AP-1), interferon regulatory
factor 3 (IRF3) and IRF7 [250-253]. Specifically, the SARS-CoV spike protein dosage-
dependently induces the production of TNF-a, IL-6 and IL-8 in transfected cells, which is
mediated by the NF-xB pathway [254,255].

In its inactive form, NF-«B is sequestered by the inhibitor of NF-xB alpha (IkBa), which
prevent the nuclear translocation of NF-xB [256]. The protein level of IkBa is determined by the
rate of synthesis and its degradation by the proteasome. Degradation of IkBa is in turn facilitated
by the IkB kinases (IKK), since phosphorylated [kBa is efficiently modified by poly-
ubiquitination and targeted for proteasomal degradation [257]. The PERK and IRE1 branches of
UPR have been shown to activate NF-xB (Figure 1-13). Translation attenuation mediated by
elF2a phosphorylation effectively decreases the synthesis of [kBa protein in cells under various
stress conditions [258]. On the other hand, IRE1 has been shown to complex with TRAF2 and
activate the basal activity of IKK in cells under ER stress, thus facilitating the phosphorylation
and degradation of IkBa [259]. With less synthesis and more degradation, the protein level of

IkBa is reduced, and NF-kB is in turn activated.

NF-«xB activation in cells under ER stress may be mediated by UPR via other
mechanisms. For example, ER stress induces expression of CHOP, which forms a heterodimer
with the CCAAT/enhancer binding protein § (C/EBPp), preventing it from trans-activating
another transcription factor called peroxisome proliferator-activated receptor y (PPARY) [260].

Because PPARY is a negative regulator of NF-xB, up-regulation of CHOP in cells under ER
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Figure 1-13  Involvement of UPR in innate immunity during coronavirus infections.

The PKR/PERK mediated elF2a phosphorylation leads to translation attenuation and lower
level of IkBa synthesis. On the other hand, IRE1 recruits TRAF2 and activates IKK to
phosphorylate I[kBa, promoting its ubiquitination and degradation. The outcome is a lower
protein level of IkBa, releasing NF-kB for activation of type-I interferons and/or cytokines.
The PERK branch also activates NF-kB by up-regulation of CHOP, which forms
heterodimer with C/EBPf and prevent it from activating PPARy that suppresses NF-xB
activation. The MAP kinases p38 and JNK activate AP-1 and promote cytokine
production. Under ER stress, JNK is phosphorylated by IRE1I/TRAF2 complex, while
ATF3 has been shown to induce DUSPL1 that de-phosphorylates p38. Several proteins,
such as GADD34 or the spliced form of XBP1, have been shown to cross-talk with the
innate immune signaling. Refer to text for detailed description. See text for detail.
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stress thus in effect activates NF-kB and induces the expression of IL-8 [260] (Figure 1-13).
Activation of NF-«B has also been associated with the ATF6-dependent phosphorylation of
RAC-alpha serine/threonine-protein kinase (Akt), although the detail mechanisms have not been
determined [261]. Finally, it should be noted that during coronavirus infections, mediators of
innate immunity may be targeted and modulated by the virus. Therefore, functional studies need
to be performed to validate the involvement of these signaling pathways in the context of

coronavirus infections.

1.3.6.2 UPR-mediated p38 activation

Previously, the induction of IL-6 in cells infected with MHV has been shown to be
mediated by the MAP kinase p38 [262]. Studies from this group have also demonstrated that
induction of IL-6 and IL-8 in IBV-infected cells is dependent on p38 phosphorylation [263].
Also, as a negative feedback mechanism, IBV induces the expression of the dual specificity
protein phosphatase 1 (DUSP1), which de-phosphorylates p38 and suppresses cytokine
production [263]. Previous studies have indicated that DUSP1 is up-regulated in cells under ER
stress [264,265], possibly via the action of ATF3 in the PERK branch of UPR [266]. In fact, one
recent study has detected a reduced activation of the PERK-elF2a pathway in cystic fibrosis
airway cells, resulting in a higher level of phosphorylated p38 and increased production of IL-6
[267]. Therefore, the signaling through PERK-ATF3-DUSP1 may be used by coronavirus to

down-regulate p38 activation and cytokine induction in the infected cells (Figure 1-13).

1.3.6.3 GADD34, XBP1, RIDD and innate immunity

Besides the well characterized involvement of UPR in NF-kB and MAP kinase
activation, UPR has also been shown to modulate innate immune response by other mechanisms.
In particular, the UPR proteins GADD34 and XBP1, as well as the RIDD activity of IRE1, have

been implicated in the production of type-I interferons and pro-inflammatory cytokines.

As mentioned above, GADD34 is a co-factor of PP1 that mediates the de-
phosphorylation of elF2a to reverse translation attenuation. Interestingly, when dendritic cells
(DCs) are treated with polyriboinosinic:polyribocytidylic acid (polyl:C), expression of GADD34
is induced via the PKR-eIF2a-ATF4 pathway [268]. Although GADD34 does not significantly
affect protein synthesis, it is required for the polyl:C induced production of interferon 3 (IFN-f)
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and IL-6 [268]. Importantly, similar GADD34-dependent induction of IFN-B and IL-6 has also
been observed in mouse embryonic fibroblasts and mouse neonates infected with Chikungunya
virus (CHIKV) [269]. In a separate study, however, GADD34 is shown to suppress the
production of pro-inflammatory cytokines TNF-a and IL-6 in macrophages triggered by toll-like
receptor 3 (TLR3), TLR4, and TLR9 [270]. This inhibition is mediated by the GADD34/PP1
dependent de-phosphorylation of TGF-p-activated kinase 1 (TAK) in the TLR signaling
pathway. Therefore, the activity of GADD34 in innate immune response seems to be cell type
and stimulus-specific. Since induction of GADD34 has been observed in IBV-infected cells
[195], it would be desirable to examine its involvement in cytokine production induced by IBV

and other coronaviruses.

The transcription factor XBP1 downstream of IRE1 pathway has also been implicated in
innate immune response (Figure 1-13). In mouse macrophages treated with TLR2 agonist
Pam3CSK4 or TLR4 agonist lipopolysaccharide (LPS), significant IRE1 activation and XBP1
MRNA splicing has been detected [271]. Moreover, TLR-activated XBP1 is required for the
optimum and sustained production of IFN-B and pro-inflammatory cytokines (such as IL-6 and
TNF-a) [271]. Similar XBP1-dependent induction of IFN-f has also been observed in murine
DCs treated with polyl:C [272]. Notably, recent studies have identified putative XBP1 binding to
the promoter/enhancer sequences of IL-6, TNF-a and IFN-B [271,273]. In terms of coronavirus
infections, induction of 1L-8 has been associated with ER stress and XBP1 splicing in cells
infected with MHYV or in cells overexpressing the MHV spike protein [155].

Intriguingly, one recent study has pointed to the innate immune signaling function of

IRE1, which is mediated via RIDD and is independent of XBP1. In their study, Cho et al. have
shown that the A subunit of Cholera toxin (CTA) induces ER stress and activates the RIDD
activity of IRE1, which degrades endogenous mRNA into small fragments [274]. These mMRNA
fragments are recognized by the cytosolic sensor retinoic acid-inducible gene 1 (RIG-1), which
activates NF-kB and induces the production of pro-inflammatory cytokines such as IL-6 and IL-
8. Similar observations have been obtained with Shiga toxin and SV40 virus, both of which also
enter the ER to induce disease [274]. Therefore, the IRE1-RIDD dependent signaling may be a
general mechanism to bridge ER stress and innate immune response, and its implication during

coronavirus infections deserves further investigation.
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1.4  JINK-THE STRESS-ACTIVATED MAP KINASE

The mitogen activated (MAP) kinases are evolutionarily conserved protein kinases that
regulate a diversity of critical cellular signaling pathways in response to extracellular stimuli,
such as cell division, differentiation, autophagy, apoptosis, innate immunity and pro-
inflammatory response [275]. So far, four subgroups of MAP kinases have been identified in
metazoans, namely the extracellular regulated kinase 1/2 (ERK1/2), ERKS5, the p38 MAP kinase
and the c-Jun N-terminal kinases (JNK) [276,277]. In the following sections, the JNK signaling

pathways, as well as the involvement in apoptosis and innate immunity will be reviewed.

1.4.1 JINK signaling pathways

JNK, also known as the stress-activated protein kinase, is activated by a variety of
environmental stress, such as oxidative stress, DNA damage, ionizing radiation, protein synthesis
inhibition etc. [276]. INK is also activated by pro-inflammatory cytokines such as TNF-ao and
IL-1[278,279], or by growth factors such as transforming growth factor  (TGF-p) [280].
Similar to other MAP kinases, JNK is activated through a kinase signaling cascade. The signal
initiators responding to cellular stresses are small GTPases of the Ras homolog (Rho) family,
such as Rho, Ras-related C3 botulinum toxin substrate (Rac) and cell division control protein 42
(cdc4?2). These GTPases activate the MAP kinase kinase kinase (MKKK), which include at least
14 kinases differentially regulated by protein interactions and covalent modifications [281] . The
MKKK in turn activates the MAP kinase kinase (MKK). The N-lobe presents in the kinase
domain of MKKK interacts with the domain for versatile docking (DVD) site in MKK,
facilitating the dual phosphorylation of two residues in the MKK’s catalytic domain [282]. Two
MKKs — MKK4 and MKK7 have been associated with JNK activation, which involves the dual
phosphorylation of a threonine and a tyrosine residue within a conserved Thr-Pro-Tyr motif
inside JNK’s catalytic domain. Whereas MKK?7 is specific for INK only, MKK4 has been shown
to also phosphorylate p38. Moreover, the two MKKs are differentially activated by upstream
kinases, with MKK4 primarily activated by environmental stress and MKK?7 primarily activated
by cytokines [281]. Apart from the interactions via docking domains, the MKKK-MKK-JNK
signaling module is also organized by scaffold proteins, such as JNK interacting proteins (JIP).
The assembly of the JNK signaling module is demonstrated in Figure 1-14.
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Figure 1-14 The JNK signaling module and kinase cascade.

Left, the assembly of the JNK signaling module is facilitated by physical interactions
between substrates and upstream kinases via docking domains and bindings of scaffold
proteins such as JIP. Right, the inverted pyramid of kinase cascade in JNK signaling. At
least 14 MKKKs activates two MKKs, which in turns activates JNK. JNK phosphorylates
substrates such as c-Jun to enhance their transcription activity. ASK1, apoptosis signal-
regulating kinase 1; DLK, dual leucine zipper-bearing kinase; LZK, leucine zipper-bearing
kinase; ZAK, zipper sterile alpha motif kinase; TAO1/2, thousand and one amino acid
protein kinase 1/2; MEKK1-4, MAPK/ERK kinase kinase 1-4; TAK1, transforming
growth factor beta-activated kinase 1; MLK1-4, mixed-lineage kinase 1-4. See text for
detail.

The JNK protein kinases are encoded by three genes: JINK1, INK2 and JNK3. Whereas
JNK1 and JNK2 are expressed ubiquitously, INK3 is primarily expressed in the brain, heart and
testis [281]. Moreover, alternative splicing of the transcripts results in at least ten JNK isoforms,
although functional significance of these isoforms is still unknown. When resolved by SDS-
PAGE and detected by Western blot, two bands of 46kDa and 55kDa are usually observed.
Although mice deficient of JINK1 or JNK2 are morphologically normal, they are defective in T
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cell function and thus immunodeficient [283]. The best characterized function of JNK is
phosphorylation of the transcription factor c-Jun at Ser 63 and Ser 73, thus the name c-Jun N-
terminal Kinases [284] (Figure 1-14). Apart from c-Jun, JNK has also been shown to
phosphorylate other transcription factors such as activating transcription factor 2 (ATF2), ETS
domain-containing protein (Elk-1), p53 and heat-shock factor 1 (HSF1), to name just a few [285-
288]. INK mediated phosphorylation generally activates the transcription factors. For example,
phosphorylated c-Jun heterodimerizes with FBJ murine osteosarcoma (c-Fos) to form the
activator protein 1(AP-1) complex, which binds to promoters harboring the 12-O-
tetradecanoylphorbol-13-acetate (TPA) response element and activates gene expression [289].
The kinase activity of INK is negatively regulated by various mechanisms, such as

dephosphorylation by the dual-specificity phosphatases (DUSPs) [290].

1.4.2 Activation of the INK pathway during coronavirus infections

JNK phosphorylation has been detected in cells infected with MHV or SARS-CoV
[262,291]. Activation of the JNK pathway has also been demonstrated in cells overexpressing
the N protein, accessory protein 3a, 3b or 7a of SARS-CoV [128,292,293]. In a study using
specific inhibitors, Mizutani et al have shown that the JNK and Akt signaling pathways are
required for establishing persistent SARS-CoV infection in Vero EG6 cells, suggesting a pro-
survival function for these kinases [294]. Phosphorylation of JNK and Akt is likely induced by
the SARS-CoV N protein, and the anti-apoptotic Bcl2 and Bcl-xL proteins may also contribute
to the persistent infection [295]. JNK activation has also been observed in HEK293 cells
overexpressing the SARS-CoV S protein [296]. The spike protein of SARS-CoV activates the
protein kinase C epsilon (PKCg), which induces JNK phosphorylation in a calcium independent
manner. Moreover, JNK is required for the activation of cyclic AMP response element binding
proteins (CREB) and the expression of cyclooxygenase-2 (COX-2) gene induced by the SARS-
CoV spike protein [296]. To conclude, it is generally accepted that JINK is activated during
coronavirus infections, but the detail mechanisms of the upstream signaling pathways and the

implications in regulating host innate immune response are still largely unknown.
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1.4.3 The role of INK in apoptosis signaling

Previous studies have demonstrated that the JNK pathway is closely associated with
apoptotic signaling [297]. In fact, INK1-/-JNK2-/- mouse embryonic fibroblasts (MEFs) were
found to be resistant to apoptosis in response to UV irradiation, DNA damage and translation
inhibition [298]. Moreover, MEFs with non-phosphorylatable alanine mutation in c-Jun showed
a similar resistance to UV-induced apoptosis [299]. The pro-apoptotic role of INK is further
supported by studies using JNK inhibitors. Apoptotis of hepatocytes and cardiomyocytes
following ischemia/reperfusion injuries has been shown to be attenuated in rats treated with INK
inhibitors [300,301]. JINK-mediated apoptosis is likely mediated by two mechanisms:
transactivation of pro-apoptotic genes in the nucleus and interactions with the Bcl2 family of

proteins in the mitochondria [297].

Upon phosphorylated by MKKs, JNK translocates into the nucleus and activates substrate
transcription factors [281]. JNK dependent activation of AP-1 has been shown to up-regulate the
expression of pro-apoptotic genes such as BAK1, FasL and TNF-a [302]. However, under
certain conditions, JNK-mediated apoptosis could occur independent of AP-1 [303]. It is
proposed that whether JNK activation of AP-1 is required for apoptosis seems to be highly
dependent on the cell type and the type of apoptotic stimuli [304]. This is not unexpected,
because other transcription factors have been identified as JNK substrates. For example, JNK has
been shown to phosphorylate p53 and inhibit its ubiquitin-mediated degradation [287]. Later
studies have further demonstrated that JNK is required for p53-dependent apoptosis in cells
overexpressing 10-formyltetrahydrofolate dehydrogenase [305]. INK-dependent phosphorylation
and stabilization is also required for DNA damage induced apoptosis mediated by p73, another
transcription factor from the p53 family [306]. After activated by JNK, p53 and p73 most likely
promote apoptosis by inducing the expression of pro-apoptotic Bcl2 proteins such as BAX and
PUMA (Figure 1-15).

In addition to the nuclear activities, JNK has been shown to translocate to the
mitochondria and modulate the function of Bcl2 family proteins [307]. For example, a pro-
apoptotic BH3-only protein called Bid, has been found to be cleaved by JNK independent of
caspase 8 [308]. The resulting fragment — jBid then translocates to mitochondria and promote the

release of the pro-apoptotic protein Second mitochondria-derived activator of caspase (Smac,
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Figure 1-15 The role of INK in apoptotic signaling.

JNK promotes apoptosis by nucleus- and mitochondria-targeted signaling. Phosphorylated
JNK translocates into the nucleus and activates pro-apoptotic proteins such as p53 and BAK.
The p53 family of transcription factors induces the expression of pro-apoptotic protein BAX
and PUMA. Some pro-apoptotic Bcl2 family proteins (such as BAD, Bim, Bmf) are directly
phosphorylated and activated by JNK. Bid is known to be cleaved and activated by JNK. JNK
are also involved in apoptosis signaling crosstalk between ER and mitochondria. ER stress
activates IRE1, which is known to activate JNK via TRAF2. JNK is also required for calcium
ion release from the ER, which is taken up by the mitochondria and induces apoptosis by
disrupting the outer membrane permeability. Inhibition of Bcl2 by pro-apoptotic Bcl2 family
proteins, release BAX from sequestration, allowing it to form pores on the mitochondrial
outer membrane. This leads to the release of cytochrome ¢ (Cyt ¢) and Smac, formation of the
apoptosome, activation of the caspase cascade and induction of apoptosis. See text for detail.
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also known as direct IAP-binding protein with low pl, or DIABLO). INK-dependent
phosphorylation of Bim and Bcl2 modifying factor (Bmf) has been shown to dissociate them
from sequestering motor protein complexes and allow for their pro-apoptotic activity [309].
Moreover, JNK has been shown to phosphorylate BAD and its inhibitory binding partner 14-3-3
protein [310,311]. This releases BAD from sequestration and allows it to inhibit the anti-
apoptotic Bcl2 proteins, thereby promoting apoptosis [312]. Finally, JNK has also been
demonstrated to directly phosphorylate Bcl2 at Ser70 and inhibit its anti-apoptotic activity during
apoptosis induced by pacilitaxel [313] (Figure 1-15).

Recent studies have also suggested the pro-apoptotic role of INK in the crosstalk between
ER and mitochondria [314]. As mentioned above, JNK is activated by the kinase activity of
IRE1 during ER stress and accounts for ER-stress induced apoptosis [216]. Also, during IL-1p-
mediated cell death, JNK is required for the ER Ca?* release via the inositol 1,4,5-triphosphate
receptor [315]. The perturbation of ER Ca?* induces ER stress and activates the pro-apoptotic
pathways of the UPR [316]. Moreover, Ca?* release from ER is taken up by the mitochondria,
resulting in mitochondrial outer membrane permeabilization and induction of apoptosis [315].
Therefore, INK may act both upstream and downstream of the UPR pathway in the apoptotic
signaling (Figure 1-15).

1.4.4 JNK and innate immunity

It is generally accepted that activation of the MAP kinases, in conjunction with NF-xB
and the interferon-regulatory factors (IRFs), are crucial in regulating the innate immune
response. Innate immune cells, such as macrophages and DCs, use a limited number of pattern
recognition receptors (PRRs) to recognize the pathogen-associated molecular patterns (PAMPS).
The PRRs identified so far include the Toll-like receptors (TLRs), RIG-I-like receptors (RLRS),
NOD-like receptors (NLRs) and C-type lectin receptors (CLRs). Although these PRRs are
activated by different mechanisms, all of them can activate both the MAP kinase and NF-«xB

pathways, which in turn induces genes related to pro-inflammatory response [317]

Activation of JNK in innate immune cells is most well characterized in the context of
TLR pathway (Figure 1-16a). TLRs are transmembrane proteins that recognized extracellular or

endosomal PAMPs with their leucine-rich repeats. Upon activation, cytoplasmic Toll and IL-1
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receptor (TIR) domains of TLRs interact with TIR-containing adaptor proteins, such as the
myeloid differentiation primary-response protein 88 (MYD88) or TIR domain containing adaptor
protein inducing IFN-B (TRIF). The MYDB88 recruit the IL-1 receptor associated kinase 4
(IRAK4), which in turn recruits IRAK1, IRAK2 and TNF receptor associated factor 6 (TRAF6).
The TRAF6 complex catalyses K63-linked polyubiquitination on TRAF6 and IRAK1 [318].

A critical MKKK called transforming growth factor beta-activated kinase 1 (TAK1) is
essential for transducing the signal to JNK and NF-kxB. Mediated by the TAK1-binding protein 1
(TAB1) and the ubiquitin-binding protein TAB2 and TAB3, TAKL is recruited to and activated
by the TRAF6 complex. TAKL then activates MKK4 and /or MKK?7, which in turn activates
JNK. The essential function of TAK1 in TLR-mediated JNK activation is clearly demonstrated
with Takl1-/- MEFs, in which NF-xB and AP-1 activation are severely impaired when cells are
treated with TNF-o, IL-1 or LPS [319]. In addition, studies using mice with B-cell specific
deletion of TAK1 have confirmed the importance of TAKL1 in TLR4-mediated activation of INK
and p38 [320]. Furthermore, TAKL1 is known to phosphorylate IKK, which promote degradation
of IkBa and activation of NF-«kB [321]. On the other hand, TLR signaling mediated by the
adaptor protein TRIF recruits the TANK-binding kinase 1 (TBK1) and IKK inducible (IKKi),
which mediates the phosphorylation of IRF3 and IRF7 [322]. Activated IRF3 and IRF7
translocate into the nuclei and regulate genes harboring the interferon stimulated response
element (ISRE). TRIF has also been shown to cross-talk with the NF-kB pathway by activating
the receptor-interacting protein 1 (RIP1) [323].

Cytokines and chemokines are secreted by innate immune cells to induce pro-
inflammatory response for recruitment of additional immune cells and subsequent induction of
the adaptive immune response. In fact, expression of cytokines and chemokines is regulated by
the synergistic action of AP-1, NF-xB and IRFs, as evidenced by the presence of respective
response elements in the promoter sequences (Figure 1-16b). Co-operative binding of these
transcription factors has been shown to recruit additional co-activator proteins, such as CREB-
binding protein (CBP, also known as p300). The resulting protein complex, called the
enhanceosome, facilitates the opening of chromatin structure and promotes transcription of the

cytokine/chemokine genes [324].
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Figure 1-16  The involvement of JNK signaling pathway in innate immunity.

(a) Schematic diagram of the TLR signaling pathway leading to the activation of IRF3/7, NF-
kB and AP-1. Upon activation, the adaptor protein MYD88 recruit the TRAF6 complex that
catalyses poly-ubiquitination. With the help of adaptor protein TAB1/2/3, TAKL is recruited to
and activated by the TRAF6 complex. TAK1 phosphorylate MKK, ultimately activating AP-1
via the JNK kinase cascade. TAK1 also activate the IKKs, which promote the degradation of
IkB and activation of NF-kB. The adaptor protein TRIF activates TBK1 and IKKi, which
phosphorylate and activates IRF3 and IRF7. TRIF also activates the NF-kB pathway by
activating the kinase RIP1. (b) Schematic diagram showing the response elements presents in
the promoters of IFNp, IL-6 and IL-8. Binding sites for AP-1 are highlighted in red and binding
sites for NF-«B are highlighted in purple. IRF3 and IRF7 bind to the ISRE highlighted in blue.
The response elements for CRE and C/EBP are shown in grey boxes.
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Among the three MAP kinases, JNK is known to regulate cytokine expression by directly
phosphorylation of c-Jun and activation of AP-1 [325]. Indeed, previous studies have shown that
overexpression of the SARS-CoV S protein induces the IL-8 promoter, which is dependent on
the activation of JNK but not NF-xB [326]. Moreover, the induction of pro-inflammatory
cytokines TNF-a and IL-6 in primary mouse astrocytes infected with MHV-A59 is dependent on
the activation of JNK, but not NF-kB, ERK or p38 [327]. However, the detailed mechanisms of

JNK-dependent cytokine induction during coronavirus infections remain largely unknown.
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1.5 OBJECTIVES

As obligate intracellular parasites with small genomes, RNA viruses are known to co-opt
host factors and remodel subcellular structures to benefit their replication. From the host’s
perspective, timely recognition of a viral infection is a prerequisite to elicit effective and specific
antiviral response. Therefore, studies on host-virus interactions are pivotal in understanding viral

pathogenesis and development of antiviral agents.

The UPR and the JNK kinase are both evolutionarily conserved cellular stress response
mechanisms, which cross-talk with crucial signaling pathways and constitute a major aspect of
coronavirus-host interaction. Although preliminary studies implicate the involvement of UPR
and JNK during coronavirus infections, the detailed mechanisms of the upstream triggers and the

downstream effector functions remain largely unexplored.

Using IBV as a model, this study aims to characterize the activation of UPR and JNK
pathway in coronavirus-infected cells and study their roles in host-virus interactions.
Specifically, the objectives of this study are:

1. To determine the induction of UPR during IBV infection, with an emphasis on the
activation of the IRE1-XBP1 and the PERK-eIF2a-CHOP pathway (Chapter Three);

2. Toinvestigate the potential involvement of UPR in the regulation of IBV-induced
apoptosis, autophagy and pro-inflammatory cytokines production (Chapter Three);

3. To characterize the activation of JNK in cells infected with IBV (Chapter Four);

4. To explore the role of JNK signaling pathway in regulating apoptosis and innate

immune response under the context of IBV infection (Chapter Four);

It is hoped that mechanisms unraveled by this study can contribute to the understanding
of host-virus interactions and viral pathogenesis, providing insights to the development of novel

anti-viral therapies and vaccines for emerging and re-emerging viruses.
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Chapter Two:

Materials and Methods
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2.1 MATERIALS

2.1.1 Reagents and chemicals

The reagents and chemicals used in this study, together with the product brands or

providers, are summarized in Table 2-1 as below.

Table 2-1: List of reagents and chemicals

Reagent/Chemical

Brand/Provider

3,5-Dibromosalicylaldehyde (DBSA)

Sigma-Aldrich

6X DNA loading dye

Thermo Scientific

Agarose Vivantis
Ampicillin Calbiochem
Chloroquine Sigma-Aldrich
Deoxyribonucleotides (ANTPS) Bio-Run
Dithiothreitol (DTT) Sigma-Aldrich
DNA ladder — 50bp, 100bp, 1kb Bio-Run
Dulbecco’s Modified Eagle Medium (DMEM) PAA
Ethidium bromide Bio-Rad

Fetal bovine serum (FBS) Gibco
Formaldehyde Sigma-Aldrich
Geneticin Reagent (G418) Gibco
Kanamycin Calbiochem
Luminol Sigma-Aldrich
p-Coumaric acid Sigma-Aldrich
Penicillin-Streptomycin stock solution PAA

Protein Ladder Bio-Rad
Roswell Park Memorial Institute medium (RPMI) PAA

Sodium Dodecyl Sulfate (SDS) Merck
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SP600125 Sigma-Aldrich
Staurosporine (STS) Millipore
Triton X-100 Merck

Trizol reagent Ambion
Trypsin Gibco

Tween 20 Bio-Rad
[-mercaptoethanol Sigma-Aldrich

2.1.2 Enzymes

All restriction enzymes were purchased from New England Biolabs. T4 DNA ligase was
from Promega. Tag DNA polymerase was provided by Bio-Run. High fidelity (HiFi) DNA
polymerase was obtained from Kapa Biosystems. Master mixture for quantitative PCR (qPCR)

was provided by Life technologies. Reverse transcriptase (ImProm-I1) was from Promega.

2.1.3 Antibodies

Table 2-2 summarizes the provider, catalogue number and animal source of primary

antibodies used in this study.

Table 2-2  List of primary antibodies

Antibody Provider Cat. # Source
Akt Cell Signaling Technology 4691 Rabbit
BAK1 Santa Cruz Biotechnology sc-832 Rabbit
Bcl2 Cell Signaling Technology 2870 Rabbit
Caspase-3 Cell Signaling Technology 9662 Rabbit
Caspase-8 Cell Signaling Technology 9746 Rabbit
Caspase-9 Cell Signaling Technology 9502 Rabbit
c-Jun Cell Signaling Technology 9165 Rabbit
ERK Cell Signaling Technology 9102 Rabbit
FLAG-tag Cell Signaling Technology 2044 Rabbit
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GADD153/CHOP Cell Signaling Technology 2895 Mouse
GFP Clontech 632381 Mouse
IRE1 Cell Signaling Technology 3294 Rabbit
JNK Cell Signaling Technology 9258 Rabbit
LC3B Cell Signaling Technology 3868 Mouse
MKK4 Cell Signaling Technology 9152 Rabbit
MKK?7 Cell Signaling Technology 4172 Rabbit
PARP Cell Signaling Technology 9532 Rabbit
PERK Cell Signaling Technology 3192 Rabbit
Phospho-Akt Cell Signaling Technology 4060 Rabbit
Phospho-Bcl2 Cell Signaling Technology 2827 Rabbit
Phospho-c-Jun Cell Signaling Technology 9261 Rabbit
Phospho-ERK Cell Signaling Technology 9101 Rabbit
Phospho-JNK Cell Signaling Technology 4668 Rabbit
Phospho-MKK4 Cell Signaling Technology 9151 Rabbit
Phospho-MKK?7 Cell Signaling Technology 4171 Rabbit
Phospho-PERK Cell Signaling Technology 3191 Rabbit
XBP1 Santa Cruz Biotechnology sc-7160 Rabbit
B-actin Cell Signaling Technology 4967 Rabbit
B-tubulin Santa Cruz Biotechnology sc-9104 Rabbit

The anti-serum against IBV S protein and N protein were raised in rabbits immunized
with bacterial expressed fusion proteins as previously described [45,328].

Horseradish peroxidase (HRP)-conjugated secondary antibodies used for Western blot

analysis were purchased from Dako. Fluorochrome-conjugated secondary antibodies used for

fluorescent microscopy were purchased from Life technologies.
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2.1.4 Compositions of buffer solutions

Table 2-3 summarizes the chemical compositions of buffer solutions used in this study

Table 2-3  List of buffer solutions and their compositions

Buffer Application Composition (per liter)
30.2g Tris base (250mM)
10X gel running buffer SDS-PAGE 1449 glycine (1.92M)
10g SDS (1%)
30.2g Tris base (250mM)
10X wet transfer buffer Western blot 144g glycine (1.92M)
60.69 Tris base (0.5M)
10X Tris buffer saline (TBS) Western blot 87.8g NaCl (1.5M)
Adjust pH to ~7.4 with HCI
- 7.6g Tris base (62.5mM)
(uithoutpmercaproethanol) | Veser bt 20g SDS (2%)
P Adjust pH to ~6.8 with HCI
2429 Tris base (2M)

18.6g EDTA (50mM)
Adjust pH to ~8.4 with acetic
acid

50X Tris-Acetate-EDTA (TAE) DNA electrophoresis

80g NaCl (1.37M)

29 KCI (27mM)

14.4g NazHPO4 (0.1M)
2.49 KH2PO4 (20mM)
Adjust pH to ~7.4 with HCI

10X Phosphate buffer saline Cell culture
(PBS) Immunofluorescence

2.2 CELLS AND VIRUSES

2.2.1 Cell culture

H1299 cells (ATCC CRL-5803) were cultured in RPMI 1640 supplemented with 5%
fetal bovine serum (FBS) and 1% Penicillin-Streptomycin (PS). Vero cells (ATCC CCL-81)
were cultured in high glucose (4,500 mg/L) DMEM supplemented with 5% FBS and 1% PS.
HEK293/BOSC23 (ATCC CRL 11270), DF1 (ATCC CRL-12203) and Huh-7 cells were
cultured in high glucose (4,500 mg/L) DMEM supplemented with 10% FBS and 1% PS. All
cells were grown in a 37°C incubator supplied with 5% CO..
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Cells in monolayer approaching 100% confluent were sub-cultured in a routine basis.
Briefly, medium was removed and cells were washed twice with PBS before incubated with
0.05% trypsin at room temperature. Dissociated cells were collected with medium containing
FBS and centrifuged at 500 g for 2 minutes. The cell pellet was re-suspended with fresh culture
medium and plated to new culture dishes. Alternatively, the cell pellet was re-suspended with
freezing medium (DMEM with 20% FBS and 10% DMSO) and stored at -80°C as cell stock.
Only low passage cells (<20 passages) were used for all experiments.

2.2.2 Preparation of IBV stocks

The egg-adapted Beaudette strain of IBV (ATCC VR-22) was obtained from American
Type Culture Collection (ATCC) and adapted to Vero cells as previously described [329]. To
prepare virus stock, monolayers of Vero cells were infected at a multiplicity of infection (MOI)
of approximately 0.1 and cultured in plain Dulbecco modified Eagle medium (DMEM) at 37°C.
When the cytopathic effect (CPE) reached 100%, cells were frozen at -80°C and subjected to
three freeze/thaw cycles. The cell lysate was clarified by centrifugation at 1,500 g at 4°C for 15
min. The supernatant was aliquot and stored at -80°C as virus stock. The titer of the virus
preparation was determined by plaque assays. Mock cell lysate was prepared by same treatment
of uninfected Vero cells. Inactivation of IBV was done by exposing the virus stock to 254-nm
shortwave UV radiation for 15 minutes with a CL-1000 cross-linker (UVP).

2.2.3 IBVinfection

For all experiments involving IBV infection, confluent monolayers of cells were washed
twice with respective medium (without FBS or PS) before infected with IBV at the indicated
MOI or incubated with same volume of mock Vero cell lysate. After 1-2 hours of adsorption,
cells were washed twice with plain medium and incubated at 37°C until harvested for protein or

RNA at the indicated time points.

2.2.4 Determination of virus titer by plaque assay

IBV stocks or culture supernatants of IBV infected cells were clarified by centrifugation
and 10-fold serially diluted using DMEM. The viral titers were determined by plaque assay.
Briefly, 200ul diluted supernatants were applied to confluent monolayers of Vero cells in 6-well

plates. The plate was agitated every 10 minutes to ensure proper coverage of the monolayers.
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After 1-2 hours of adsorption, unbound viruses were removed and cells were washed twice with
DMEM. To each well, 2ml overlay medium (0.4% agarose in DMEM) was added and the plates
were incubated at 37°C for two days before plaques formed. The agarose overlay was removed
and cells were fixed with 4% formaldehyde before staining with crystal violet. Finally plaque
numbers were count and the titers of individual samples were expressed in the unit of logarithm

of plaque forming unites (PFU) per ml. Each sample was titrated in triplicate.

2.3 MOLECULAR CLONING
2.3.1 Preparation of chemically competent cells

Glycerol stock of Escherichia coli (E. coli) strain DH5a was streaked onto a LB plate and
incubated at 37°C overnight. A single colony was inoculated into a starter culture of 5ml LB
broth and cultured overnight at 37°C with shaking at 250 rpm. Then the starter culture was
diluted 100 times in a conical flask and kept incubated at 37°C with shaking. The growth of
bacteria was monitor by optical absorbance at 660nm (OD660) using a spectrophotometer. When
OD660 reached 0.8, the culture was chilled on ice for 30 minutes and centrifuged at 4000 rpm
for 15 minutes at 4°C. The pellet was re-suspended in 50ml of ice-cold 0.1M CacCl; solution and
incubated for 30 minutes. After that, the suspension was centrifuged at 4000 rpm for 15 minutes
at 4°C and the pellet was re-suspended in 5ml of 0.1M CaCl with 20% glycerol. The competent

cells were aliquot in tubes, snap-frozen in liquid nitrogen and stored at -80°C.

2.3.2 Polymerase chain reaction (PCR) for molecular cloning

PCR was used to amplify the coding sequence (CDS) of genes, as a first step of cloning
into expression vectors. The compositions and the thermo cycler program for a typically 50uL

PCR reaction is listed as follows:

5ulL High fidelity buffer

2ul Template: complementary DNA (cDNA) from reverse transcription (RT) reaction
1.5uL Forward primer (10uM)

1.5uL Reverse primer (10uM)

1.5uL dNTPs (10uM)

0.5uL Kapa HIFI DNA polymerase

38uL Autoclaved ultrapure water
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PCR thermo cycler program:

94°C, 5 min Initial denaturation

94°C, 20 sec Denaturation -

60°C, 15 sec Annealing | 30-35 cycles
72°C, 60 sec/kb Extension

72°C, 5 min Final extension

The duration of extension was determined by the expected size of the amplicon (~60
seconds required to synthesize 1 kb DNA). After PCR amplification, the product was resolved
using gel electrophoresis to determine the efficiency and specificity of the reaction. For site-
directed mutagenesis, approximately 100ng parental plasmid was used as PCR template and the

cycle number was reduced to 16 cycles to prevent unwanted mutations.

2.3.3 Agarose gel electrophoresis of DNA

Agarose gel was prepared by dissolving calculated amount of agarose in 1X TAE buffer
with heating. Different agarose percentages were chosen based on the size of DNA fragments to
be resolved. Typically, 0.8% gel was used for DNA larger than 3kb, 1% gel for DNA between
300bp to 3kb and 2.5% gel for XBP1 splicing assay. Agarose gel was supplemented with 1pug/ml
ethidium bromide (EtBr) for detection. DNA samples were mixed with 6X DNA loading dye and
loaded to the agarose gel. Electrophoresis was carried out at constant 80-100V and monitored

with the migration of indicator dyes. DNA bands were visualized under UV shadowing.

2.3.4 PCR purification and gel purification of DNA

After resolved by electrophoresis, DNA bands in the EtBr-stained agarose gel were
visualized with UV light, and the fragments of interest were excised using a scalpel. Gel slices
were weighted and 100pL QG buffer per 100mg gel was used to dissolve the agarose gel.
Melting of the gel slices was accelerated with heating at 55°C and occasional vortex.
Alternatively, if a single specific band was detected with electrophoresis, the PCR product could
be directly mixed with 3 times volume of PBI buffer. The dissolved or diluted DNA fragments in
respective buffers were then applied to QIAquick columns and centrifuged at 13000 rpm for 1
minute. After one round of washing with wash buffer and one round of dry spin, the DNA
fragments were eluded with S0uL nuclease free water. The DNA concentration was determined

using a NanoDrop 1000 spectrophotometer.
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2.3.5 Molecular cloning with restriction enzymes

To perform directional cloning, PCR products or vectors were digested with one pair of
suitable restriction enzymes under conditions recommended by NEB. Briefly, ~2-3ug DNA was
mixed with 2uL of each restriction enzyme, Sul. NEB buffer, 0.5uL 100X BSA and topped up
with nuclease free water to a final volume of 50uL. The mixtures were incubated at 37°C
overnight before subjected to DNA electrophoresis. Purified vector and insert were ligated at a
molar ratio of 1:3 using T4 DNA ligase at room temperature for more than 5 hours. For site-
directed mutagenesis, the PCR product was precipitated with absolute ethanol and digested with

Dpnl to remove the parental plasmid.

For transformation, 10uL ligation product or Dpnl-digested product was added to 100uL
DHS5a and incubated on ice for 30 minutes. The bacteria were heat shocked at 42°C for 1 minute
and rapidly returned on ice for 5 minutes. After that, 500uL LB broth was added and the bacteria
were recovered at 37°C for 1 hour with vigorous shaking. Subsequently, all the bacteria were
spread on LB agar plates with suitable antibiotic (100ug/uL of ampicillin or 50ug/uL of
kanamycin) and incubated at 37°C overnight. Finally, 4-6 colonies were inoculated into LB broth

to screen for correct insertion of the desired DNA fragment.

2.3.6 Plasmid minipreparation (miniprep)

The Axygen Axyprep Plasmid MiniPrep Kit was used for isolation of plasmid DNA from
transformed DH5a cells. Briefly, the bacteria were pelleted from 3ml overnight culture by
centrifugation at 13,000 rpm for 1 minute. After complete removal of supernatant, the pellet was
re-suspended with 250uL S1 buffer (supplemented with 100mg/ml RNase A). This was followed
by addition of 250uL S2 cell lysis buffer and gentle inversion of the tube for 6-8 times. After
that, 350uL S3 neutralization buffer was added and the tube was again gently inverted for 8-10
times before subjected to centrifugation at 13,000 rpm for 15 minutes at 4°C. The supernatant
was applied to the spin column and centrifuged at 13,000 rpm for 1 minute. After one round of
washing with W2 buffer and one round of dry spin, the plasmid DNA was eluded with 50uL
nuclease water. The DNA concentration and quality were determined using a NanoDrop 1000
spectrophotometer. Plasmid DNAs were validated by DNA sequencing and stored at -20°C.
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2.3.7 Plasmids

For transfection and overexpression in mammalian cells or chicken fibroblast cells, the
expression vector pXJ40-FLAG, pEGFP-C1 (clontech) and pcDNA3.1-HA were extensively used
in this study. The pXJ40-FLAG vector was previously develop by J.H. Xiao, containing a CMV
promoter, a T7 promoter and an N-terminal FLAG-tag (DY KDDDDK) coding sequence
upstream of the multiple cloning site (MCS). The vector pcDNA3.1-HA was generated by M.
Huang, which consist of a HA-tag (YPYDVPDYA) coding sequence inserted between the Notl
and Xbal sites in the parental vector pcDNA3.1 (Invitrogen).

The plasmids generated for this study, as well as the primer sequences for directional
cloning and site-directed mutagenesis, are summarized in Table 2-4 below.

The plasmid pKT-S was constructed by H. Xiao in this lab as described previously [330].
Other plasmids used in this study were either purchased from Addgene or requested from labs
where they were constructed. Specifically, the autophagy reporter construct pmRFP-GFP-LC3
was obtained from Addgene as previously described [331]. The constitutively active INK
pcDNA-Flag-MKK7-JNK1 and its dominant negative control pcDNA-Flag-MKK7-JNK1(APF)
were also obtained from Addgene as previously described [332]. The expression plasmid for
constitutively active Akt pcDNA-myr-AKT1 was a generous gift from Dr. Jean-Ehrland Ricci as
described before [333]. The IL8 luciferase reporter constructs: pIL8-Fluc, pIL8-44P1-Fluc,
pIL8-ANFxB-Fluc and pIL8-4CEBP[-Fluc were described previously [334] and obtained from
Dr. Mukaida in Kanzawa University (Kanzawa, Japan).
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Table 2-4 Summary of expression plasmids and sequence of primers used for cloning

Plasmid name Vector Insertion or Restriction Forward primer Reverse primer
Mutation(s) enzyme sites | sequence (5’— 3°) sequence (5°— 37)
CGGGGTACCAACA
CCGGAATTCCATGC
PEGFP-LC3 PEGFP-C1 | LC3 ECORVKPN | (G oA AN AL é;;CTAGAAGAGCT
CAAGCGGCCGCCTT
0CDNA-IRE1-HA 0cDNA-HA | IRE1 EcorlNotl | SBBCAATTCGGCCG | rorcancTATCACC
AGTCCTCGCCATG
ACGCT
GACGTGGCCGTGGC | GGGGAGGATCCTCG
PCDNA-IREL-KS99A-HA | pcDNA-HA | IREL K599A | ECORINOH | Sace rocronae | Conoaaeencore
CAAGCGGCCGCCGC
IREL, delete CGGGAATTCGGCCG
PCDNA-IREL-ARNaseHA | peDNAHA | o0 089 EcopiNon | SEC2AATTEE P '(I;:I_(éAGAAGAACGG
CGGGGTACCTTAGT
PEGFP-XBP1u DEGFP-C1 | XBP1U Bgllvkpnl | GBAAGATCTGGAG | 1o rTAATGGCTTC
CTATGGTGGTG
CAGC
GGAAGATCTGGAG | CGGGGTACCTTAGA
DEGFP-XBP1s DEGFP-C1 | XBP1S Bglll/kpnl | SoRASAT ST e an e L Ine,
CGGGGTACCTTAGT
OXJFLAG-XBP1u 0XJ40-FLAG | XBP1U BamHIKpnl | CCAAGATCTGCAG | 1o nrTAATGGCTTC
CTATGGTGGTG
CAGC
GGAAGATCTGGAG | CGGGGTACCTTAGA
DXJFLAG-XBP1s OXJA0-FLAG | XBP1S BamHI/Kpnl | SoAASATE TS R e




XBP1U

GGAAGATCTGGAG

CGGGGTACCTTATA

pXJFLAG-XBP1-DN pXJ40-FLAG R BamHI/Kpnl CCGCCAGAATCCAT
M1-V193 CTATGGTGGTG GGGGAGATG
CCCGGATCCGCAGC | GCCGCTCGAGTCAT
pXJFLAG-CHOP pXJ40-FLAG | CHOP BamHI/Xhol | TGAGTCATTGCCTT | GCTTGGTGCAGATT
TC CACC
CHOP AGCACCTCCCAGGC | ACTGGAATCTGGAG
pXJFLAG-CHOP-S79/82A pXJ40-FLAG S79A/é82A BamHI/Xhol | CCCTCACGCTCCAG | CGTGAGGGGCCTGG
ATTCCAGT GAGGTGCT
CHOP GGCACAGGCAGCT | CCTGCTTGGCCCGT
pXJFLAG-CHOP-L134/141A | pXJ40-FLAG L134A’/Ll41A BamHI/Xhol | GAAGAGAATGAAC | TCATTCTCTTCAGC
GGGCCAAGCAGG TGCCTGTGCC
CHOP. delete CGCGGATCCTTCGG | GCCGCTCGAGTCAT
pXJFLAG-CHOP-AN9 pXJ40-FLAG ' BamHI/Xhol | GACACTGTCCAGCT | GCTTGGTGCAGATT
A2-59
GG CACC
CHOP. delete CGCGGATCCGAAGC | GCCGCTCGAGTCAT
pXJFLAG-CHOP-ANI18 pXJ40-FLAG ‘ BamHI/Xhol | CTGGTATGAGGACC | GCTTGGTGCAGATT
A2-118
TG CACC
CHOP. delete CGCGGATCCACCTA | GCCGCTCGAGTCAT
pXJFLAG-CHOP-AN36 pXJ40-FLAG ! BamHI/Xhol | TGTTTCACCTCCTG | GCTTGGTGCAGATT
A2-G36
GA CACC
CHOP. delete CGCGGATCCGCAGA | GCCGCTCGAGTCAT
pXJFLAG-CHOP-AN70 pXJ40-FLAG ; BamHI/Xhol | GGTCACAAGCACCT | GCTTGGTGCAGATT
A2-P70
CcC CACC
CCCGGATCCATGGC | CTTGGTACCTCAAT
pXJFLAG-MKK4 pXJ40-FLAG | MKK4 BamHI/Kpnl | GGCTCCGAGCCCGA | CGACATACATGGGA
G GAGCTGGGAG
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CCCGGATCCATGGC | CTTGGTACCCTACC
pXJFLAG-MKKY7 pXJ40-FLAG | MKKY BamHI/Kpnl | GGCGTCCTCCCTGG | TGAAGAAGGGCAG
AAC GTGGGG
MKK?7, CATTGCCGTTATGC | GCCGCATTTGCATA
pXJFLAG-MKK7-K149M pXJ40-FLAG K149M BamHI/Kpnl AAATGCGGC ACGGCAATG
MKK7. S271E GAGAAAGCCAAGG | TTCCCGCTCCTTGG
pXJFLAG-MKK7-STS-E3 pXJ40-FLAG /T275é 1S277E BamHI/Kpnl | AGCGGGAAGCCGG | CTTTCTCGTCCACC
CTGTGCCGCC AGGCGGCC
MKK7. S271A GCCAAAGCCAAGG | GGCCCGCGCCTTGG
pXJFLAG-MKK7-STS-A3 pXJ40-FLAG T275 A:/8277 A BamHI/Kpnl | CGCGGGCCGCCGGC | CTTTGGCGTCCACC
TGTGCCGCC AGGCGGCC
CGCAGATCTGCGCA | GCCGCTCGAGTCAC
pXJFLAG-BcI2 pXJ40-FLAG | Bcl2 BamHI/Xhol | CGCTGGGAGAACA | TTGTGGCCCAGATA
GGGTAC GGCACC
GTCGCCAGGACCGC | GTCTGCAGCGGCGC
pXJFLAG-BcI2-S70A pXJ40-FLAG | Bcl2, ST0A BamHI/Xhol GCCGCTGCAGAC GGTCCTGGCGAC
CCCGGATCCATGAC | CTTGGTACCTCAAA
pXJFLAG-c-Jun pXJ40-FLAG | c-Jun BamHI/Kpnl | TGCAAAGATGGAA | ATGTTTGCAACTGC
ACGACC TGCG
c-Jun, CCTCCTCACCGCGC | CAGCTCGGGCCGCCCG
pXJFLAG-c-Jun-AA pXJ40-FLAG S63A/ST3A BamHI/Kpnl CCGACGTG CCAGCTTG
CGCGGATCCGTCAT | GCCGCTCGAGTCAG
pXJFLAG-DUSP1 pXJ40-FLAG | DUSP1 BamHI/Xhol | GGAAGTGGGCACC | CAGCTGGGAGAGG
CTG TCGTAATG
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2.4 RNA MANIPULATION
2.4.1 Total RNA extraction from mammalian cells

Total RNA from cultured cells was extracted with TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. Briefly, cells were washed twice with PBS and lysed with 1ml
TRIzol per 10 cm? effective growth area. The lysates were mixed with one-fifth volume of
chloroform, vortex for 20 seconds and incubated at room temperature for 5 minutes. After
centrifugation at 12,0009 at 4°C for 15 min, the aqueous phase was mixed with equal volume of
isopropanol. RNA was pelleted by centrifugation at 12,000g at 4°C for 15 min, washed twice
with 70% ethanol and dissolved in RNase-free water. The concentration of the total RNA was

measured using a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific).

2.4.2 Reverse transcription

The extracted total RNA was reverse transcribed using the ImProm-II™ Reverse
Transcription System (Promega) according to the manufacturer’s instructions. Briefly, Sug total
RNA was mixed with 1pl oligo-dT primer (10uM) and incubated at 70°C for 5 minutes to
denature RNA higher structures. This pre-RT mixture was then rapidly transferred on ice and
incubated for 5 minutes to allow annealing of the oligo-dT primer to the 3’ polyadenylate tails
present in most host MRNAs and all IBV positive-stranded RNA species. Then, 4ul 5X RT
buffer, 0.5ul ANTP (10mM), 0.5ul RNAse inhibitor (20U, Thermo Scientific) and 1ul RT
enzyme (50U) were added to the mixture. The RT reaction mix was incubated at 42°C for 1 hour
to synthesize the complementary DNA (cDNA) product. Finally, the mixture was incubated at
70°C for 15 minutes to inactivate the RT enzyme and stored at -20°C. The cDNA could be used
for semi-quantitative PCR and quantitative real-time PCR (qPCR) described below.

2.4.3 Semi-quantitative PCR

To determine the relative abundance of a transcript, semi-quantitative PCR was
performed. Briefly, 1ul cDNA was mixed with 2ul 10X PCR buffer, 0.8ul forward primer
(10uM), 0.8l reverse primer (10pM), 0.4pl dNTP (10mM), 0.1l Tag DNA polymerase and
15ul PCR grade H»>O to make up a typical 20ul PCR reaction. The mixture was then incubated in

a thermo cycler with 94°C initial denaturation for 5 minutes, followed by 20-36 cycles of
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Table 2-5 Summary of primers used for semi-quantitative PCR

Gene Name | Accession number | AmPlicon | Forward primer Reverse primer
size (bp) sequence (5°— 37) sequence (5°— 37)
ATR  INmoo7as3 |30 | cern n LA | Crcaceon
CHOP NM_001195053.1 | 300 CATTSSACTOAG | ePAGTCTBsCCC
o ||| AR | ST
EDEM1 NM_014674.2 462 g;ﬁ%i'ﬁ%c’*m ?gﬁzggﬁgCTGG
ERj4|NMLO0128282 (414 | Cacncree o | ACAGTOAG
GAPDH NM_002046.4 444 iﬁg@?gg;;em g?ﬁggéﬁATGAG
HERPUD1 | NM_014685.2 378 giégﬂélTCAG '_’?ggé%gTGGCGA
T L R et
IREL NM_00L4333 (387 | Crgeatge. - |TeGAGTC
NF-«B NM_001145138.1 | 151 gg;ggﬁgéﬁ% ?XEESE(T:TGTG
P58IPK NM006260.4 204 SSSITCSSTTATTC ﬁﬂﬁ?ﬁgg?
PERK  |NM0MS365 |30 | cirerard | Tectreae
BP1 NM_005080.3 ssop63 | TTACGAGAGAAA | GGGTCCAAGTTG
NM_001079539.1 ACTCATGGCC | TCCAGAATGC
IBVGRNA | NC_001451.1 410 ggigéﬁgﬁmm éi%giCCCCTC
IBVsgRNA2 | NC_001451.1 415 SE’?IZ@E@%i ?;%%(T;QECCAA

69




denaturation (94°C,30 seconds), annealing (55°C, 30 seconds) and extension (72°C, 30 seconds).
After a final extension at 72°C for 5 minutes, 10ul PCR product was mixed with 2ul 6X loading
dye and subjected to agarose electrophoresis as described in section 2.3.3. The semi-quantitative
PCR primers used in this study is summarized in Table 2-5.

2.4.4 Quantitative real-time PCR

Quantitative real time RT-PCR (gPCR) was performed using the SYBR select PCR kit
(Life technologies) according to manufacturer’s instructions. Briefly, 1ul cDNA product was
mixed with 0.3pl forward primer (10uM), 0.3ul reverse primer (10uM), 7.5ul 2X SYBR select
master mixture and 5.9ul PCR grade H20 to make up a typical 15ul gPCR reaction. The mixture
was then subjected to thermo cycling in a 7500 real-time PCR system (Applied Biosystems). The
standard protocol include enzyme activation at 50°C for 2 minutes, initial denaturation at 95°C
for 2 minutes, followed by 40 cycles of denature (95°C, 15 seconds) and annealing/extension
(60°C, 1 minute) with fluorescent acquisition at the end of each cycle. The results obtained were
in the form of threshold cycles (Ct values). The relative abundance of the mRNA was calculated
using GAPDH as an internal control and normalized to 0 hours post infection samples (in time
course experiments) or SIEGFP transfected samples (in knockdown experiments). Table 2-6

summarizes the primers used for gPCR in this study.

2.4.5 RNA interference

Small interfering RNA (siRNA) was used to transiently knockdown the expression of
specific host genes. The siRNA sequences (sense strands, 5° — 3”) used in this study are:
SIEGFP, GCUGACCCUGAAGUUCAUCTT,; siBECN1, GAUUGAAGACACAGGAGGCTT;
SIATG5, GCAACUCUGGAUGGGAUUGTT; siATF6, GCAACCAAUUAUCAGUUUATT;
silRE1, GGACGUGAGCGACAGAAUATT,; siXBP1, ACAGCAAGUGGUAGAUUUATT;
siCHOP, GGCUCAAGCAGGAAAUCGATT; siINK, AAAGAAUGUCCUACCUUCUTT,
siPKR, GCGAGAAACUAGACAAAGUTT; siGADD34, GGACACUGCAAGGUUCUGATT.
The siRNA duplexes were purchased from Sigma-Aldrich, dissolved in nuclease-free H>O for a

working concentration of 20puM and stored at -20°C.
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Table 2-6 Summary of primers used for quantitative real-time PCR

Gene Name Accession number Amplicon | Forward primer Reverse primer
size (bp) sequence (5’— 3”) | sequence (5’— 37)
GACAGTACCAA | CTGGCCTTTAGT
ATF6 NM_007348.3 76 CGCTTATGCC | GGGTGCAG
GAACGGCTCAA | TTCACCATTCGG
CHOP NM_001195053.1 | 80 GCAGGAAATC | TCAATCAGAG
TCCAAGTGCCGA | CGAGTTCTGAGC
¢-Jun NM_002228.3 8 AAAAGGAAG TTTCAAGGT
CGGACGAGTAC | CGTAGCCAAAG
EDEM1 NM_014674.2 % GAGAAGCG ACGAACATGC
. TCTTAGGTGTGC | TGTCAGGGTGGT
ERdj4 NM_012328.2 81 CAAAATCG ACTTCATGG
GAPDH NM_002046.4 102 E%%ESTCCAC ﬁgggiﬁecm
AAACTCATGAG | AGGAGATCTTCA
IFNB NM_002176.2 168 CAGTCTGCA GTTTCGGAGG
ATAAAGACATA | AAGCTTTACAAT
IL8 NM_000584.3 102 CTCCAAACCTTT | AATTTCTGTGTT
CCAC GGC
CGGGAGAACAT | CCCGGTAGTGGT
IREL NM_001433.3 115 CACTGTCCC GCTTCTTA
NF-<B (p65) | NM_001145138.1 | 151 ﬂ%ﬁgé%‘gc ?2;%%;??“6
GGCTCGGTATTC | AGTAGCCCTCCG
PS8IPK NM006260.4 204 CCCTTCCT ATAATAAGCAA
GGAAACGAGAG | ACTATGTCCATT
PERK NM_004836.5 11 CCGGATTTATT | ATGGCAGCTTC
. TGCTGAGTCCGC | GCTGGCAGGCTC
XBP1 (spliced) | NM_001079539.1 | 169 Jpedviasdh e
XBP1 (Total) | NM_005080.3 88 PA'%TA%ACCACT%CTC Li%’;%’éAAT%GCCC
AGTAGCTTGGA | CGGCACTGGCAT
IBV+gRNA | NC_001451.1 100 VAot P
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Transfection of sSiIRNAs to H1299 cells was performed using DhamaFECT?2 transfection
reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions. Briefly, H1299
cells were seeded at ~150000 cells per well in a 12-well plate the day before transfection. For
each well, 2.5uL siRNA (20uM) was diluted with 100uL plain RPMI and 2pul. DhamaFECT?2
was diluted with 100 uL plain RPMI in a separate tube and incubated at room temperature for 5
minutes. The diluted siRNA was then mixed with the diluted DhamaFECT2 by gentle vortex and
incubated for 20 minutes at room temperature. Culture medium was removed and 800uL. RPMI
containing 5% FBS was added to each well. Finally, 200uL transfection mixture was added to
respective wells and the cells were incubated at 37°C. Culture medium was changed 6-8 hours
post transfection. Transfection of siRNAs to Huh-7 cells was performed using Lipofectamine
RNAIMAX transfection reagent (Life technologies) similarly, but 5ul siRNA (20uM) and 3ul
RNAIMAX were used per well in a 12-well plate. At 48 hours post-transfection, cells were
infected with IBV at an MOI of 2 or mock infected and continued incubated before harvested for

protein and/or RNA analysis at indicated time points.

2.5 PROTEIN EXPRESSION AND DATA ANALYSIS
2.5.1 Transient expression of plasmid DNA in mammalian cells

Transfection of plasmids to H1299 cells was performed using Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s instructions. Briefly, H1299 cells were
seeded at ~150000 cells per well in a 12-well plate the day before transfection. For each well,
0.8ug plasmid DNA was diluted with 100puL plain RPMI and 2puLL Lipofectamine 2000 was
diluted with 100 pL plain RPMI in a separate tube and incubate at room temperature for 5
minutes. The diluted plasmid was then mixed with the diluted Lipofectamine 2000 by gentle
vortexing and incubated for 20 minutes at room temperature. Culture medium was removed and
800uL RPMI containing 5% FBS was added to each well. Finally, 200uL transfection mixture
was added to respective wells and the cells were incubated at 37°C. Culture medium was
changed at 6-8 hours post transfection to minimize cytotoxicity of Lipofectamine 2000. The
protocol for transfection of Huh-7, HEK293 and DF1 cells is similar, but 1.6pg plasmid DNA

was used per well in a 12-well plate and DMEM was used instead of RPMI.
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In some experiments, cells were transfected using a recombinant vaccinia virus system.
Cells were seeded at ~200000 cells per well in a 12-well plate the day before transfection. Cells
were infected with a recombinant vaccinia virus harboring the T7 RNA polymerase (VTF7) at a
MOI of 1 for 3-4 hours before transfected with plasmid DNA using Lipofectamine 2000.

2.5.2 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

Cells were harvested at indicated times points using cell scrapers (Corning). After
centrifugation at 13,000 rpm for 1 min, the supernatant was discarded and the pellets were
washed twice with PBS and lysed in radioimmunoprecipitation assay (RIPA) buffer. After
clarifying by centrifugation and determination of protein concentration by spectrophotometer,
the cell lysates were mixed with Laemmli sample buffer containing 100 mM dithiothreitol [335].
The protein samples were boiled at 90°C for 5 min and centrifuged at 13,000 rpm for 5 min.
Equal amount of protein samples were subjected to SDS-PAGE. Resolving gels of different
concentrations (8%, 10%, 12% or 15%) were used. Electrophoresis was performed using the
Bio-Rad Mini-PROTEAN |1 system at constant 20 microampere in the presence of 1X running
buffer (25mM Tris-HCI, 192mM glycine and 0.1% SDS). The resolved proteins were transferred
to 0.2 um nitrocellulose membranes using the Bio-Rad Trans-Blot system at 4°C in the presence
of 1X transfer buffer (25mM Tris-HCI, 192mM glycine and 20% ethanol).

2.5.3 Immunoblotting

After the nonspecific antibody binding sites were blocked with 5% bovine serum albumin
(BSA) in Tris-buffered saline (20 mM Tris-HCI pH 7.4, 150 mM NaCl and 0.1% Tween 20), the
membranes were incubated with 1 pg/ml primary antibodies at 4 °C overnight. After washing
with Tris-buffered saline, the membranes were incubated with 1:2000 diluted anti-mouse or anti-
rabbit 1gG antibodies conjugated with horseradish peroxidase (HRP) at room temperature for 2 h.
The membranes were washed and the proteins detected with a chemiluminescence detection kit
(Amersham Biosciences) and medical X-ray films (Fujifilm) according to the manufacturer’s
instructions. To re-probe the same membrane with another antibody, the membrane was
incubated with 10ml stripping buffer (62.5mM Tris-HCI1 pH 6.7, 100mM B-mercaptoethanol and
2% SDS) at 55°C for 20-30 minutes, washed extensively with Tris-buffer saline and blocked
with BSA before incubated with a different antibody.
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2.5.4 Immunofluorescence

Cells plated on glass coverslips were fixed with 4% formaldehyde in PBS at room
temperature for 30 minutes, permeabilized with 0.3% Triton X-100 in PBS and incubated with
primary antibodies diluted in blocking solutions (5% goat serum, 0.3% Triton X-100 in PBS).
The dilution factor for anti-IBV N or IBV S antiserum was 1 to 300. After 1 hour incubation at
room temperature, cells were washed three times with PBS and incubated with anti-rabbit
secondary antibodies conjugated with AlexaFluo488 (Life technologies) for 1 hour in dark. Cell
nuclei were stained with DAPI at a dilution of 1:10000. Fluorescent images were captured using

a Zeiss LSM 510 confocal microscope according to manufacturer’s instructions.

2.5.5 Luciferase assays

HEK?293 cells plated on 12-well plate were co-transfected with 30ng pRL-TK, 0.4ug
firefly luciferase reporter constructs and 0.4ug respective plasmids for 24 hours before infected
with IBV. Luciferase assay was performed using the Dual-Luciferase reporter assay system
(Promega) according to manufacturer’s instructions. Briefly, cells were lysed with 200ul passive
lysis buffer and clarified by brief centrifugation. 20ul cell lysate was mixed with 50l substrate
and the luminescent signal was determined using an Infinite 200 PRO plate reader (Tecan).
Following that 50l Stop & Glo reagent was added to the mixture to quench the firefly luciferase
and the luminescent signal specific for the Renilla luciferase was similarly determined. The
reporter activity was calculated by normalizing the firefly luciferase readout to that of the Renilla

luciferase. Each transfection and luciferase assay was performed at least three times.

2.5.6 Densitometry and statistical analysis

Films from Western blot or DNA gel photos were saved as 8-bit images and semi-
quantitative measurement of band intensity was performed using ImageJ developed by the
National Institute of Health (NIH). The band intensities were normalized with the corresponding
loading controls, such as B-actin in Western Blot and GAPDH in semi-quantitative RT-PCR.
Quantitative or semi-quantitative data were reported as the mean +/- standard deviation from at
least three independent experiments. P-values determined by 2-sample t-test were used to
indicate the significance levels. Asterisks indicate significant differences between the indicated

samples and the control sample (*, P<0.05; **, P<0.01).
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Chapter Three:
Induction of UPR during IBV infection and its

involvement in regulating IBV-induced apoptosis,
autophagy and innate immune response
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3.1 BACKGROUND AND INTRODUCTION

Numerous RNA viruses have been documented to cause ER stress and induce UPR in the
infected cells. For coronaviruses, previous studies related to UPR have been mainly performed
using betacoronaviruses (such as MHV and SARS-CoV) as models [191,192]. Moreover, a lot of
these studies have been based on overexpression experiments where viral proteins are transiently
transfected in culture cells. Therefore, it is uncertain whether similar conclusions will hold true
under the setting of actual coronavirus infections. Finally, despite of its importance in host-virus
interaction, the mechanisms underlying coronavirus-induced UPR and its cross-talks with other

cell signaling pathways have remained largely unexplored.

To gain a better understanding of coronavirus-induced UPR, we use the gamma-
coronavirus IBV as a model. The Vero cells-adapted IBV strain can efficiently infect various
mammalian cell lines, and unlike SARS-CoV, its manipulation does not require BSL3 facilities.
This system provides a powerful model to study host-virus interaction, because host genes
expression can be easily manipulated by ectopic transfection or RNA interference, while targeted

modification of the virus genome is also possible with reverse genetics techniques.

In this chapter, the induction of UPR during IBV infection will be characterized, with a
particular emphasis on the IRE1 branch. Utilizing knockdown and overexpression approaches, it
is concluded that the IRE1 pathway is activated during IBV-infection and plays a pro-survival
role to protect infected cells from IBV-induced apoptosis. Moreover, XBP1 in the IRE1 pathway
is required for the production of IL-8 and IFN-f in IBV-infected cells, suggesting its possible
involvement in regulating the pro-inflammatory and innate immune response against coronavirus

infections.

At the beginning of this project, studies performed in this group have already shown that
IBV infection activates the PERK branch of UPR as well as the PKR kinase. Thus, follow-up
experiments in this thesis will mainly focus on molecular characterization of the downstream
transcription factor — CHOP, and its role in host responses during IBV infection. Our result has
demonstrated that CHOP is a pro-apoptotic protein and may contribute to the regulation of
cytokine production in the IBV-infected cells.
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3.2 ACTIVATION OF THE IRE1 PATHWAY DURING IBV INFECTION AND ITS
INVOLVEMENT IN REGULATING IBV-INDUCED APOPTOSIS

3.2.1 IBV infection activates the IRE1-XBP1 pathway

To determine whether the IRE1 pathway is activated during IBV infection, H1299 cells
were either infected with IBV at MOI~2 or incubated with UV-inactivated IBV (UV-IBV). DTT,
a chemical that induces potent ER stress by reducing disulfied bonds, was added to the cells in
the positive control. Total RNA was extracted at the indicated time points and subjected to semi-
quantitative RT-PCR analysis. The IBV genomic RNA could be detected from 12 hpi onward,
indicating robust replication of the virus genome (Figure 3-1a). HERPUDL is a component of
the ERAD pathway, and its induction is commonly used as a marker for ER stress [155,336]. A
drastic increase in the mRNA level of HERPUD1 could be detected in cells infected with IBV or
treated with DTT, but not in cells incubated with UV-IBV (Figure 3-1a). Therefore, similar to
MHYV and SARS-CoV, IBV also induced ER stress in the infected cells. Expression of IRE1 and
XBP1 at the mRNA level was also determined by RT-PCR. As shown in Figure 3-1a, the
MRNA level of IRE1 gradually increased through the course of infection and slighly reduced at
24 hpi, possibly due to extensive cell death at the late stage of infection. The mRNA of total
XBP1 also stably accumulated overtime, whereas the mRNA levels of both IRE1 and XBP1
remained unchanged in cells incubated with UV-1BV. IRE1 and XBP1 were also induced at the

transcription level in cells treated with DTT (Figure 3-1a).

Upon activation, IRE1 mediates splicing of the XBP1 mRNA by removing a 26-nt intron
[337]. The spliced (XBP1s) and unspliced (XBP1u) mMRNAs can be differentiated by RT-PCR
followed by high percentage agarose gel electrophoresis. In fact, the percentage of XBP1
splicing (band intensity of XBP1s divided by total intensities of XBP1u and XBP1s) has been a
standard measurement of IRE1 activity. As shown in Figure 3-1a, DTT induces high level of
XBP1 splicing (~90%) in H1299 cells. In cells infected with IBV, a significantly lower but
detectable XBP1 splicing (~15%) was observed at 24 hpi, whereas no XBP1 splicing could be
detected at earlier time points or in cells incubated with UV-IBV. The result suggested that IBV
activated IRE1 and induced XBP1 splicing at the late stage of infection.
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Figure 3-1 IBV infection activates the IRE1-XBP1 pathway.

@ IBV infection leads to ER stress and activates the IRE1-XBP1 pathway in H1299
cells and Vero cells. H1299 cells (left) or Vero cells (right) were infected with IBV
(MOI~2) or incubated with UV-IBV and harvested at the indicated time points. As a
positive control, cells were treated with 2mM DTT for 2 hours. Total RNA was
extracted and subjected to RT-PCR using primers specific for the indicated genes. The
PCR products were resolved using 1% agarose gel electrophoresis, except for
XBP1u/XBP1s, in which 4% agarose gel was used. The band intensities of HERPUD1,
IRE1, Total XBP1, ERdj4, EDEM1 and P58IPK were determined by densitometry and
normalized to the intensities of corresponding GAPDH bands. Percentage of XBP1
splicing [XBP1s (%)] was calculated as the band intensity of XBP1s divided by the total
intensities of XBP1u and XBP1s. Sizes of DNA ladders in base pairs (bp) were
indicated on the left. The experiment was repeated three times with similar results and
the result of one representative experiment is shown.

(b) H1299 cells and Vero cells were infected with IBV or mock infected for 20
hours, or treated with DTT as in (a). Total RNA was extracted and subjected to real time
RT-PCR analysis. Fold inductions of genes were calculated using GAPDH as internal
references and normalized to the mock infected samples. The experiment was repeated
three times with similar results and the result of one representative experiment is shown.
Asterisks indicate significant differences between indicated samples and mock (*,
P<0.05; **, P<0.01).

(©) Huh-7, H1299 and Vero cells seeded in 6-well plate were infected with different
dosages of IBV or incubated with mock cell lysate for 24 hours. In the positive control,

cells were treated with 2mM DTT for 2 hours. Total RNA was extreacted and subjected
to RT-PCR as in (a). Sizes of DNA ladders in bp were indicated on the left. Percentage
of XBP1 splicing was calculated as in (a) and summarized on the right.
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ERdj4, EDEML1 and P58IPK are three UPR-related genes known to be specifically
induced by the spliced form of XBP1 [206], and their expression during IBV infection was also
determined by RT-PCR. As shown in Figure 3-1a, treatment of DTT significantly induced the
MRNA levels of ERdj4, EDEM1 and P58IPK, suggesting that the observed XBP1s mRNA was
indeed translated into a potent transcription factor that up-regulated the expression of
downstream genes. In H1299 cells infected with IBV, considerable induction of ERdj4 and
moderate induction of P58IPK and EDEM1 was detected (Figure 3-1a). It is interesting to note
that the mRNA levels of ERdj4 and P58IPK were significantly elevated from 12-20 hpi, when
XBP1 splicing was bearly detectable. It is possible that IBV might induce P58IPK and ERdj4 by
some unknown mechanisms independent of XBP1s. Alternatively, it is also likely that low level
of XBP1 splicing might have occurred at earlier time points of IBV infection, but the
semiquantitative RT-PCR was not sensitive enough to detect it.

The same time course experiment was performed in Vero cells. Similarly, the mRNA
levels of HERPUDI, IRE 1o and total XBP1 were significantly up-regulated in IBV-infected and
DTT-treated Vero cells. Compared with H1299 cells, the degree of XBP1 splicing was much
higher in IBV-infected Vero cells, reaching ~43% at 24 hpi (Figure 3-1a). This may be
attributed by different origins of the cell lines, resulting in cell type specific phenotypes.
Consistent with the higher percentage of XBP1 splicing, the IBV-induced up-regulation of
ERdj4, EDEM1 and P58IPK was also more prominent in VVero cells compared with H1299 cells
(Figure 3-1a). Taken together, the RT-PCR result demonstrated that IBV infection caused ER
stress and induced the IRE1-XBP1 pathway in H1299 and Vero cells.

To validate the semi-quantitative RT-PCR results, real time RT-PCR was performed on
RNA samples harvested from H1299 and Vero cells infected with IBV (20 hpi), incubated with
mock lysate or treated with DTT. As shown in Figure 3-1b, IBV infection induced ~12-fold
increase in IRE1 mRNA and ~4-fold increase in total XBP1 mRNA in H1299 cells at 20 hpi,
whereas the mRNA levels were induced by ~4-fold and ~9-fold respectively in IBV-infected
Vero cells. Previously, a pair of real time RT-PCR primers was validated to specifically amplify
only the spliced form of XBP1 [338]. Using these primers, it was found that IBV infection
induced ~17-fold and ~13-fold increase in the mRNA level of XBP1s in the infected H1299 and
Vero cells, respectively (Figure 3-1b). Notably, XBP1 splicing was undetectable at 20 hpi in
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H1299 cells using semi-quantitative RT-PCR (Figure 3-1a). Therefore, real time RT-PCR
analysis seemed to be a more sensitive method to determine XBP1 splicing compared to the
traditional agarose gel-based XBP1 splicing assay. As expected, ~2-3 fold increase of ERdj}4,
EDEM1 and P58IPK mRNA levels was observed in IBV-infected H1299 cells, while significant
induction of ERdj4 (~10-fold) and P58IPK (~6-fold) was also detected in IBV-infected Vero
cells (Figure 3-1b). Therefore, real time RT-PCR result supported that IRE1was activated in
H1299 and Vero cells infected with 1BV, leading to splicing of XBP1 mRNA and up-regulation

of downstream UPR genes.

In the experiments describe above, cells were infected with IBV at MOI~2. To see whether
activation of the IRE1 pathway was dependent on the dose of infection, H1299 and Vero cells
were infected with different amount of 1BV for 24 hours and XBP1 splicing was determined.
Also, another mammalian cell line of different origin (Huh7, from human liver cancer) was
included. As shown in Figure 3-1c, XBP1 splicing was undetectable in mock infected cells.
More than 50% XBP1 splicing could be observed in cells treated with DTT. In all three cell
types, the degree of XBP1 splicing gradually increased as the IBV dosage used for infection
increased. Therefore, XBP1 splicing was a general outcome in IBV-infected cells and was
indeed dependent on the dose of infection. Notably, at the same IBV dose, the percentage of
XBP1 splicing was lowest in Huh-7 cells, intermediate in H1299 cells and highest in Vero cells
(Figure 3-1c). Again this demonstrated the cell type dependent responsiveness to IBV infection.
Since IBV-induced XBP1 splicing was very inefficient in the Huh-7 cells, we refrained from

using this cell line in future IRE1-related experiments.
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3.2.2 Overexpression of IBV S protein is sufficient for IRE1 activation

Ina previous study, efficient XBP1 splicing was detected in cells transfected with the S
protein of MHV using a vaccinia virus T7 polymerase system [155]. To see whether the S
protein of IBV would similarly activate the IRE1-XBP1 pathway, Vero cells were transfected
with different doses (0.2, 0.4 or 0.8ug) of the T7 promoter-driven construct pKT-1BV-S.
Expression of the inserted genes was dramatically enhanced by the T7 RNA polymerase, which
is encoded by the recombinant vaccinia virus innoculated prior to transfection. This expression
system was used because transient transfection of CMV promoter-driven constructs encoding
IBV S failed to be expressed in all cell line tested (data not shown). As a negative control, empty
vector (pKTO) or pKT-EGFP was transfected to Vero cells in the same manner. As positive
control, Vero cells were infected with IBV as described above. As shown in Figure 3-2a,
expression of S protein could be clearly detected in IBV-infected cells as well as pKT-IBV-S
transfected cells. The cleavage bands (lower than 100kDa) for S protein are different between the
infected cells and transfected cells, possibly due to different post-translational modifications.
Expression levels of IBV S were similar in cells transfected with 0.4ug or 0.8ug plasmid, and
only slightly lower in cells transfected with 0.2ug plasmid, indicating that the expression system
was highly efficient and the amount of DNA was not a limiting factor. Expression of the
transfected IBV S protein could also be determined by IF (Figure 3-2b), which showed massive
syncytia formation as compared with the single cell pattern of EGFP expressing cells. As shown
above, IBV induced XBP1 splicing in the infected cells (Figure 3-2a). Notably, overexpression
of the IBV S protein also resulted in considerable degree (~30%) of XBP1 mRNA splicing,
although lower compared with cells infected with IBV for 24 hours. Therefore, similar to MHV,
the S protein of IBV might be the major viral component responsible for the induction of ER
stress and activation of the IRE1-XBP1 pathway.
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Figure 3-2 Overexpression of IBV S protein activates the IRE1-XBP1 pathway.

@ Overexpression of the IBV S protein induces XBP1 splicing in Vero cells. Vero
cells were infected with IBV at MOI~2 or mock infected. Alternatively, Vero cells were
infected with with vTF7 at MOI~1 for 4 hours before transfecting with 0.8ug pKTO
(vec), 0.2-0.8ug pKT-IBVS, or 0.8ug pKT-EGFP for 24 hours. In one set of cells, total
RNA was extracted and subjected to RT-PCR as in Figure 3-1a. Percentage of XBP1
splicing was calculated as in Figure 3-1a. Another set of cells were harvested for protein
and subjected to Western blot using indicated antibodies.

(b) Another set of Vero cells in (a) transfected with 0.8ug pKTO or pKT-IBVS was
subjected to immunofluorescent (IF) using antibody against IBV S. Expression of EGFP
in Vero cells transfected with 0.8ug pKT-EGFP was also determined.
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3.2.3 IRE1 inhibition attenuates IBV-induced activation of the IRE1-XBP1

pathway in Vero cells but reduces IBV replication in H1299 cells

To confirm and further characterize activation of the IRE1-XBP1 pathway during IBV
infection, a recently identified IRE1 inhibitor (3,5-dibromosalicylaldehyde, or DBSA) was used.
DBSA is a non-competitive, reversible inhibitor blocking the RNAse activity of IRE1 [339].
Vero cells were treated with DBSA or the solvent control DMSO 4 hours after innoculation of
IBV. The inhibitor was not added before or at the time of IBV innoculation, so as to prevent
possible non-specific inhibition of virus adsorption or entry. As shown in Figure 3-3a, compared
with the control, treatment of DBSA at 5uM or 10 uM did not significantly affect IBV
replication in Vero cells, as indicated by similar levels of IBV genomic RNA (gRNA) at 8 hours
post drug treatment. Although the amount of IBV gRNA was slightly lower in cells treated with
DBSA for 16 hours, plague assay analysis of the culture supernatant showed no significant
reduction in the virus titer (Figure 3-3b). As expected, IBV infection induced ~47% XBP1
splicing at 16 hours post treatment (20 hpi) in the DMSO control. Notably, addition of DBSA
dosage dependently inhibited IBV-induced XBP1 splicing. Percentage of XBP1 splicing was
reduced to ~29% in cells treated with SuM DBSA and to ~13% in cells treated with 10uM
DBSA (Figure 3-3a). Consistently, the mRNA levels of downstream UPR genes ERdj4,
EDEM1 and p58IPK were all dosage dependently reduced in Vero cells treated with DBSA, as
compared with the DMSO control. It should be noted that IBV infection still induced ~4-fold
increase in the mRNA level of ERdj4 in cells treated with 10uM DBSA (Figure 3-3a). This
might be contributed by the remaining 13% of XBP1s, suggesting that ERdj4 expression was
highly responsible to the splicing of XBP1.

Similar experiments were also performed in H1299 cells. However, it was observed that
treatment of DBSA at 5uM significantly inhibited IBV replication in H1299 cells, as evidenced
by the dramatically reduced levels of IBV gRNA and virus titers in the supernatant compared
with the DMSO control (Figure 3-3c and d). Although XBP1 splicing was inhibited in H1299
cells treated with DBSA, it could not be concluded whether the inhibition was due to a direct
inhibition of IRE1 by DBSA or an indirect effect due to the reduced IBV infection. Thus, we
refrained from further analysis of the downstream UPR genes, and the specific effect of DBSA

on IBV-induced activation of the IRE1-XBP1 pathway in H1299 cells were undetermined.
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Figure 3-3 IREL1 inhibition attenuates IBV-induced activation of the IRE1-XBP1
pathway in Vero cells but reduces IBV replication in H1299 cells

@) Vero cells were infected with IBV at MOI~2 for 4 hours before treated with 5uM

or 10uM of DBSA, or same volume of DMSO. Total RNA was extracted and subjected to
RT-PCR as in Figure 3-1a. Sizes of DNA ladders in bp were indicated on the left. Relative
fold-induction of genes and percentage of XBP1 splicing was calculated as in Figure 3-1a.

(b) The culture supernatants from 16 hours post-treatment samples in (a) were clarified
by centrifugation and subjected to plaque assay analysis. Virus titers were expressed as the
logarithm of plaque forming units (PFU) per ml of supernatants.

(© H1299 cells were infected with IBV at MOI~2 for 4 hours before treated with 5uM
of DBSA, or same volume of DMSO for the indicated period of time. RNA extraction and
semi-quantitative RT-PCR analysis was performed as in (a).

(d) The culture supernatant from IBV-infected samples in (c) were subjected to plaque
assay analysis as in (b). Virus titers were expressed as the logarithm of PFU per ml of
supernatants. Asterisks indicate significant differences between indicated samples and
DMSO-treated sample of the same time point (*, P<0.05; **, P<0.01).
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Figure 3-4 Knockdown of IRE1 or XBP1 attenuates IBV-induced activation of the
IRE1-XBP1 pathway in H1299 cells

@ H1299 cells were transfected with SIEGFP, silRE1 or siXBP1 before treated with
2mM DTT for 2 hours. Another set of control cells were treated with PBS for the same
period of time. Total RNA was extracted and subjected to real time RT-PCR analysis. Fold
induction of specific genes were calculated using GAPDH as internal references and
normalized to the SIEGFP transfected PBS-treated sample. Asterisks indicate significant
differences between the indicated samples and siIEGFP (*, P<0.05; **, P<0.01).

(b) Knockdown of IRE1 or XBP1 attenuates IBV-induced activation of the IRE1-
XBP1 pathway in H1299 cells. H1299 cells were transfected with SiIRNAs before infected
with IBV (MOI~2) for 20 hours. Total RNA extraction, real time RT-PCR and data
analysis were performed as in (a). Asterisks indicate significant differences between the
indicated samples and the siEGFP transfected IBV-infected sample (**, P<0.01)..

3.2.4 Knockdown of IRE1 or XBP1 attenuates IBV-induced activation of the
IRE1-XBP1 pathway

To achieve more specific loss-of-function analysis of the IRE1-XBP1 pathway, we
adopted the RNA interference (RNAI) approach. It should be noted that knockdown experiments
were only performed in H1299 cells but not Vero cells, due to its extremely low transfection
efficiency. Short interfering RNAs (siRNA) specifically targeting IRE1 or XBP1 were
transfected into H1299 cells, and one siRNA targeting EGFP was used as a negative control. To
see if knockdown of IRE1 or XBP1 suppressed the pathway, transfected H1299 cells were
treated with the ER stress inducer DTT. As shown in Figure 3-4a, the mRNA levels of IREL,
total XBP1, XBP1s and ERdj4 significantly increased in the siEGFP transfected DTT-treated
cells, compared with PBS-treated control. In cells transfected with silRE1, DTT-induced up-
regulation of IREL significantly decreased by ~50% compared with SiEGFP control. On the other
hand, transfection of siXBP1 drastically reduced the mRNA level of total XBP1 by ~70% in
DTT-treated cells. Notably, the mRNA level of spliced XBP1 induced by DTT treatment was
also reduced by ~50% in IRE1-knockdown cells and by ~70% in XBP1-knockdown cells
compared with the SiEGFP control. Moreover, knockdown of either IRE1 or XBP1 also reduced
ERdj4 expression at the mRNA level by 30-40% in the DTT-treated cells (Figure3-4a).
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H1299 cells were then similarly transfected before infected with IBV. Quantitative real
time RT-PCR was again used to determine induction of related UPR genes. As shown in Figure
3-4b, increased mMRNA expression of genes related to the IRE1-XBP1 pathway was observed in
the IBV-infected cells compared with mock infected control. Transfection with silRE1 and
siXBP1 resulted in ~75% and ~90% knockdown of the endogenous IRE1 and total XBP1 at the
MRNA level, respectively. The knockdown efficiency seemed higher compared to the DTT
treatment experiment (Figure 3-4a), which might be due to a longer incubation time of SIRNA
transfection before cell harvest. Notably, transfection of siXBP1 almost completely abolished the
up-regulation of XBP1s in IBV-infected cells, whereas knockdown of IRE1 also reduced the
level of XBP1s mMRNA by ~75% (Figure 3-4b). Knockdown of either IRE1 or XBP1 also
significantly reduced up-regulation of ERdj4 and p58IPK by ~ 50% or more in the infected cells,
but the mRNA level of EDEM1 was only minimally affected (Figure 3-4b). Taken together, the
knockdown experiments demonstrated that IBV infection indeed activated the IRE1-XBP1
pathway, and up-regulations of ERdj4 and p58IPK were dependent on both IRE1 and XBP1.

3.2.5 Knockdown of IRE1 potentiates IBV-induced apoptosis

One of the possible outcomes for cells under prolonged ER stress is the induction of
apoptosis [216,340,341]. Since previous studies have shown that IBV triggers caspase dependent
apoptosis in the infected cells [234], we moved on to investigate the involvement of IRE1 and
XBP1 in this process. As shown in Figure 3-5a, H1299 cells transfected with silRE1, siXBP1
and siEGFP were infected with IBV or mock infected. Knockdown of IRE1 was determined by
Western blot, as revealed by the significantly weaker bands in silRE1-transfected cells compared
with the siEGFP control. Transfection of siXBP1 also reduced the protein level of unspliced
XBP1 in the cells, although we were not able to detect the spliced form of XBP1 by Western
blot. Successful knockdown of IRE1 and XBP1 were also reflected by the differences in XBP1
splicing determined by RT-PCR. Consistent with the real time PCR data (Figure 3-4b), whereas
knockdown of IRE1 reduced the mRNA level of XBP1s, knockdown of XBP1 depleted the
MRNA of both XBP1u and XBP1s compared to the SiEGFP control (Figure 3-5a). Poly (ADP-
ribose) polymerase (PARP), a well characterized apoptosis marker and a substrate of caspase 3,
was used to monitor apoptosis. In cells transfected with siEGFP, significant PARP cleavage
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(~27%) could be detected at 22 hpi. Interestingly, in IRE1-knockdown cells, PARP cleavage was
observed at an earlier time point (~19 hpi). Moreover, at 22 hpi, a more prominent PARP
cleavage (~49%) was detected in the IRE1-knockdown cells, compared with the sSiEGFP control
(Figure 3-5a). Surprisingly, knockdown of XBP1 did not result in a similar phenotype. Indeed,
in XBP1-knockdown cells, no significant PARP cleavage could be detected at either 19 or 22 hpi
(Figure 3-5a). The same experiment was performed multiple times, and the observed differences

were reproducible and statistically significant (Figure 3-5b).

Because apoptosis induction in the infected cells were dependent on IBV replication
[234], the more prominent PARP cleavage in the IRE1-knockdown cells might be attributed to
more robust IBV replication. To see whether knockdown of IRE1 or XBP1 affect IBV
replication, the IBV N protein was determined by Western blot. As shown in Figure 3-5a, the
levels of N protein were similar in the cells transfected with SilRE1 or siXBP1, compared with
the SiIEGFP control. The two minor bands of lower molecular weight represent the cleavage
product of the N protein, which is known to be processed by caspases [131,342]. Interestingly,
the cleavage patterns of the N protein seems to agree with that of PARP, as cleavage of N also
occurred earlier and was more complete in the IRE1-knockdown cells compared with the control
(Figure 3-5a). To confirm that knockdown of IRE1 or XBP1 did not affect IBV replication,
culture supernatants of the infected cells were subjected to plaque assay analysis. As shown in
Figure 3-5c, virus titers in the supernatants were similar for cells transfected with silRE1 or
siXBP1, compared with the control of the same time points. The results thus suggested that the
observed differences in IBV-induced apoptosis were not due to changes of IBV replication in the

knockdown cells.

To further validate the results, we also determined the activation of caspases (caspase 3, 8
and 9) during IBV infection in the knockdown cells. Samples collected at 22 hpi and SIEGFP
trasnfected mock infected sample in Figure 3-5a were probed with individual caspase
antibodies. As shown in Figure 3-5d, the cleavage of caspase 3, 8 and 9 were significantly
higher in the IRE1-knockdown cells and lower in the XBP1-knockdown cells, as compared with
the siEGFP control, which was consistent with the PARP cleavage pattern (Figure 3-5a).
Moreover, the observed effects in all three caspases tested suggested that the anti-apoptotic
activity of IRE1 might function at apoptotic signaling factors upstream of caspase activation.
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Figure 3-5 knockdown of IRE1 potentiates IBV-induced apoptosis in H1299 cells

@) Effects of IRE1- or XBP1-knockdown on IBV-induced PARP cleavage. H1299
cells in duplicate were transfected with silRE1, siXBP1 or SiEGFP. At 48 hours post
transfection, cells were infected with IBV at MOI~2 or mock infected. One set of cells
were harvested at the indicated time points and subjected to Western blot analysis using
antibodies against IRE1, XBP1, IBV N and PARP. B-tubulin was included as loading
control. Sizes of protein ladders in kDa were indicated on the left. Percentage of PARP
cleavage [PARP Clv. (%)] was calculated as the intensity of cleaved PARP [PARP(CI)]
divided by the total intensities of full length PARP [PARP(FL)] and PARP(CI). In the
second set of cells, total RNA was extracted and subjected to RT-PCR using primers
specific for XBP1 and GAPDH. Sizes of DNA ladders in bp were indicated on the left.

(b) Quantification of PARP cleavage in siRNA-transfected cells infected with IBV.
PARP cleavage was determined as in (a). The bar chart shows results from three
independent experiments and indicates standard deviations and p values.

(© The supernatants from IBV-infected samples in (a) were subjected to plague assay
analysis. Virus titers were expressed as the logarithm of PFU per ml of supernatants.

(d) Effects of IRE1- or XBP1-knockdown on IBV-induced activation of caspase 3, 8
and 9. The IBV-infected, 22 hpi protein samples and the siEGFP-transfected mock infected
protein sample from (a) were subjected to Western blot analysis using antibodies against
IBV N, caspase 8, caspase 9 and caspase 3 respectively. f-actin was included as loading
control. Percentage of caspase cleavage was calculated as the intensity of cleaved caspases
divided by the total intensities of the corresponding full length and cleaved caspases.

(e) Effect of IRE1- or XBP1-knockdown on the viability of IBV-infected cells. H1299
cells transfected with SiRNAs were infected with IBV at MOI~2 for the indicated perriod
of time or mock infected. After removing the supernatant, cells were fixed with 3.7%
formaldehyde for 1 hour and stained with crystal violet.

()] Effect of IRE1- or XBP1-knockdown on apoptosis induced by staurosporine
(STS). H1299 cells in duplicate were transfected with silRE1, siXBP1 or SIEGFP. At 48
hours post transfection, cells were treated with 5 pg/ml STS or same volume of DMSO for
12 hours before harvested. Sizes of protein ladders in kDa or sizes of DNA ladders in bp
were indicated on the left. Western blot and RT-PCR analysis were performed as in (a).
Percentage of PARP cleavage was calculated as in (a).
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The effect of IRE1-knockdown on IBV-induced apoptosis could also be revealed by the
viability of infected cells. As shown in Figure 3-5e, the knockdown cells were infected with
IBV for the indicated time points before fixed and stained with crystal violet. In the SIEGFP
control, the intensity of crystal violet gradually reduced throughout the course of infection,
indicating a decrease in viable cells. Large plaques could be observed in the 24 hpi well, due to
massive cell death and detachment. In cells transfected with silRE1, plaques could be observed
at an earlier time point (20 hpi) and much more extensive cell death was detected at later time
points. In contrast, cells transfected with siXBP1 exhibited minimal decrease in stain intensities
as infection proceeded, although some plagues were also observed at 24 hpi similar as in the
SIEGFP control (Figure 3-5e).

To rule out the possibility that off-target effects of SIRNAs may affect normal apoptotic
signaling, H1299 cells were transfected with the siRNAs, before treated with a widely-used
apoptosis inducer staurosporine (STS) or the DMSO solvent control. As shown in Figure 3-5f,
similar levels of PARP cleavage were observed in STS-treated cells transfected with silRE1,
siXBP1 or siEGFP, and minimum levels of PARP cleavage were observed in cells treated with
DMSO. This result demonstrated that cells transfected with the siRNAs have normal apoptotic

signaling and the observed differences in IBV-induced apoptosis were specific for IBV infection.

Taken together, these data suggest that although IRE1 was not essential for IBV
replication, it protected the infected cells from IBV-induced apoptosis. The seemingly opposite
effect of XBP1 knockdown on apoptosis was unexpected, since XBP1 is the main target of
IRE1-mediated splicing. However, it is well known that whereas XBP1s serves as a potent
activator of downstream UPR genes, XBP1u is actually a negative regulator of UPR [209]. Thus
it is possible that XBP1u and XBP1s may also demonstrate opposite effects on IBV-induced
apoptosis. Because siXBP1 used in the experiments targets both XBP1u and XBP1s, it is
difficult to elucidate the function of individual isoforms. As shown in section 3.2.7, when we
shifted to the overexpression approach using wild type and dominant negative XBP1, it became

appearent that XBP1u and XBP1s indeed play opposing roles on IBV-induced apoptosis.
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3.2.6 Overexpression of IRE1 protects cells from IBV-induced apoptosis

To further characterize the anti-apoptotic function of IRE1, we adopted the transient
overexpression approach. A plasmid encoding full-length human IRE1 with an HA-tag at the C-
terminus was constructed. N-terminal epitope tag was not used to prevent undesired effect on the
signal peptide at the N-terminus of IRE1. H1299 cells were transfected with the construct or the
vector control (pcDNA3.1), before infected with IBV at an MOI ~2 or mock infected. As shown
in Figure 3-6a, ectopic expression of IRE1-HA was detected by Western blot using antibodies
against the HA-tag. Transfection of IRE1 did not significantly affect the replication of IBV, as
indicated by the similar level of N protein compared with the control (Figure 3-6a). In the vector
control, prominent PARP cleavage was observed at 20 hpi (~20%) and 24 hpi (~46%). However,
in cells transfected with IRE1-HA, IBV-induced PARP cleavage was partially reduced to ~9% at
20 hpi and ~24% at 24 hpi. The experiment was performed multiple times and the result was
reproducible and statistically significant (Figure 3-6b). Therefore, transient overexpression of

IRE1 was pro-survival and sufficient to partially protect cells from IBV-induced apoptosis.

The full length IRE1 protein contains a lumenal domain that recognizes unfolded protein,
a transmembrane domain, a kinase domain that catalyses autophosphorylation and dimerization,
and an RNase domain that mediates mRNA splicing (Figure 3-6¢). To investigate which domain
of IRE1 harbors the anti-apoptotic activity, two mutants were generated by mutagenesis. In the
K599A mutant, the critical lysine residue was mutated to alanine and the kinase activity was

abolished. In the ARNase mutant, coding sequence for RNase domain was deleted (Figure 3-6c).

H1299 cells were transfected with the pcDNA3.1 vector control, wild type IRE1, or the
two mutants before infected with IBV at MOI~2 or mock infected. As shown in Figure 3-6d, the
expression levels for the two mutants were slightly higher than that of the wild type IRE1. This
was not unexpected, because IRE1 has been shown to undergo ubiquitin-dependent degradation
upon activation. Removal of the kinase or RNase activity possibly reduced basal activation and
rendered the protein more stable. Overexpression of wild type IREL1 significantly enhanced IBV-
induced XBP1-splicing and up-regulation of ERdj4, as compared with the vector control (Figure
3-6d). In contrast, transfection of the K599A mutant only slightly increased XBP1 splicing,
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Figure 3-6 Overexpression of full-length IRE1 protects cells from IBV-induced
apoptosis.

@ H1299 cells were transfected with pcDNA3.1-IRE1-HA or pcDNA3.1. At 24 hours
post transfection, cells were infected with IBV at MOI~2 or mock infected. Cells were
harvested at indicated time points and the protein lysates were subjected to Western blot
analysis using antibodies against HA-tag, IBV N and PARP. Beta-actin was included as
loading control. Sizes of protein ladders in kDa were indicated on the left. Percentage of
PARP cleavage was calculated as in Figure 3-5a and summarized at the bottom.

(b) Quantification of PARP cleavage in plasmid transfected cells infected with IBV.
Percentage of PARP cleavage in cells transfected with pcDNA3.1 or pcDNA3.1-IRE1-HA
and infected with IBV for 24 hours was determined as in (a). The bar chart shows results
from three independent experiments and indicates standard deviations and p values.

(© Schematic diagrams showing the functional domains of IRE1 protein. A lysine to
alanine mutation at K599 results in loss of IRE1 kinase activity. The RNase domain of
IREL is deleted to generate the ARNase mutant. Not drawn to scale.

(d) H1299 cells were transfected with pcDNA3.1-IRE1-HA, pcDNA3.1-IRE1-K599A-
HA, pcDNA3.1-IRE1-ARNase-HA or pcDNA3.1 in duplicate. At 24 hours post
transfection, cells were infected or mock infected as in (a). In one set of the cells, Western
blot analysis was performed as in (a). In the second set, total RNA was extracted and
subjected to RT-PCR using primers specific for XBP1, ERdj4 and GAPDH. Sizes of
protein ladders in kDa or sizes of DNA ladders in bp were indicated on the left. Percentage
of PARP cleavage was calculated as in (a).
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whereas transfection of the ARNase mutant has no effect on XBP1 splicing induced by IBV
infection. Expression of both mutants also failed to increase the IBV-induced up-regulation of
ERdj4, suggesting that both the kinase and RNase domains of IRE1 were required for its
activation and function during IBV infection.

Similar to the result shown in Figure 3-6a, overexpression of wild type IRE1 partially
reduced IBV-induced PARP cleavage, as compared with the vector control. Importantly,
transfection of the two mutant forms of IREL1 failed to protect cells from IBV-induced apoptosis.
In fact, compared with the vector control, IBV-induced PARP cleavage was slightly higher in
K599A or ARNase transfected cells (Figure 3-6d). No PARP cleavage could be detected in the
mock infected cells, so the observed differences in PARP cleavage could not be attributed to
changes in the basal level of apoptosis in cells transfected with the mutant constructs. Moreover,
the similar levels of IBV N protein suggested that overexpression of the wild type or mutants of
IRE1 did not significantly alter the replication of IBV (Figure 3-6d). Taken together, the result
demonstrated that both the kinase and RNase domains are necessary for the anti-apoptotic

activity of IRE1 during IBV infection.
3.2.7 Overexpression of XBP1s protects cells from IBV-induced apoptosis

As presented in Figure 3-5a, knockdown of XBP1 inhibited IBV-induced apoptosis in
H1299 cells, suggesting that XBP1 may be pro-apoptotic during IBV infection. This is quite
unexpected, since both knockdown and overexpression experiments revealed an anti-apoptotic
role of its immediate upstream factor IRE1 (section 3.2.5 and 3.2.6). Because the mRNAs of
XBP1u and XBP1s differ only by the 26-nt intron (which contains repeated sequence), specific
knockdown of one isoform is practically impossible. Thus, the siXBP1 used in Figure 3-5
indeed targeted both XBP1u and XBP1s at the same time. As mentioned above, XBP1u and
XBP1s exert distinct or even opposing cellular functions (XBP1u is potentially a transcription
repressor and XBP1s is a potent transcription activator). Therefore, the sSiRNA approach that
non-specifically knocked down both XBP1u and XBP1s rendered it difficult to attribute the

observed phenotype to individual isoforms.

As a result, the overexpression approach was also adopted to study the function of
XBP1u and XBP1s during IBV infection. Initially, coding sequence of XBP1u or XBP1s was
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inserted into the C-terminal HA-tagged pcDNA3.1 vector as for the IRE1 constructs. However,
the protein expression levels for both XBP1u-HA and XBP1s-HA were very low when
transfected in H1299 cells (data not shown). This might be attributed to the non-optimized kozak
sequence and/or proteasome degradation of the protein products. To enhance the expression level
as well as to monitor the transfection efficiency, coding sequence of XBP1u or XBP1s was fused
with an N-terminal EGFP-tag. Previous studies have shown that the fused EGFP would not
significantly affect the sub-cellular localization and activity of XBP1 [343]. H1299 cells were
transfected with pEGFP-C1 (vector control), pPEGFP-XBP1u or pEGFP-XBP1s for 24 hours
before infected with IBV or mock infected. As shown in Figure 3-7a, the expression of EGFP as
well as both fusion proteins could be clearly detected using an antibody against EGFP. Apart
from the full-length EGFP-XBP1u protein, multiple low molecular weight bands were observed.
This was not unexpected, because the XBP1u protein has been shown to harbor proteasome
degradation motif (PDM) in the C-terminus, rendering it unstable in transfected cells [209]. Two
major bands were detected in cells transfected with EGFP-XBP1s (Figure 3-7a). The upper band
represented the full-length fusion protein, whereas the low molecular weight band might be due

to premature termination and/or degradation by uncharacterized mechanisms.

As compared with the vector control, transfection of EGFP-XBP1u or EGFP-XBP1s did
not significantly affect IBV replication, as determined by the similar levels of IBV N protein and
the similar levels of IBV positive-stranded genomic RNA (Figure 3-7a). Notably,
overexpression of EGFP-XBP1s but not EGFP-XBP1u significantly enhanced the IBV-induced
up-regulation of ERdj4 mRNA. This confirmed that the ectopically expressed EGFP-XBP1s
retained its normal function as a potent transcription activator. Detectable PARP cleavage could
be observed at 24 hpi in the vector control. Importantly, in cells transfected with EGFP-XBP1u,
a low level of PARP cleavage was detected at an earlier time point (20 hpi), and a slightly higher
percentage of PARP cleavage was also observed at 24 hpi. This suggested that overexpression of
XBP1u partially potentiated IBV-induced apoptosis. In contrast, PARP cleavage was slightly
weaker at 24 hpi in cells transfected with EGFP-XBP1s compared with the vector control,
suggesting that overexpression of XBP1s reduced IBV-induced apoptosis (Figure 3-7a).
Although the difference was small, multiple experiments yielded repeatable results that were
statistically significant (Figure 3-7b). Taken together, whereas XBP1u was weakly pro-

apoptotic, XBP1s exhibited anti-apoptotic activity during IBV infection.
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Figure 3-7 Effect of XBP1s and XBP1u overexpression on IBV-induced apoptosis

@ Overexpression of XBP1s, but not XBP1u, protects cells from IBV-induced
apoptosis. H1299 cells were transfected with pEGFP-C1, pEGFP-XBP1u or pEGFP-
XBP1s in duplicate. At 24 hours post transfection, cells were infected with IBV at MOI~2
or mock infected. Cells were lysed for protein at the indicated time points and subjected to
Western blot analysis using antibodies against EGFP, IBV N and PARP. Beta-actin was
included as loading control. Percentage of PARP cleavage was calculated as in Figure 3-
5a. Sizes of protein ladders in kDa were indicated on the left. Percentage of PARP
cleavage was calculated as in Figure 3-5a and summarized at the bottom. In the second set
of cells, total RNA was extracted and subjected to RT-PCR using primers specific for
ERdj4, IBV positive-stranded genomic RNA and GAPDH. Size of DNA ladders in bp
were indicated on the left.

(b) Quantification of PARP cleavage in transfected H1299 cells infected with IBV.
Percentages of PARP cleavage in cells transfected with pEGFP-C1, pEGFP-XBP1u or
pPEGFP-XBP1s, and infected with IBV for 24 hours were determined as in (a). The bar
chart shows results from three independent experiments and indicates standard deviations
and p values.

(© Schematic diagrams showing the functional domains of XBP1u, XBP1s and XBP1-
DN. All three proteins contain the basic leucine zipper (bZIP) DNA binding domain. The
proteasome degradation motif (PDM) in XBP1u is deleted to generate XBP1-DN.

(d) Overexpression of dominant negative XBP1potentiates IBV-induced apoptosis.
H1299 cells were transfected with pXJ40-FLAG or pXJ40-FLAG-XBP1-DN. At 24 hours
post transfection, cells were infected with IBV at MOI~2 or mock infected. Cells were
harvested at indicated time points and the lysates subjected to Western blot analysis using
antibodies against FLAG-tag, IBV N and PARP. Beta-actin was included as loading
control. Percentage of PARP cleavage was calculated as in (a).

(e) Quantification of PARP cleavage in transfected H1299 cells infected with IBV.
PARP cleavage in cells transfected with pXJ40-FLAG or pXJ40-FLAG-XBP1-DN, and
infected with IBV for 24 hours was determined as in (d). The bar chart shows results from
three independent experiments and indicates standard deviations and p values.
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A closer inspection of the function domains in XBP1u and XBP1s reveals that both
proteins contain the basic leucine zipper (bZIP) DNA binding domain (Figure 3-7c). The 26-nt
intron is located downstream of the bZIP coding sequence. Due to the IRE1-mediated splicing
and the consequent frame shifting, the two isoforms differ from each other in the C-terminal
amino acid sequences. In XBP1u, the presence of a proteasome degradation motif renders it
highly unstable in cells. On the other hand, XBP1s encodes a transactivation domain at the C-
terminus that accounts for its ability to transactivate downstream UPR genes. Previous studies
have shown that if the proteasome degradation motif of XBP1u is deleted, the resulted protein is
stabilized [210]. Moreover, by competing with XBP1s for DNA binding, the truncated protein in
fact serves as a dominant negative inhibitor of XBP1s (Figure 3-7c¢). Because overexpression of
dominant negative XBP1 (XBP1-DN) could selectively inhibit the activity of XBP1s, we
decided to investigate its effect on IBV-induced apoptosis.

The proteasome degradation motif of XBP1u (from leucine 194 to C-terminus) was
deleted and the coding sequence for XBP1-DN was inserted in the MCS of the expression vector
pXJ40-FLAG. As shown in Figure 3-7d, expression of FLAG-tag XBP1-DN could be clearly
detected by Western blot using antibody against FLAG-tag. Multiple bands were observed
possibly because the truncated protein underwent post-translational modifications. Compared
with the vector control, overexpression of XBP1-DN significantly increased IBV-induced PARP
cleavage from 13% to 20% at 19 hpi, and from 29% to 60% at 22 hpi (Figure 3-7d). The pro-
apoptotic effect of XBP1-DN was also evidenced by the more complete cleavage of the IBV N
protein. This observation was reproducible and statistically significant (Figure 3-7e), suggesting
that inhibition of XBP1s by overexpressing XBP1-DN markedly potentiated IBV-induced
apoptosis. The result confirmed that the two isoforms of XBP1 exhibited opposing activities
during IBV infection: XBP1u was weakly pro-apoptotic, whereas XBP1s was anti-apoptotic.

100



3.2.8 JNK and Akt are involved in the anti-apoptotic function of IRE1

Previous studies have demonstrated that ER stress-induced apoptosis could be mediated
by IRE1-dependent activation of the JNK pathway, whereas signaling through the pro-survival
PI3K/Akt pathway antagonized ER stress-induced apoptosis [216,344]. Therefore, we continued
to investigate the involvement of JINK and Akt in IBV-induced apoptosis. First, the activation of
JNK induced by IBV infection was examined in IRE1-knockdown H1299 cells. As shown in
Figure 3-8a, H1299 cells were transfected with silRE1 or non-targeting control siRNA (siNC)
before infected with IBV at MOI~2 or mock infected. Knockdown of IRE1 was revealed by
Western blot analysis. Knockdown of IRE1 resulted in an earlier onset of IBV-induced PARP
cleavage, which was also more prominent compared with the negative control of the same time
point (Figure 3-8a). Notably, JINK phosphorylation could be detected in the control cells at 16
and 20 hpi, indicating that IBV replication activated the JNK pathway at late stage of infection.
Surprisingly, activation of JINK was not abolished in the IRE1-knockdown cells infected with
IBV as expected. In fact, INK phosphorylation was drastically potentiated in IRE1-knockdown
cells, as compared with the control. Moreover, phosphorylated JNK was also detectable earlier
(12 hpi) in IRE1-knockdown cells (Figure 3-8a). Therefore, JINK activation was unlikely
mediated by IRE1 in IBV-infected cells, and IRE1 might even be responsible for repressing the
phosphorylation of JNK during IBV infection. As for the Akt kinase, significant phosphorylation
could be detected as early as 8 hpi in the infected control cells, which sustained to 20 hours post
infection (Figure 3-8a). Thus, in terms of temporal control, Akt was activated before JNK but
was also inactivated earlier. Interestingly, in H1299 cells transfected with silRE1, significant
phosphorylation of Akt was detected at a later time point (12 hpi), which diminished rapidly
from 16 hpi onwards. Because JNK is presumably pro-apoptotic and Akt anti-apoptotic, the
hyper-phosphorylation of JINK and hypo-phosphorylation of Akt correlated well with the
potentiated IBV-induced PARP cleavage observed in the IRE1-knockdown cells (Figure 3-8a).

Next we moved on to confirm that the opposing activities of Akt and JNK indeed
contribute to apoptosis regulation during IBV infection. A gain-of-function approach was used to
study the Akt kinase. Previous studies have shown that, when a myristoylation signal sequence is
fused to N terminus of Akt (myr-AKT), the protein becomes constitutively active [333]. H1299
cells were transfected with myr-AKT or the pcDNAS3.1 vector control before infected with IBV
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Figure 3-8 JNK and Akt are involved in the anti-apoptotic function of IRE1

@ JNK is hyper-phosphorylated and Akt is hypo-phosphorylated in IRE1-knockdown
cells infected with IBV. H1299 cells were transfected with silRE1 or non-target SIRNA
before infected with IBV at MOI~2 and harvested at the indicated time points. Western
blot analysis was performed using antibodies against IRE1, IBV N, PARP,
phosphorylated-JNK (phos-JNK), total INK, phosphorylated-Akt (phos-Akt) and total Akt.
Beta-actin was included as loading control. Sizes of protein ladders in kDa were indicated
on the left. Percentage of PARP cleavage was calculated as in Figure 3-5a. Degree of INK
or Akt phosphorylation was calculated as the band intensity of phosphorylated kinase
divided by the band intensity of the corresponding total kinase.

(b) Constitutively active Akt promotes JNK phosphorylation and protects cells from
IBV-induced apoptosis. H1299 cells were transfected with pcDNA3.1 or pcDNA3.1-myr-
AKT1. At 24 hours post transfection, cells were infected with IBV at MOI~2 or mock
infected. Western blot analysis and quantification were performed as in (a).

(c) Knockdown of INK enhances Akt phosphorylation and partially inhibits IBV-
induced apoptosis. H1299 cells were transfected with siJNK or sSiEGFP for 48 hours before
infected with IBV or mock infected. Western blot analysis and quantification were
performed as in (a).
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at MOI~2 or mock infected. As shown in Figure 3-8b, expression of the constitutively active
Akt was evidenced by the significantly stronger signal of the phosphorylated Akt and total Akt
bands compared with the control. Interestingly, overexpression of active Akt seemed to promote
IBV-induced JNK phosphorylation. In the myr-AKT transfected cells, INK phosphorylation was
more prominent and sustained from 16 to 22 hours post infection (Figure 3-8b). In contrast, INK
phosphorylation was relatively lower and diminished at 22 hpi in the control cells, possibly due
to the extensive cell death and reduction of total JNK protein (Figure 3-8b). Expression of the
constitutively active Akt did not significantly affect IBV replication, as determined by the similar
levels of IBV N protein at 16 and 18 hpi. In the vector control, IBV induced PARP cleavage
from 20 hpi onwards. In sharp contrast, in cells transfected with myr-AKT, IBV-induced PARP
cleavage was completely abolished throughout the time-course experiment. The absence of
apoptosis induction was also revealed by the lack of IBV N cleavage bands in cells expressing
myr-AKT (Figure 3-8b). Thus, although AKT enhanced IBV-induced JNK phosphorylation, it is

predominantly pro-survival and protected cells from apoptosis during IBV infection.

In another experiment, the knockdown approach was used to study the involvement of
JNK in IBV-induced apoptosis. As shown in Figure 3-8c, H1299 cells were transfected with
siJNK or siEGFP, before infected with IBV or mock infected. Knockdown of JNK was
determined by the lower levels of total JNK in the siJNK transfected cells. Moreover, IBV-
induced JNK phosphorylation was barely detectable in the JINK-knockdown cells, except for the
very weak signal at 22 hpi. Knockdown of JNK did not significantly affect IBV replication, as
suggested by the similar levels of IBV N protein in JINK-knockdown cells and the control
(Figure 3-8c). In the negative control, a low level (~14%) of PARP cleavage could be observed
at 20 hpi and considerable (~54%) PARP cleavage was detected at 22 hpi. In contrast, PARP
cleavage was absence at 20 hpi and partially reduced to ~36% at 22 hpi in cells transfected with
siJNK (Figure 3-8c). Notably, IBV-induced Akt phosphorylation was similar at 16 hpi in the
JNK-knockdown cells and the control cells. In the subsequent time points, the level of
phosphorylated Akt rapidly diminished in the negative control and was barely detectable at 22
hpi. On the other hand, Akt phosphorylation was relatively higher in the JINK-knockdown cells
of the same time point and sustained throughout the time course experiment (Figure 3-8c).
Taken together, the result suggested that INK served a pro-apoptotic role during IBV infection,
possibly by suppressing phosphorylation of the anti-apoptotic Akt.
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3.3 UPREGULATION OF CHOP DURING IBV INFECTION AND ITS
INVOLVEMENT IN REGULATING IBV-INDUCED APOPTOSIS

3.3.1 IBV infection activates the PERK-elF2a-ATF4-CHOP pathway

After investigating the IRE1-XBP1 pathway, we turned to another branch of UPR,
namely the PERK-elF2a-ATF4-CHOP signaling pathway. As described in section 1.3.2, the
integrated stress response can be initiated by four eIF2a kinases — PKR, PERK, GCN2 and HRI.
Because HRI is primarily expressed in erythroid cells in response to heme deficiency, studies on
coronavirus-induced ISR has been focused on the other three elF2a kinases. Previous data from
this group has demonstrated that PKR is activated at early stage of IBV infection but rapidly
dephosphorylated from 12 hpi onwards [195]. To look at the activation of PERK, H1299 cells
were infected with IBV at MOI~2 and harvested at different time points. Mock infected cells
were also included as a negative control. As shown in Figure 3-9a, the protein level of total
PERK was not significantly affected by IBV infection and remained stable throughout the time
course. In contrast, the level of phosphorylated PERK was significantly elevated in IBV-infected
cells compared with the mock infected cells. Phosphorylation of PERK sustained till 16 hpi, after
which the signal rapidly reduced to background level (Figure 3-9a). The dramatic inactivation of
PERK between 16 and 20 hpi resembled that of PKR, suggesting that similar negative feedback
mechanisms might be involved. Consistent with the pattern of PERK, elF2a was significantly
phosphorylated in IBV-infected H1299 cells starting from 8 hpi. Phosphorylation of elF2a
sustained till 16 hpi and rapidly reduced to background level from 20 hpi onwards, whereas the
protein level of total eIF2a was stable throughout the course of infection (Figure 3-9a). Thus,
the PERK branch of UPR was activated at the early stage of IBV infection. Together with PKR,
IBV-induced phosphorylation of PERK might contribute to the transient activation of elF2a.

Although elF2a phosphorylation is associated with global translation attenuation, certain
genes (such as ATF4 and CHOP) are indeed preferentially expressed during ISR (Figure 3-9b).
The expression of these genes during IBV infection at protein level was also determined by
Western blot. As shown in Figure 3-9a, the transcription factor ATF4 was undetectable in mock

infected cells but was significantly induced in IBV-infected cells at 12 hpi. The protein level of
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Figure 3-9 IBV infection activates the PERK-elF2a-ATF4-CHOP pathway

@ The PERK branch of UPR is activated in IBV-infected H1299 cells. H1299 cells
were infected with IBV at MOI~2 and harvested at the indicated time points. Cells
incubated with mock (Mk) cell lysates for 24 hours were included as negative control.
Western blot analysis was performed using antibodies against phosphorylated-PERK
(phos-PERK)), total PERK, phos-elF2a, total elF2a, ATF4, ATF3, CHOP and IBV N.
Beta-actin was included as loading control. Sizes of protein ladders in kDa were indicated
on the left. Degree of PERK and elF2a phosphorylation was calculated as the band
intensity of phosphorylated protein divided by the band intensity of the corresponding total
protein. The abundance of ATF4, ATF3 and CHOP was calculated by the band intensity
divided by that of the corresponding B-actin band.

(b) H1299 cells were infected as in (a). Total RNA were extracted at the indicated time
points and subjected to Northern blot analysis. Ethidium bromide staining of the 28S and
18S ribosomal RNA (rRNA) was used as loading control. The abundance of ATF4, ATF3
and CHOP mRNAs was calculated as the band intensity divided by that of the
corresponding rRNA bands.
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ATF4 peaked at 16 hpi and slightly reduced afterwards, although remained detectable till the end
of the time course. ATF4 has been shown to induce another UPR-related transcription factor
known as ATF3. As shown in Figure 3-9a, basal level of ATF3 protein could be observed in
mock infected cells. The expression of ATF3 was significantly induced by IBV infection at 16
hpi, which rapidly reduced afterwards and returned to basal level at 24 hpi. Another UPR-related
gene known to be activated by ATF4 and ATF3 is the transcription factor CHOP, which is
closely associated with ER-stress induced apoptosis. As shown in Figure 3-9a, CHOP protein
was undetectable in the mock infected cells. At early stage of infection (0-12 hpi), a low level of
CHOP could be observed. At 16 hpi, a drastic increase in the protein level of CHOP was

detected, which continued to accumulate till the end of the time course.

The mRNA levels of ATF4, ATF3 and CHOP in IBV-infected H1299 cells were also
determined by Northern blot. As shown in Figure 3-9b, the ATF4 mRNA slightly reduced at the
early stage of infection but marginally increased at 16 and 20 hpi. This was not unexpected,
because the induction of ATF4 via elF2a phosphorylation has been shown to occur at the
translation level rather than at the transcription level. In contrast, the mRNA levels of ATF3 and
CHOP slightly reduced at early time points but significantly increased from 12 hpi to the end of
the time course experiment (Figure 3-9b). This suggested that both ATF3 and CHOP were
dramatically induced by IBV infection at the transcription level, which was most likely mediated
by the up-regulated ATF4 protein. Taken together, UPR-related transcription factors are
significantly induced in IBV-infected cells at late stage of infection. Thus, although rapidly
inactivated, the transient activation of PKR and PERK was sufficient to trigger the downstream
elF2a-ATF4 -CHOP signaling pathway.
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3.3.2 Both PKR and PERK are involved in the up-regulation of CHOP and

apoptosis induction during IBV infection

To confirm that the up-regulation of CHOP observed in IBV-infected cells was indeed
mediated by upstream signaling via PKR or PERK, loss-of-function experiment using RNA
interference was performed. As shown in Figure 3-10a, H1299 cells were transfected with
siPKR, siPERK or non-targeting negative control siRNA (siNC) before infected with IBV at
MOI~2 or mock infected. Successful knockdown of PKR or PERK could be clearly determined
by Western blot analysis. Knockdown of PKR or PERK did not significantly affect IBV
replication, as determined by the similar levels of IBV N protein compared with the negative
control (Figure 3-10a) and the similar virus titers in the culture supernatants (Figure 3-10b).
Although the virus titers for PKR-knockdown cells at early time points (8 and 12 hpi) were lower
compared with the PERK-knockdown cells or the control, no significant difference was observed
at later time points (16, 20 and 24 hpi). Therefore, similar to the SARS-CoV [192], IBV was also

not sensitive to the antiviral activity of PKR in vitro.

The induction of CHOP by IBV infection was determined by Western blot. As shown in
Figure 3-10a, CHOP was undetectable in all mock infected cells but significantly up-regulated
in the IBV-infected siNC control. In sharp contrast, IBV-induced up-regulation of CHOP was
dramatically reduced in the PKR-knockdown cells and partially reduced in the PERK-
knockdown cells at 16 and 19 hpi. At 22 hpi, the protein levels of CHOP were significantly
lower in both knockdown cells compared with the negative control (Figure 3-10a). Notably, the
pattern of PARP cleavage correlated well with the induction of CHOP. Significant PARP
cleavage could be observed at 19 and 22 hpi in the control cells. In contrast, cleavage of PARP
was barely detectable in the PKR-knockdown cells and significantly reduced in the PERK-
knockdown cells (Figure 3-10a). Taken together, the result demonstrated that PKR, and to a
lower degree PERK, were required for the up-regulation of CHOP induced by IBV infection.
Moreover, both PKR and PERK contributed to IBV-induced apoptosis in vitro, possibly via the

induction of the pro-apoptotic transcription factor CHOP.
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Figure 3-10  Involvement of PERK and PKR in the up-regulation of CHOP and
apoptosis induction during IBV infection

@ H1299 cells were transfected with siPKR, siPERK or siNC before infected with
IBV at MOI~2 or mock infected. Protein lysates were harvested at the indicated time
points and subjected to Western blot analysis using antibodies against PARP, PERK, PKR,
CHOP and IBV N. Beta-actin was included as loading control. Sizes of protein ladders in
kDa were indicated on the left. Percentage of PARP cleavage was calculated as in Figure
3-5a. Relative amount of CHOP was determined as the band intensity of CHOP
normalized to GAPDH, with the 16 hpi sample of siNC-transfected cells set as one. NA,
not applicable.

(b) Knockdown of PERK or PKR does not significantly affect IBV replication in
H1299 cells. H1299 cells were transfected with siPERK, siPKR or siNC before infected
with IBV at MOI~2. Culture supernatants were harvested at 0, 8, 12, 16, 20 and 24 hpi and
subjected to plaque assay analysis using Vero cells. Virus titers were expressed as the
logarithm of plaque forming units (PFU) per ml of supernatants.
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3.3.3 Overexpression of CHOP promotes IBV-induced apoptosis

To obtain direct evidence that CHOP contributes to IBV-induced apoptosis, the
overexpression approach was adopted. The coding sequence of CHOP was fused with FLAG-tag
and the resulting construct was transfected into H1299 cells at different dosages (50-800ng). At
24 hours post transfection, cells were infected with IBV at MOI~2 or mock infected for 22 hours.
As shown in Figure 3-11a, the expression of FLAG-tag CHOP could be detected in a dosage-
dependent manner in the transfected cells but was undetectable in control cells transfected with
the empty vector. Overexpression of CHOP did not significantly affect IBV replication, as
revealed by the similar levels of IBV N protein compared with the control cells. IBV infection
induced ~23% PARP cleavage in the negative control at 22h. Notably, transfection of as little as
50ng pXJ40-FLAG-CHOP significantly increased IBV-induced PARP cleavage to ~54%, while
transfection of higher amount of DNA further promoted the cleavage of PARP (Figure 3-11a).
Only background level of PARP cleavage could be detected in the mock infected cells, therefore

the observed pro-apoptotic activity of CHOP was specific during IBV infection.

A few functional domains and modification sites have been previously identified for
CHOP (Figure 3-11b). The region from amino acid 10 to 18 is critical for protein degradation
and interaction with the repressor protein Tribbles homolog 3 (TRIB3) [345]. The MAP kinase
p38 has been shown to phosphorylate CHOP at Ser79 and Ser82, which enhances its
transcription activity [346]. Finally, the C-terminal bZIP domain is required for DNA binding. In
particular, Leul34 and Leul41 are the two critical residues in the leucine zipper region [237]. To
determine which element is required for the pro-apoptotic function of CHOP during IBV
infection, a series of mutants were generated. In the point mutants, either the conserved serines
(Ser79/Ser82) or the conserved leucines (Leul34/Leul4l) were mutated into alanines. In the
deletion mutants, either 9 or 18 amino acids at the N-terminus were deleted (Figure 3-11b).
These constructs were transfected into H1299 cells, with the wild type CHOP as positive control
and empty vector as negative control. Cells were then infected with IBV at MOI~2 for 19 or 22
hours. As described above, IBV induced PARP cleavage in the negative control, which was
potentiated in cells transfected with wild type CHOP (Figure 3-11c). Unexpectedly, the levels of
PARP cleavage were similar for all the mutants compared with wild type CHOP, suggesting that

none of these elements was necessary for the pro-apoptotic activity during IBV infection.
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To identify the region required for the pro-apoptotic activity of CHOP, further deletion
was made at the N-terminus. Two additional deletion mutants were generated, one with the N-
terminal 36 amino acids deleted (AN36) and the other with the N-terminal 70 amino acids
deleted (AN70). No alteration was attempted in the bZIP domain because such mutations might
disrupt normal folding of the protein. H1299 cells were transfected with the vector control, wild
type CHOP or the two new deletion mutants before infected with IBV at MOI~2 or mock
infected. As shown in Figure 3-11d, expression of both wild type and mutant constructs could
be detected by Western blot against FLAG-tag. Notably, the protein levels of AN36-CHOP and
AN70-CHOP was significantly higher than that of wild type CHOP. This was expected, because
previous studies have shown that the N-terminus of CHOP is required for efficient degradation
of the protein. Deletion of the N-terminus thus rendered the mutant proteins more stable and
accumulating at higher amount. Nonetheless, transfection of all CHOP constructs did not affect

IBV replication, as determined by the similar levels of IBV N protein compared with the control.

As shown above and in Figure 3-11d, IBV induced PARP cleavage in the negative
control, which was significantly enhanced in cells transfected with wild type CHOP. In cells
transfected with AN36-CHOP, IBV-induced PARP cleavage was lower compared with cells
transfected with wild type CHOP at 19 hpi, but the difference became marginal at 22 hpi. In
contrast, IBV-induced PARP cleavage was dramatically reduced in cells transfected with AN70-
CHOP at both 19 and 22 hpi. In fact, the degree of PARP cleavage in AN70-CHOP-transfected
cells were even lower than the vector control, suggesting that AN70-CHOP might serve as a
dominant negative mutant that suppressed the pro-apoptotic activity of endogenous CHOP.
Taken together, the result demonstrated that the region spanning amino acids 36-70 of CHOP
might be required for its pro-apoptotic function during IBV infection.
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Figure 3-11  Overexpression of CHOP promotes IBV-induced apoptosis

@) H1299 cells plated in 12-well plate were transfected with 0, 50, 100, 200, 400 or
800ng of pXJ40-FLAG-CHOP plasmid DNA. Appropriate amount of empty vector
(pXJ40-FLAG) was incorporated so that total amount of DNA transfected for each well
was 0.8ug. At around 24 hours post transfection, cells were infected with IBV at MOI~2 or
mock infected. Protein lysates were harvested at the indicated time points and subjected to
Western blot analysis using antibodies against PARP, FLAG-tag and IBV N. Beta-tubulin
was included as loading control. Sizes of protein ladders in kDa were indicated on the left.
Percentage of PARP cleavage was calculated as in Figure 3-5a.

(b) Schematic diagram showing the functional domains, modification sites and critical
residues of CHOP. The four deletion mutants were also shown. Not drawn to scale.

(© H1299 cells were transfected with pXJ40-FLAG, pXJ40-FLAG-CHOP, pXJ40-
FLAG-CHOP-L134A-L141A, pXJ40-FLAG-CHOP-S79A-S82A, pXJ40-FLAG-ANY-
CHOP or pXJ40-FLAG-AN18-CHOP before infected with IBV at MOI~2 for 19 or 22
hours. Western blot and quantification was performed as in (a).

(d) The N-terminal region from amino acid 36 to 70 is required for the pro-apoptotic

activity of CHOP during IBV infection. H1299 cells were transfected with pXJ40-FLAG,
pXJ40-FLAG-CHOP, pXJ40-FLAG-AN36-CHOP or pXJ40-FLAG-AN70-CHOP before
infected with IBV or mock infected. Western blot and quantification was performed as in

@).
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3.3.4 CHOP enhances IBV-induced apoptosis by suppressing phosphorylation
of the pro-survival MAP Kinase ERK

To further confirm the involvement of CHOP in IBV-induced apoptosis, the SiRNA
knockdown approach was adopted. H1299 cells were transfected with siCHOP or SiEGFP before
infected with IBV at MOI~2 or mock infected. As shown in Figure 3-12a, CHOP was
undetectable in the mock infected cells but significantly induced in the control cells infected with
IBV. In contrast, the CHOP protein was completely undetectable in cells transfected with
SiICHOP (Figure 3-12a). Knockdown of CHOP did not significantly affect IBV replication, as
indicated by the similar levels of IBV N protein and supernatant virus titers compared with the
control (Figure 3-12b). Consistent with the overexpression experiments, CHOP exhibited a pro-
apoptotic activity during IBV infection, as the cleavage of PARP was dramatically reduced in the
CHOP-knockdown cells compared with the control (Figure 3-12a).

Previous studies have shown that the MAP kinase ERK is implicated in CHOP-mediated
apoptosis [347]. The protein level of total ERK was not affected by IBV infection or knockdown
of CHOP. In the negative control, phosphorylation of ERK was barely detectable in the mock
infected cells but drastically increased at the late stage of infection (Figure 3-12a). Interestingly,
IBV-induced ERK phosphorylation occurred earlier and was more pronounced in the CHOP-
knockdown cells compared with the control, suggesting that CHOP might promote apoptosis by

suppressing the activation of ERK during IBV infection.
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Figure 3-12  CHOP promotes IBV-induced apoptosis by suppressing the
phosphorylation of the pro-survival MAP kinase ERK

(@) Knockdown of CHOP inhibits IBV-induced apoptosis and promotes phosphorylation of
the ERK kinase. H1299 cells were transfected with sSiEGFP or siCHOP before infected with IBV
at MOI~2 or mock infected. Protein lysates were harvested at the indicated time points and
subjected to Western blot analysis using antibodies against CHOP, PARP, phosphorylated ERK
(phos-ERK), total ERK and IBV N. Beta-actin was included as loading control. Sizes of protein
ladders in kDa were indicated on the left. Percentage of PARP cleavage was calculated as in
Figure 3-5a. Percentages of ERK phosphorylation were calculated as the band intensities of
phosphorylated-ERK divided by the band intensities of the corresponding total ERK protein.

(b) Knockdown of CHOP does not significantly affect IBV replication in H1299 cells.
H1299 cells were transfected with SOEGFP or siCHOP before infected with IBV at MOI~2.
Culture supernatants were harvested at 0, 8, 12, 16, 20 and 24 hpi and subjected to plaque assay
analysis using Vero cells. Virus titers were expressed as the logarithm of plague forming units
(PFU) per ml of supernatants.
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It has been well established that inhibition of ERK may trigger apoptosis in cells [348].
To confirm that ERK serves a pro-survival function during IBV infection, H1299 cells were
transfected with siERK or sSiEGFP before infected with IBV. As shown in Figure 3-13,
knockdown of ERK could be clearly determined by the reduced protein levels of both
phosphorylated ERK and total ERK in cells transfected with siERK. Although knockdown of
ERK did not significantly affect IBV replication, the virus-induced PARP cleavage was
significantly potentiated in the ERK-knockdown cells compared with the control (Figure 3-13).
This supported that ERK was required for cell survival during IBV infection and suggested that
suppression of ERK phosphorylation might be one mechanism whereby CHOP induced

apoptosis in IBV-infected cells.
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Figure 3-13  ERK protects IBV-infected H1299 cells from apoptotic cell death.

H1299 cells were transfected with SIEGFP or siERK before infected with IBV at MOI~2 or
mock infected. Protein lysates were harvested at the indicated time points and subjected to
Western blot analysis using antibodies against phosphorylated ERK (phos-ERK), total ERK,
PARP and IBV N. Beta-actin was included as loading control. Sizes of protein ladders in kDa
were indicated on the left. Percentage of PARP cleavage was calculated as in Figure 3-5a.
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3.3.5 CHOP and IRE1 differentially regulate death receptor 5 (DR5)

One recent study has shown that unmitigated ER stress promotes apoptosis through
activation of DR5 [349]. In this model, signaling from the PERK branch of UPR induces CHOP,
which transcriptionally activates DR5. On the other hand, mRNA decay mediated by the RNase
activity of IRE1 depletes the transcript of DR5 to promote adaptation and cell survival. If the ER
stress persists, accumulated DR5 protein undergoes ligand-independent activation, which
activates caspase 8 and induces apoptosis (Figure 3-14a). To see whether a similar mechanism
applies to IBV-induced apoptosis, modulation of DR5 mRNA by IRE1 and CHOP during IBV
infection was investigated. H1299 cells were transfected with silRE1, SiCHOP or siEGFP before
infected with IBV at MOI~2 or mock infected. As shown in Figure 3-14b, the mRNA levels of
IRE1 and CHOP were significantly reduced by transfection of the respective siRNA compared
with the control. Interestingly, compared with the control, the mRNA level of IRE1 was higher
in the CHOP-knockdown cells, whereas the mRNA level of CHOP was also higher in the IRE1-
knockdown cells. This reciprocity suggested that the PERK and IRE1 branch of UPR might

regulate each other at the transcription level.

As shown in previous sections, knockdown of either IRE1 or CHOP did not affect IBV
replication, as suggested by the similar level of IBV positive stranded genomic RNA compared
with control (Figure 3-14b). Notably, the mRNA level of DR5 in the control cells increased ~4-
fold at 16 hpi and ~6-fold at 19 hpi compared with the mock infected cells, suggesting that DR5
was induced during IBV infection. Importantly, the up-regulation of DR5 was potentiated in the
IRE1-knockdown cells but partially suppressed in the CHOP-knockdown cells (Figure 3-14b).
Therefore, CHOP and IRE1 indeed modulated the mRNA level of DR5 during IBV infection.
Although functional studies have not been performed on DR5, it is likely that DR5 contributed to
IBV-induced apoptosis in a similar manner as in cells under prolonged ER stress.
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Figure 3-14  CHOP and IRE1 modulate the mRNA of DR5 during IBV infection

@ Schematic diagram showing how UPR regulates DR5 activation and mediates ER
stress-induced apoptosis. Arrows indicate activation and blunt arrow suppression.

(b) CHOP and IRE1 modulate the mRNA of DR5 during IBV infection. H1299 cells
were transfected with silRE1, siCHOP or siEGFP before infected with IBV at MOI~2 or
mock infected. Total RNA was extracted and subjected to real time RT-PCR analysis. Fold
inductions of genes were calculated using GAPDH as internal references and normalized
to the mock infected siEGFP-transfected sample.. Asterisks indicate significant differences
between indicated samples and mock (*, P<0.05; **, P<0.01).
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3.4 THE ROLE OF UPR IN THE REGULATION OF IBV-INDUCED AUTOPHAGY
3.4.1 IBV infection induces complete autophagy

Autophagy is an evolutionarily conserved process activated under a variety of cellular
stress. Several coronaviruses (such as SARS-CoV and MHV) have been shown to induce
autophagy in the infected cells [143,147]. To determine whether IBV infection similarly induces
autophagy, a time course experiment was performed. As shown in Figure 3-15a, H1299 cells
were infected with IBV at MOI~2 or incubated with UV-IBV for the indicated period of time.
The conversion of the LC3 protein from the non-lipidated LC3-I into the lipidated LC3-11 form
was generally used as an indicator of autophagy induction. According to a well-established
guideline for autophagy study, the ratio between LC3-II and a loading control (such as p-actin or
B-tubulin) should be used as a measurement of autophagy induction [140]. LC3-I1/actin ratio
remained stable from 0 to 8 hours in both IBV-infected cells and the UV-IBV control (Figure 3-
15a). In cells infected with IBV, the LC3-Il/actin ratio significantly increased at 12 hpi, peaked
at 16 hpi and remained stable till the end of the time course. In cells incubated with UV-IBV, the
LC3-Il/actin ratio also gradually increased. However, LC3-11/actin ratio was always higher in the

infected cells compared with control of the same time point after 12 hpi (Figure 3-15a).

The high “basal level” of autophagy induction in the negative control was likely due to
the incubation of cells in serum-free medium, as serum deprivation has been shown to induce
autophagy in cell culture [350]. The high basal level of endogenous LC3-11 rendered it difficult
to study the specific effect of IBV infection on autophagy induction. Therefore, we shifted to use
another well-characterized autophagy reporter system in which the coding sequence of LC3 was
fused with an N-terminal EGFP tag. H1299 cells were stably transfected the pEGFP-LC3
construct to generate the H1299-GFP-LC3 cell line. As shown in Figure 3-15b, H1299-GFP-
LC3 cells were treated with a commonly used autophagy inducer called rapamycin. A
considerable conversion of GFP-LC3-I into GFP-LC3-11 was observed in the rapamycin-treated
cells, whereas a very low level of GFP-LC3-11 could be detected in the solvent control,
suggesting that the GFP-LC3II to actin ratio might be used as an indicator of autophagy
induction. The stable cells were infected with IBV at MOI~2 or incubated with UV-IBV. As
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Figure 3-15  Induction of autophagy in cells infected with 1BV

@) Lipidation of endogenous LC3 during IBV infection. H1299 cells were infected
with IBV at MOI~2 or incubated with UV-IBV. Protein lysates were harvested at the
indicated time points and subjected to Western blot analysis using antibodies against LC3
and IBV N. Beta-actin was included as loading control. Sizes of protein ladders in kDa
were indicated on the left. The ratio of LC3-I1 to corresponding B-actin band intensity was
determined and normalized to the IBV-infected O hpi sample.

(b) H1299-GFP-LC3 cells were treated with 0.5uM rapamycin or same volume of
DMSO for 5 hours before harvested for Western blot with EGFP antibody. Beta-actin was
included as loading control. Sizes of protein ladders in kDa were indicated on the left.
GFP-LCa3IlI to actin ratio was determined similar as in (a).

(© H1299-GFP-LC3 cells were infected with IBV as in (a) and subjected to Western
blot using antibodies against EGFP and IBV N. Beta-actin was included as loading
control. Sizes of protein ladders in kDa were indicated. GFP-LC3II to actin ratio was
determined as in (b).

(d) H1299-GFP-LC3 cells were treated as in (b) and fixed. Cell nuclei were stained
with DAPI. Fluorescent images were captured with confocal microscope. Highlighted
region was enlarged in the bottom panel to show the GFP-LC3II puncta.

(e) H1299-GFP-LC3 cells were infected as in (c). Cells were harvested at the indicated
time, fixed and stained with antibody against IBV N (red). Nuclei were stained with DAPI.

shown in Figure 3-15c, the band intensities of both GFP-LC3-1 and GFP-LC3-I1 gradually
decreased in cells incubated with UV-IBV, suggesting that the overexpressed protein were
degraded during the time course. In the IBV-infected cells, although the total amount of GFP
fusion protein also reduced by time, there was a significant conversion of GFP-LC3-1 to GFP-
LC3-11 starting from 16 hpi. Indeed, the GFP-LC3II to actin ratio significantly increased at late
stage of infection in the infected cells, but steadily decreased throughout the time course in the
control cells (Figure 3-15c). The result suggested that IBV infection specifically activated
autophagy induction, and the GFP-LC3 reporter system provided a more sensitive read-out with

a lower level of basal activation compared with the endogenous LC3 protein.
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The GFP-LC3 reporter provides another advantage: autophagy induction could be
determined by the formation of GFP-LC3II puncta using fluorescent microscopy. As shown in
Figure 3-15d, the GFP-LC3-1 in DMSO treated cells was distributed diffusely in the cytoplasm.
Rapamycin induced autophagy and the lipidation of GFP-LC3, thus cytosolic GFP-LC3-11
puncta were clearly visible. Next, H1299-GFP-LC3 cells were infected with IBV or mock
infected before subjected to immune staining using antibody against IBV N. As shown in Figure
3-15e, no specific signal for IBV N was detected in the mock infected cells and GFP-LC3
showed a diffuse pattern, suggesting an absence of autophagy induction. In cells infected with
IBV for 12 hours, most cells were positively stained with IBV N protein, featuring an exclusive
cytoplasmic localization as previously reported. Moreover, cluster of cells expressing high level
of IBV N protein fused with each other to form multinucleated syncitia. Notably, GFP-LC3-II
puncta could be readily detected inside these syncitia. On the other hand, in the surrounding
mononucleated cells expressing low level of IBV N, the GFP-LC3 protein is still diffusely
located in the cytoplasm (Figure 3-15e). At a later time point (16 hpi), infected cells underwent
massive fusion and generated large syncytia, which were strongly stained with IBV N antibody.
Moreover, extensive GFP-LC3-11 puncta were observed scattering in the cytoplasm of the
syncytia, but were excluded from the nuclei (Figure 3-15e). The result suggests that autophagy
induction is dependent on the stage of IBV infection. Significant LC3 lipidation and puncta
formation can be observed only at a relatively late stage of infection, when extensive syncitia are
formed. As a result, cells would be harvested at a late time point (~16 hpi) for all the following

experiments where autophagy was studied using fluorescent labeled LC3.

Interestingly, GFP-LC3 puncta are found mostly in the enclosed cytoplasmic space of the
syncytia, compared with the peripheral space. This is possibly due to the morphology of the
‘dome-shaped’ syncytia formed in the H1299 cells infected with IBV. During sample preparation
for immunofluorescence, cytoplasmic contents such as LC3 puncta became more enriched in the
center due to different thickness across the syncytium, resulting in a seemingly uneven
distribution pattern. On the other hand, a more evenly distributed pattern of GFP-LC3 puncta
could be observed in Vero cells infected with IBV, because more ‘flatten’ syncytia are formed in
this cell line (data not shown). To obtain a better resolution of the whole syncytia at a 3D level,

confocal imaging using z-stack reconstruction could be used in future experiments.
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Nonetheless, accumulation of endogenous LC3 or GFP-LC3 could be a result of inhibited
degradation of autophagosomes rather than de novo induction of autophagy. These two
mechanisms could be differentiated using chloroquine (CQ), a chemical inhibiting lysosomal
degradation of autophagosomes [140]. As shown in Figure 3-16a, H1299-GFP-LC3 cells were
either infected with IBV at MOI~2 or mock infected. Treatment of CQ slightly increased GFP-
LC3-Il/actin ratio in the mock infected cells, suggesting that 5uM CQ was able to block
autophagosome degradation. Treatment of CQ did not significantly affect IBV replication, as
indicated by similar level of IBV S protein compared with the solvent control. As shown above,
IBV infection significantly increased the GFP-LC3-Il/actin ratio compared with mock infected
cells. Notably, treatment of CQ in the IBV-infected cells further increased the GFP-LC3-I1/actin
ratio (Figure 3-16a). The result suggested that IBV-induced accumulation of GFP-LC3I1 could
be further enhanced by inhibition of autophagosomal degradation. Therefore, the observed
increase of GFP-LC3-Il/actin in IBV-infected cells was likely due to de novo increase of

autophagy induction.

To confirm this, a tandem fluorescence construct ptfL.C3 was used [331]. In this
reporter construct, LC3 is fused with monomeric red fluoresence protein (mRFP) and GFP
in tandem at the N-terminal. Inside the autophagic cell, both green and red fluorescence
could be detected for the pH neutral autophagosomes. However, as the autophagosomes
fuse with lysosomes, GFP is quenched by the low pH environment whereas mRFP remains
fluorescent. Therefore, only red but not green fluoresence could be detected for the
autolysosomes. When H1299 stably expressing ptfLC3 was infected with IBV in the
presence of CQ, high levels of both green and red fluorescent signals could be detected,
which overlapped extensively (Figure 3-16b). In sharp contrast, in the same cells infected
with IBV without CQ treatment, both green and red fluorescent signals were reduced.
Importantly, a large proportion of red fluorescent puncta did not overlap with the green
fluorescent signal. This signified the presence of both autophagosomes and autolysosomes
in IBV-infected cells. Taken together, the result demonstrated that IBV infection induced

complete autophagy, which proceeds to the stage of lysosomal fusion.
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Figure 3-16 IBV infection induces complete autophagy

@ H1299-GFP-LC3 cells were infected with IBV at MOI~2 or mock infected. After 2
hours of adsorption, cells were washed and treated with SuM chloroquine or equal volume
of PBS and incubated before harvested. Cell lysates were subjected to Western blot as in
Figure 3-14c except that antibody of IBV S was used in place of IBV N. Beta-actin was
included as loading control. Sizes of protein ladders in kDa were indicated. GFP-LC3II to
actin ratio was determined as in Figure 3-14b.

(b) H1299-tfLC3 cells were infected with IBV at MOI~2. After 2 hours of adsorption, cells
were washed and treated with 5uM chloroquine or equal volume of PBS. Cells were
harvest and fixed, and cell nuclei were stained as in Figure 3-14d. The fluorescent images
from GFP and RFP channels were merged to show the co-localization of GFP and RFP.
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3.4.2 ATGS5 but not Beclin1 is required for IBV-induced autophagy

Autophagy is a highly regulated process and involves a large number of proteins
encoded by the autophagy-related genes (ATGs), such as ATG5 and ATG6 (also known as
beclin 1, or BECN1) [132]. To study the role of BECN1 and ATG5 in the IBV-induced
autophagy, H1299 cells were transfected with siATG5, siBECN1 or siEGFP before infected
with IBV at MOI~2. As shown in Figure 3-17a, knockdown of ATG5 and BECN1 could be
determined by the reduced protein levels in the Western blot. Knockdown of either gene
did not significantly affect IBV replication, as suggested by similar level of IBV N protein
compared with the negative control. As previously shown, IBV infection induced a ~2-fold
increase of LC3-1II/actin ratio in the siEGFP control (Figure 3-17a). Notably, no significant
increase of LC3-II/actin ratio could be detected in the ATG5-knockdown IBV-infected cells.
On the other hand, in cells transfected with siBECN1, the LC3-II/actin ratio was
considerably higher than the mock infected cells, although slightly lower than the IBV-
infected siEGFP control (Figure 3-17a).

The high basal level of autophagy in the mock infected cells prompted us to use the
H1299-GFP-LC3 cells. As shown in Figure 3-17b, similar knockdown experiment was
performed in H1299-GFP-LC3 cells and the knockdown efficiency was determined as
described above. A non-targeting siRNA (siNC) was used to replace siEGFP because siEGFP
would suppress the expression of the EGFP-LC3 reporter protein. As expected, low level of
GFP-LC3 lipidation was observed in all the mock infected cells. In cells transfected with
siNC, ~5-fold and ~3-fold increase in the GFP-LC3-II/actin ratio could be observed at 16
hpi and 20 hpi respectively, indicating a significant autophagy induction (Figure 3-17b).
Similar increase in the GFP-LC3-I1/actin ratio could be observed in the IBV-infected
BECN1-knockdown cells. In sharp contrast, in the ATG5-knockdown cells infected with IBV,
the GFP-LC3-II/actin ratio remained at a similar level as the mock infected cells, indicating
a lack of autophagy induction. The result was further confirmed with immunofluorescence.
As shown in Figure 3-17c, significant GFP-LC3-II punta formation induced by IBV infection
could be observed in the siNC or siBECN1-transfected cells, but not in ATG5-knockdown
cells. Taken together, autophagy induced by IBV infection was dependent on the host
protein ATG5 but not BECN1.
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Figure 3-17 IBV-induced autophagy requires ATG5 but not BECN1.

@) H1299 cells were transfected with siATG5, siBECN1 or siEGFP before infected
with IBV at MOI~2 or mock infected. Protein lysates were harvested at the indicated time
points and subjected to Western blot analysis using antibodies against ATG5, BECN1,
LC3 and IBV N. Beta-actin was included as loading control. Sizes of protein ladders in
kDa were indicated on the left. The LC3-11/actin ratio was determined as in Figure 3-15a.

(b) H1299-GFP-LC3 cells were transfected and infected as in (a) before harvested for
Western blot using antibodies against ATG5, BECN1, GFP and IBV N. Beta-actin was
included as loading control. Sizes of protein ladders in kDa were indicated on the left.
GFP-LC3II to actin ratio was determined as in Figure 3-15b.

()  H1299-GFP-LC3 cells were infected as in (b). Cells were harvested at the indicated
time, fixed and stained with antibody against IBV N (red). Nuclei were stained with DAPI.

3.4.3 The UPR sensor IRE1 is involved in IBV-induced autophagy

Previous studies have shown that ER stress could induce autophagy, which is dependent
on the signaling via the IRE1-JNK pathway [218]. To investigate the involvement of IRE1-
XBP1 pathway in IBV-induced autophagy, H1299 cells were transfected with silRE1, siXBP1 or
SIEGFP before infected with IBV at MOI~2. As shown in Figure 3-18a, successful knockdown
of IRE1 and XBP1 could be determined by Western blot and RT-PCR respectively. Compared
with the mock control, both siXBP1 and siEGFP-transfected cells had a significant increase in
the LC3-1l/actin ratio after infected with 1BV for 20 hours. Notably, knockdown of IRE1 slightly
inhibited IBV-induced autophagy, as indicated by the reduced LC3-Il/actin ratio compared with
the infected SiEGFP control (Figure 3-18a). To validate the result, H1299-GFP-LC3 cells were
similarly transfected, and siATG5 was included as a positive control. As shown in Figure 3-18b,
the knockdown of ATG5, IRE1 and XBP1 was determined by either Western blot or RT-PCR.
Consistent with the data presented above, IBV infection increased the GFP-LC3-1l/actin ratio in
cells transfected with siNC. A similar autophagy induction was also detected in the XBP1-
knockdown cells. In contrast, lipidation of GFP-LC3-11 was significantly inhibited in cells
transfected with siATG5 or silRE1 (Figure 3-18b). Consistently, GFP-LC3-11 puncta was
readily observed in IBV-infected control and XBP1-knockdown cells, but was present at very
low level in either ATG5- or IRE1-knockdown cells (Figure 3-18c).
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Figure 3-18 IBV-induced autophagy requires the UPR sensor IREL.

@) H1299 cells in duplicate were transfected with siXBP1, silRE1 or SIEGFP before
infected with IBV at MOI~2 or mock infected. Protein lysates were harvested at the
indicated time points and subjected to Western blot analysis using antibodies against IREL,
LC3 and IBV N. Beta-actin was included as loading control. Both a short and long
exposure blot of LC3 were shown. Sizes of protein ladders in kDa were indicated on the
left. The LC3-Il/actin ratio was determined as in Figure 3-15a. In the second set of cells,
total RNA was extracted and subjected to RT-PCR using primers specific for XBP1 and
GAPDH. Sizes of DNA ladders in bp were indicated on the left.

(b) H1299-GFP-LC3 cells induplicate were transfected and infected as in (a) before
harvested for Western blot using antibodies against ATG5, IRE1, GFP and IBV N. Beta-
actin was included as loading control. Sizes of protein ladders in kDa were indicated on the
left. GFP-LC3II to actin ratio was determined as in Figure 3-15b. In the second set of
cells, total RNA was extracted and subjected to RT-PCR using primers specific for XBP1
and GAPDH. Sizes of DNA ladders in bp were indicated on the left.

(© H1299-GFP-LC3 cells were infected as in (b). Cells were harvested at the indicated
time, fixed and stained using antibodies against IBV N (red). Nuclei were stained with
DAPI.

To see whether the other two branches of UPR (ATF6 and PERK) also play a similar

function in IBV-induced autophagy, similar knockdown experiments were performed in the

H1299-GFP-LC3 cells using the respective siRNAs. As shown in Figure 3-19a and b, efficient
knockdown of ATG5, ATF6, PERK or CHOP could be determined by RT-PCR or Western blot
analysis. The replication of IBV was not significantly affected by the silencing of ATG5, ATF6,
PERK or CHORP, as indicated by the similar level of IBV N protein compared with the siNC

control of the same time point. Consistent with the result above, knockdown of ATGS5 partially
reduced the lipidation of GFP-LC3-I1 induced by IBV infection. In contrast, in ATF6-, PERK-,
or CHOP-knockdown cells infected with IBV, the GFP-LC3-11/actin ratios were all similar to the

control of the same time point (Figure 3-19a and b). Taken together, it appeared that IRE1, but

not the other two branches of UPR, was required for IBV-induced autophagy.
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Figure 3-19 IBV-induced autophagy does not require ATF6 or PERK.

@ H1299-GFP-LC3 cells in duplicate were transfected with siATG5, SiATF6 or siNC
and infected as in Figure 3-17b. Western blot, RT-PCR, and quantification of the GFP-
LC3-Il/actin ratio were performed similarly as described in Figure 3-17b.

(e) H1299-GFP-LC3 cells were transfected with siPERK, siCHOP or siNC and
infected as in Figure 3-17b. Western blot, RT-PCR, and quantification of GFP-LC3-
I1/actin ratio were performed similarly as in Figure 3-17b.
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3.5 THE ROLE OF UPR IN THE REGULATION OF INNATE IMMUNE RESPONSE
DURING IBV INFECTION

3.5.1 The AP-1 and NF-kB binding sites are required for IBV-induced

activation of the IL-8 promoter

Next, we investigated the involvement of UPR in the innate immune response activated
during IBV infection. Particular interest was placed in the pro-inflammatory cytokine IL-8,
because previous studies have shown induction of IL-8 in cells overexpressing the MHV spike
protein or in cells under ER stress [155,260]. Three known response elements have been
identified in the promoter of IL-8, which are binding sites for AP-1, NF-xB and CEBP/j
respectively. To study the requirement for these response elements in the induction of IL-8
during IBV infection, a series of IL-8 luciferase reporter constructs were obtained [334]. In the
wild type construct, the 1L-8 promoter was fused with coding sequence of the firefly luciferase
(Fluc). In the mutant constructs, individual response elements were mutated (Figure 3-20a).

HEK?293 cells were co-transfected with the 1L-8 reporters and the TK-Rluc control. In the
TK-RIuc construct, the expression of renilla luciferase (Rluc) is controlled by the promoter of the
house-keeping gene thymidine kinase (TK), thus it could serve as a control for the transfection
efficiency. The transfected cells were infected with IBV at MOI~2 or mock infected for 24 hours
before lysed for luciferase assay. As shown in Figure 3-20b, IBV infection induced the I1L-8
promoter by ~5-fold in cells transfected with the wild type reporter. This is consistent with the
~6-fold induction of the endogenous IL-8 mRNA in IBV infected HEK293 cells compared with
the mock infected control (Figure 3-20c). Compared with the WT IL-8 reporter, mutations in
either the AP-1 or NF-«B site dramatically reduced the IBV-induced activation of the IL-8
promoter (Figure 3-20b). In contrast, removal of the CEBP/f element only marginally affected
the activation of IL-8 promoter by IBV. Therefore, the AP-1 and NF-xB binding sites in the 1L-8
promoter were essential in the induction of IL-8 during IBV infection. Notably, AP-1 and NF-xB
mutant reporters also had reduced activity in the mock infected cells compared with the wild
type control. This might suggest that the AP-1 and NF-«xB response elements were also required

for the basal activation of IL-8 promoter.

131



= AP-1 M CEBP/B | NF-kB M= Fluc |IL8-Fluc

%cmﬁﬁ NF-kB M= Fluc | IL-8-Fluc (AAP-1)
AP-1 | CEBP/B W IL-8-Fluc (ANF-kB)
1 I e = i
{,/27/;, NF-kB FLuc | IL-8-Fluc (AC/EBPB)

b c
IL-8 mRNA

z° 8.0 -
25
ﬁ 4 _ 6.0 -
g3 B N
= ) 0 @Il (AAP-1) 4.0 1
2 ) 7] mIL8 (ANF«B) 20 -
09 1 _ [ I S )
=|' 0 _._’_’_' .:.:.:.I 7 .:.:.:.I DILB{&CIEBPB) 0.0 -

Maock 1BV Mock BV

Figure 3-20 IBV-induced activation of IL-8 gene involves both AP-1 and NF-kB
binding sites.

@ Schematic diagram showing the arrangement of AP-1, NF-xB and CEBP/p binding
sites in the I1L-8 reporter constructs used in the following experiment. Shaded boxes
indicate the mutations that abolish the respective response elements.

(b) HEK?293 cells were transfected with the 1L-8 reporters listed in (a) and TK-Rluc
plasmid before infected with IBV at MOI~2 or mock infected. At 24 hpi, cells were lysed
and the relative luciferase activity (Fluc/Rluc) was measured. The ratios were normalized
to the value of mock infected cells transfected with wild type I1L-8 reporter. Experiment
was performed three times and result of one representative experiment is shown.

(© Another set of cells in (b) transfected with wild type reporter were subjected to
RNA extraction and RT-qPCR to determine the amount of endogenous IL-8 mRNA.
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3.5.2 XBP1 is required for the induction of pro-inflammatory cytokines and

type I interferon during IBV infection

To study the involvement of UPR in cytokine production during IBV infection, the
knockdown approach was adopted. Since the AP-1 and NF-«xB binding sites were found
important for the activation of 1L-8 promoter, the corresponding transcription factors (the
upstream kinase JNK and the p65 subunit of NF-kB) were used as putative positive control. On
the other hand, the three important UPR-related bZIP transcription factors — ATF6, CHOP and
XBP1, were chosen as knockdown targets in this experiment.

As shown in Figure 3-21a, H1299 cells were transfected with sSiEGFP, siNFkB, siJNK,
SIATF6, siCHOP or siXBP1 before infected with IBV at MOI~2. Quantitative PCR result
showed that IBV infection induced the expression of all tested genes compared with the mock
infected control in cells transfected with siEGFP. Transfection of individual sSiRNA significantly
reduced the mRNA level of the targeted gene compared with the sSiEGFP control (Figure 3-21a).
The pro-inflammatory cytokines IL-6 and IL-8, as well as IFN-B, were chosen for analysis.
Consistent with the IL-8 luciferase reporter experiment, IBV infection significantly induced the
IL-8 mRNA level by more than 20-fold compared with mock infected cells in the SIEGFP
control (Figure 3-21b). Interestingly, knockdown of NF-kB, JNK, ATF6, CHOP or XBP1 all
drastically reduced the IBV-induced IL-8 expression compared with the siEGFP control.
Notably, knockdown of NF-kB almost completely abolished the IL-8 induction by IBV infection.
As for IL-6, infection with IBV induced gene expression by ~3-fold in the negative control.
Knockdown of ATF6 or XBP1 slightly reduced the IBV-induced IL-6 expression compared with
the SIEGFP control. Surprisingly, IL-6 induction seemed unaffected in cells transfected with
siNFkB (Figure 3-21Db). Finally, a moderate induction (~3.5-fold) of IFN- mRNA by IBV
infection was observed in the sSiEGFP control. Knockdown of all tested genes reduced IBV-
induced IFN-B expression, particularly in the NF-xB or XBP1-knockdown cells (Figure 3-21b).
Transfection of all sSiRNA duplexes did not affect IBV replication, as revealed by the similar
level of IBV positive stranded gRNA and similar virus titers in the supernatant compared with
the SiIEGFP control (Figure 3-21c). Taken together, the UPR-related transcription factor XBP1

might serve a certain function in the induction of IL-8, IL-6 and IFN- during IBV infection.
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Figure 3-21  XBPL1 is required for induction of cytokines in IBV-infected cells.

@) H1299 cells were transfected with siEGFP, siNFkB, siJNK, siATF6, siCHOP or
siXBP1 before infected with IBV at MOI~2 or mock infected. At 20 hpi, cells were
harvested and total RNA was subjected to RT-gPCR analysis. Fold induction of specific
genes were calculated using GAPDH as internal references and normalized to the SIEGFP
transfected mock-infected sample. Asterisks denotes significant differences between the
indicated sample and the IBV-infected siEGFP control (**, P<0.01).

(b) The relative mRNA levels of IL-8, IL-6 and IFN-B in the samples described in (a).
Fold induction of genes were calculated as in (a). Asterisks denotes significant differences
between indicated sample and the IBV-infected siEGFP control (*, P<0.05; **, P<0.01).

(© The levels of IBV positive stranded gRNA and the supernatant virus titers in (a)
were determined as described above. N.D, not determined.

3.5.3 Overexpression of XBP1s enhances the expression of IL-8 and IFN-f3

induced by IBV infection

To confirm the involvement of XBP1 in innate immune response during IBV infection
and to identify which one of two XBP1 isoforms was responsible, the transient overexpression
approach was adopted. H1299 cells were transfected with the EGFP-fusion proteins as described
above. The corresponding vector pEGFP-C1 was used as control. As shown in Figure 3-22a,
expression of EGFP-XBP1u and EGFP-XBP1s could be determined using EGFP specific
antibody. Transfected cells were infected with IBV at MOI~2 or mock infected and the extracted
total RNA was subjected to RT-gPCR analysis. As shown in Figure 3-22b, overexpression of
XBP1s but not XBP1u dramatically increased the mRNA level of ERdj4 induced by IBV
infection, as compared with the EGFP control. Therefore the ectopic XBP1s demonstrated its
function as a potent transcription factor. Transfection of the XBP1 fusion proteins did not
significantly affect IBV replication, as evidenced by the similar level of IBV N protein (Figure
3-22a) and similar IBV positive stranded gRNA (Figure 3-22b) compared with control.
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Figure 3-22  Overexpression of XBP1s, but not XBP1u, enhances the expression of
IL-8 and IFN-$ induced by IBV infection.

@ H1299 cells were transfected with pEGFP-C1, pEGFP-XBP1u or pEGFP-XBP1s
in duplicate before infected with IBV at MOI~2 or mock. One set of cells were lysed for
protein and subjected to Western blot analysis using antibodies against EGFP and IBV N.
Beta-actin was included as loading control. Sizes of protein ladders in kDa were indicated.

(b) Another set of transfected cells as described in (a) were subjected to RT-gPCR as
in Figure 3-18a. Fold induction of specific genes were calculated using GAPDH as internal
references and normalized to the pEGFP-C1 transfected mock-infected sample. Asterisks
indicate significant differences (**, P<0.01). N.D, not determined.

(© The relative mRNA levels of IL-8, IL-6, IFN-$ and IL-8 related transcription
factors in the samples described in (a). Fold induction of genes were calculated as in (b).
Asterisks indicate significant differences between two samples (*, P<0.05; **, P<0.01).

We then looked at the expression of cytokines and IFN-B. As shown in Figure 3-22c,
compared with the mock infected cells, IBV infection induced IL-8 expression by ~5-fold in the
EGFP control. This induction of IL-8 transcription was markedly lower than the ~20-fold
increase observed in the siEGFP control cells infected with IBV shown in Figure 3-21b. The
reason for this difference was not known, although it might be due to the different transfection
procedures. Transfection of sSiRNA was performed using the Lipofectamine RNAIMAX reagent,
whereas transfection of plasmid DNA was done using the Lipofectamine 2000 (LP2000) reagent.
According to the manufacturer, the RNAIMAX reagent causes lower cell toxicity compared with
the LP2000. Moreover, overexpression of the EGFP protein may also further cause cell toxicity
in the plasmid DNA-transfected cells. Therefore, sSiRNA-transfected cells might experience less
stress and grew in a better condition compared with the plasmid DNA-transfected cells, which
might explain the relatively higher level of IL-8 transcription when infected with IBV. Notably,
compared with the vector control, the level of IBV-induced IL-8 expression was significantly
enhanced to ~20-fold in cells expressing EGFP-XBP1s. This enhancement was not observed in
cells transfected with EGFP-XBP1u, suggesting that the transactivation domain of XBP1 was

required for this enhancement effect. In contrast, induction of IL-6 in the IBV-infected cells was
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not significantly affected by the overexpression of either EGFP-XBP1u or EGFP-XBP1s (Figure
3-22c).

As for IFN-B, a huge induction of IFN- by IBV infection by ~100-fold was observed in
the EGFP control. This value was significantly higher compared with the induction observed in
the knockdown experiment (Figure 3-21b). The reason for this difference was not known, but
the different transfection reagents used might contribute. Alternatively, the plasmid DNA might
be recognized as PAMP by the transfected cells, and thus synergistically enhanced the IBV-
induced IFN-B expression. This high level of IFN-f transcription per se could potentially affect
IBV replication by up-regulating the interferon stimulated genes (ISGs). However, significant
reduction of IBV genome replication/transcription or the supernatant titers was not observed,
when compared with untransfected H1299 cells (data not shown). Therefore, it is possible that
this increase in IFN- transcription did not lead to an effective antiviral response due to some
uncharacterized counter mechanisms by IBV (such as translation attenuation). Also, because a
relatively high MOI is used in this experiment, almost all cells are infected in the primary
infection. Therefore, even though a high level of IFN- is induced, the antiviral effect might not
be readily detectable due to the rapid course of infection.

Importantly, compared with the EGFP control, the mRNA level of IFN- was
significantly higher in the IBV-infected cells transfected with EGFP-XBP1s, but significantly
lower in IBV-infected cells transfected with EGFP-XBP1u (Figure 3-22c). Taken together, the
result confirms that the spliced form of XBP1 contributes to the induction of IL-8 and IFN-j

during IBV infection, whereas the unspliced form might negatively regulate IFN-B expression.

As mentioned above, the IL-8 promoter contains binding sites for AP-1, NF-xB and
CEBP/pB. To see whether overexpression of XBP1s directly affected the mRNA levels of these
transcription factors, the relative fold changes of these transcripts were also determined. As
shown in Figure 3-22c, the mRNA level of c-Jun was not significantly affected by the
transfection of XBP1 plasmids. Overexpression of EGFP-XBP1s, but not EGFP-XBP1u, seemed
to increase the expression of NF-kB (p65) in the infected cells, as compared with the EGFP
control. As for CEBP/B, compared with the EGFP control, transfection of both EGFP-XBP1u
and EGFP-XBP1s slightly reduced the mRNA level of CEBP/B in the infected cells.
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3.5.4 Overexpression of XBP1s enhances IBV-induced IL-8 and IFN-f3
expression in NF-kB-knockdown H1299 cells

As mentioned above, the transcription factor NF-kB is known to be a crucial regulator of
pro-inflammatory and innate immune response during coronavirus infections. It is possible that
the observed enhancement of XBP1s on IBV-induced IL-8 and IFN-B expression is achieved via
modulation of NF-xB. To this end, H1299 cells were first transfected with siEGFP or siNFkB,
then transfected with pEGFP-C1 or pEGFP-XBP1s, and finally infected with IBV at MOI~2 or
mock infected. As shown in Figure 3-23a, knockdown of NF-kB could be determined by the
reduced protein amount of the p65 subunit. The expression of the EGFP-XBP1s fusion protein
was also detectable using antibody specific for XBP1. Transfection of sSiRNA or plasmid DNA
did not significantly affect the replication of IBV, as determined by the similar amount of IBV N
protein and the similar level of positive stranded genomic RNA (Figure 3-23a and b) among the
infected samples. Overexpression of EGFP-XBP1s significantly enhanced the IBV-induced
ERdj4 expression in cells transfected with either SIEGFP or siNFkB (Figure 3-23b). Therefore,
the activity of XBP1s as a transcription factor regulating downstream UPR genes was not
affected by the knockdown of NF-«B.

The induction of IL-8 and IFN- was also determined by RT-qPCR. As shown in Figure
3-23b, compared with the mock infected control, the mRNA levels of both IL-8 and IFN- were
significantly increased in the siEGFP-transfected cells infected with IBV, which were further
potentiated when XBP1s was overexpressed. As expected, knockdown of NF-xB almost
completely abolished the IL-8 and IFN-p induction, suggesting that NF-kB was crucial in trans-
activating IL-8 and IFN-B during IBV infection. Notably, when XBP1s was overexpressed in the
NF-«xB-knockdown cells, a significant induction of both IL-8 and IFN-f could be observed,
compared with the infected NF-kB-knockdown cells transfected with the vector (Figure 3-23b).
This suggested that the ability of XBP1s to enhance IBV-induced IL-8 and IFN-B expression
remained detectable when NF-«B was knockdown. Nonetheless, the induction of 1L-8 and IFN-f
were still remarkably lower in the NF-xB-knockdown cells compared with the siEGFP control,
suggesting that overexpression of XBP1s could only partially compensate for the reduction of

IL-8 and IFN expression.
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Figure 3-23  Overexpression of XBP1s enhances IBV-induced IL-8 and IFN-
expression in NF-kB-knockdown H1299 cells

€)) H1299 cells in duplicate were first transfected with either SIEGFP (-) or siNFkB
(+) for 24 hours. The cells were then further transfected with either pEGFP-C1 (-) or
PEGFP-XBP1s for another 24 hours before infected with IBV at MOI~2 or mock. One set
of cells were lysed for protein and subjected to Western blot using antibodies against
XBP1, NF-xB and IBV N. Beta-actin was used as loading control. Sizes of protein ladders
were indicated.

(b) Another set of transfected cells as described in (a) were subjected to RT-qPCR as
in Figure 3-18a. Fold induction of specific genes were calculated using GAPDH as internal
references and normalized to the siNFkB/pEGFP-CL1 transfected mock-infected sample.
Asterisks indicate significant differences (**, P<0.01). N.D, not determined.
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3.6 DISCUSSION
3.6.1. Activation of the IRE1 pathway during IBV infection

Previous studies have shown that activation of the IRE1 branch of UPR is either absence
or incomplete in cells infected with SARS-CoV or MHV [155,191]. In SARS-CoV-infected
cells, the E protein prevents efficient splicing of XBP1 mRNA by IRE1[221]. As for MHV,
although IRE1effectively splices the XBP1 mRNA, the spliced XBP1 protein is not produced
due to global translation attenuation, leading to the lack of downstream signaling [191]. In this
study, we have demonstrated that the IRE1 pathway is activated during IBV infection.
Significant splicing of the XBP1 mRNA could be observed at late stage of IBV infection,
together with dramatic induction of downstream UPR genes such as ERdj4. Moreover,
knockdown of IRE1 or XBP1 by RNAI attenuated pathway activation, whereas overexpression
of wild type IREL1 or the spliced form of XBP1 potentiated downstream signaling induced by
IBV infection. Taken together, the result suggest that unlike betacoronaviruses (such as MHV or
SARS-CoV), IBV infection induces ER stress and activates the IRE1-XBP1 pathway.

Previously it has been shown that overexpression of the S protein of MHV but not SARS-
CoV induces XBP1 splicing in cell culture [155]. We have also detected dosage dependent
activation of the IRE1-XBP1 pathway in cells transfected with IBV S protein. As a large and
highly glycosylated transmembrane protein massively synthesized during replication, the S
protein has been commonly recognized as the major culprit that triggers cellular stress responses.
Recent studies have also identified functional interaction between the SARS-CoV S protein and
a ER protein chaperone called calnexin [159]. It is therefore interesting to further investigate the
detailed mechanisms of ER stress induced by coronavirus S protein. In fact, preliminary data
have shown that mutations at several putative N-glycosylation sites partially abolish XBP1
mMRNA splicing in cells overexpressing the IBV S protein. Therefore, the extensive glycosylation
of S protein inside the ER lumen might be responsible for the ER stress induced by coronavirus
infections. However, reverse genetic experiments aiming to mutate these sites in the IBV
genome proved difficult, as the same glycosylation sites seemed to be essential for the fusion
activity of the S protein. Finally, other mechanisms such as DMVs formation and/or membrane

depletion might also be involved and required further studies in the future.
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Many studies on virus-induced activation of the IRE1-XBP1 pathway have utilized the
specific IRE1 inhibitor DBSA [351,352]. DBSA has been shown to selectively inhibit the RNase
activity of IRE1 without significantly affecting other known RNases (such as RNaseL) [339].
However, similar to all inhibitor approaches, DBSA may act on unknown cellular factors that
regulate virus replication. In this study, treatment of DBSA at 10uM was sufficient to suppress
IBV-induced XBP1 mRNA splicing in Vero cells without affecting IBV replication. However, as
low as 5puM DBSA was found to significantly inhibit IBV replication in H1299 cells. Therefore,
the sensitivity towards DBSA might be different depending on the cell line used. Since the
activation of the IRE1 pathway per se was dependent on virus replication, the observed reduction
of XBP1 splicing might be due to non-specific effects of DBSA instead of IRE1 inhibition.
Therefore, cautions should be taken to interpret result from such inhibitor studies and
conclusions need to be fortified by other functional approaches such as knockdown/knockout

and/or overexpression experiments.

The XBP1 splicing assay has been commonly used as a golden standard to access the
activation of IRE1-XBP1 pathway. Using primer pairs that amplify both isoforms of the XBP1
MRNAs, the method allows relatively accurate estimation of XBP1 mRNA splicing. However,
the major drawback of this approach is the lack of sensitivity. Due to the small size difference
(26nt), the RT-PCR products of XBP1u and XBP1s were often not well separated in agarose gel
electrophoresis. If the band intensity of XBP1s is significantly weaker, the pre-dominant XBP1u
band usually masks the signal of XBP1s, leading to a false negative result. In this study, XBP1
splicing was not detected until late stage infection (24 hpi) using the gel-based XBP1 splicing
assay. This led to the seemingly contradictory finding that induction of downstream UPR genes
(such as ERdj4) occurred in the absence of XBP1 splicing. Further quantitative PCR experiment
using primers specific for XBPs revealed that IBV infection indeed triggered significant XBP1
splicing as early as 20 hpi. The result suggested that the gel-based assay might fail to detect low
level of XBP1 splicing, which was usually associated with virus infection. Nonetheless, as a
potent transcription factor, the low amount of XBP1s protein was sufficient to induce the
expression of downstream genes. Therefore, although convenient and straight forward, the
traditional gel-based splicing assay should be supplemented with quantitative PCR analysis on

the transcript levels of XBP1s and the downstream UPR target genes.
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3.6.2. Activation of the PERK branch of UPR in IBV-infected cells

Phosphorylation of elF2a has been detected in cells infected with MHV, SARS-CoV and
TGEV [191,192,194]. In this and a previous study from our group, activation of elF2a and its
two upstream kinases (PKR and PERK) has been observed at the early stage of IBV infection
[156,195]. Interestingly, phosphorylation of eIF2a does not sustain and global translation
attenuation is not detected, possibly due to the dephosphorylation of eIF2a by PP1 [195]. Similar
to PKR, phosphorylation of PERK in IBV-infected cells was found to occur only transiently at
the early stage of infection. Rapidly inactivation of PKR and PERK might be mediated by
P58IPK [353,354]. With an elF2a homology domain, PS8IPK has been shown to directly
interact with PKR, inhibiting its auto-phosphorylation and activity [355]. Expression of P58IPK
is induced under ER stress by the transcription factor ATF6 and XBP1, constituting a negative
feedback mechanism among the three UPR branches [206,356]. It has been shown that the
molecular chaperone heat shock protein 40 (hsp40) binds to and inhibits the activity of P58IPK
[357]. Intriguingly, influenza virus infection promotes dissociation of the hsp40-P58IPK
complex, thereby activating P581PK to counteract the translation attenuation induced by the
PKR-elF2a pathway [357]. This exemplifies viral mechanisms to counteract host antiviral
response and demonstrates the importance of ISR in suppressing virus replication. In this study,
we have detected up-regulation of P581IPK mRNA during IBV infection. However, the functional
involvement of P581PK in coronavirus replication and pathogenesis would require further

investigations.

Although elF2a activation is observed in cells infected with several coronaviruses, the
induction of downstream genes has not been well characterized. For instance, induction of
CHORP is not detected in MHV-infected cells, which has been attributed to the sustained
translation suppression due to eIF2a phosphorylation [191]. Since significant translation
attenuation is not observed during IBV infection (due to the rapid inactivation of PKR, PERK
and elF2a), activation of the downstream ATF4-ATF3-CHOP could be readily observed [156].
In particular, significant induction of the transcription factor CHOP has been detected at both
MRNA and protein level at late stage of infection. The dramatic and sustained up-regulation of
CHORP in turn induces the PP1 regulatory subunit GADD34, which facilitates dephosphorylation

of elF2a and restores translation. In this study, knockdown experiments have shown that both
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PKR and PERK contribute to the IBV-induced up-regulation of CHOP. In particular, induction
of CHOP is almost completely abolished in PKR-knockdown cells infected with IBV. Therefore,
it seems the transient activation of PKR and PERK is sufficient to trigger the downstream ISR
pathway during IBV infection. Whereas PKR is interferon-inducible and activated by binding of
dsRNA, PERK is activated by accumulation of unfolded proteins in the ER lumen. The different
activation mechanisms and the converging effect on the downstream signaling pathway may

ensure the induction of CHOP, in spite of the numerous viral counter mechanisms.
3.6.3. UPR and IBV-induced apoptosis

There has been extensive studies on the involvement of UPR in ER-stress induced
apoptosis [167]. In the initial stage of ER stress, the UPR is generally considered pro-survival.
Translation attenuation, ERAD and RIDD reduce the ER burden, whereas induction of ER
chaperones enhances the folding capacity. All of these aim to restore the ER homeostasis and
facilitate adaptation to ER stress. However, in unmitigated persistent ER stress, prolonged RIDD
activation and induction of pro-apoptotic proteins are detrimental to cell survival and promote
apoptotic cell death. In this study, the involvement of the IRE1-XBP1 pathway and CHOP in

IBV-induced apoptosis is studied in mechanistic detail.

The anti-apoptotic nature of IRE1 was clearly demonstrated by the potentiated apoptosis
in the IRE1-knockdown cells infected with IBV compared with the control, evidenced by the
more prominent cleavage of PARP, caspase 3, 8 and 9. On the other hand, overexpression of
wild type IRE1, but not its kinase dead or RNase deletion mutants, partially reduced IBV-
induced apoptosis, suggesting that both the kinase and RNase activities were required for the
anti-apoptotic function of IREL. Surprisingly, knockdown of XBP1, the splicing substrate of
IRE1, seemed to inhibit apoptosis in IBV-infected cells. Since both the unspliced and spliced
isoform of XBP1 were targeted by siXBP1, we hypothesized that the two isoforms might have
opposing functions during IBV infection. Overexpression experiments clearly demonstrated that
whereas XBP1u was weakly pro-apoptotic, XBP1s was anti-apoptotic in cells infected with IBV.
A dominant negative form of XBP1 (XBP1-DN) was generated by removing the proteasome
degradation motif in XBP1u. When cells were transfected with XBP1-DN, IBV-induced

apoptosis was found significantly potentiated compared with the vector control. Taken together,
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the anti-apoptotic function of IRE1 may be explained, at least in part, by the conversion of pro-

apoptotic XBP1u to anti-apoptotic XBP1s.

Previous studies have also demonstrated that the kinase activity of IRE1 could activate
the JNK signaling pathway to induce apoptosis [216]. In this study, however, ER-stress induced
apoptosis did not seem to be mediated by the IRE1-JNK pathway in IBV-infected cells. In fact,
phosphorylation of JNK induced by IBV infection was much more pronounced in the IRE1-
knockdown cells compared with the control. Therefore, JINK was likely activated by alternative
upstream kinases (such as MKK4/MKKT7 as described in the next chapter). Along with the
hyper-phosphorylation of JINK, we have also detected a hypo-phosphorylation of Akt in the
IRE1-knockdown cells infected with IBV. Akt has been demonstrated to play an important role
in cell survival under ER stress [358]. Phosphorylation of Akt preceded JNK activation during
IBV infection, while overexpression of constitutively active Akt abolished IBV-induced
apoptosis. Notably, Akt phosphorylation sustained longer in cells transfected with sSiJNK
compared with the control, suggesting a counteraction between the two pathways. Indeed, it has
been shown that INK inhibits the survival signals of Akt by phosphorylating the 14-3-3 protein
[312]. It is quite likely that the antagonizing actions of Akt and JNK determine cell death or
survival at late stage of IBV infection. In this sense, the anti-apoptotic function of IRE1 may be

mediated by modulating the phosphorylation status of Akt and JNK.

The transcription factor CHOP has been attributed to the apoptosis induced in cells under
persistent ER stress. A number of mechanisms have been proposed to explain CHOP-induced
apoptosis, including aggravation of ER burden by restoring protein translation [185], induction
of pro-apoptotic proteins such as ERO1a, Bim and DR5 [185,238,239] or suppression of pro-
survival proteins such as Bcl2 and Akt [237,359]. In this study, we have clearly demonstrated the
pro-apoptotic function of CHOP during IBV infection by the knockdown and overexpression
approaches. Moreover, we proposed that CHOP might facilitate IBV-induced apoptosis by
suppressing the activation of ERK, a pro-survival MAP kinase. Surprisingly, the pro-apoptotic
activity of CHOP in IBV-infected cells were dependent on the amino acids 36-70 region in the
N-terminal, but not its DNA binding bZIP domain. The interacting partners and detailed

mechanisms of CHOP-induced apoptosis during IBV infection remained to be investigated.
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Finally, we have also demonstrated that IRE1 and CHOP differentially modulated the
MRNA level of DR5. Recent studies have shown that the mRNA of DR5 is induced by CHOP
but degraded by the RIDD activity of IRE1 [349]. Consistently, the mRNA level of DR5 was
found lower in CHOP-knockdown cells and higher in IRE1-knockdown cells infected with 1BV,
as compared with control. Accumulation of DR5 protein might promote ligand-independent
activation of caspase 8 in IBV-infected cells, as in cells under persistent ER stress [349].
Nonetheless, determination of DR5 at the protein level and further functional studies are required
to elucidate its role in IBV-induced apoptosis. Figure 3-22 summarizes the mechanisms that

UPR might use to modulate apoptosis during IBV infection.
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Figure 3-24  The involvement of UPR in IBV-induced apoptosis.

Schematic diagram showing the mechanisms where UPR modulates ER-stress induced
apoptosis during IBV infection. Pointed arrows indicate activation. Blunt-ended lines
indicate inhibition.
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3.6.4. IBV-induced autophagy and the involvement of IRE1

A growing number of viruses have been demonstrated to induce autophagy in infected
cells [62,360,361]. For certain viruses such as poliovirus, coxsackievirus B3 and HCV,
autophagy is induced by the viruses and promotes viral replication. Whereas for other viruses
such as Sindbis virus, vesicular stomatitis virus and HSV-1, autophagy acts as a host defence
mechanism to either eliminate the virus or to activate the innate immune response [137]. One
recent study has demonstrated that IBV infection induces autophagy in infected Vero cells and
identified nsp6 as the viral protein that triggers autophagosome formation [89]. Here, we
confirmed the IBV-induced autophagy with another mammalian cell lines (H1299) and a stable
cell line expressing the autophagy marker GFP-LC3. Moreover, using the lysosome acidification
inhibitor chloroquine and the tandem fluorescent LC3 reporter, we demonstrated that IBV
induced complete autophagy flux that proceeded to the lysosomal fusion stage.

In agreement with previous studies in IBV and MHV, knockdown of ATG5 inhibited the
viral induced autophagy but did not significantly affect coronavirus replication. Interestingly,
when another autophagy related gene, BECN1 was silenced by siRNA, IBV infection was still
able to induce autophagy. During starvation induced autophagy, the ULK1 protein complex is
activated and recruits a second protein complex containing BECN1, Vsp15 and a class 111 PI3K,
called Vps34. Activated Vps34 phorphorylates P13 to PI3P, which recruits effectors such as
DFCP1 and WIPI for isolated membrane nucleation. On the other hand, ATG5 binds toATG12
and forms one of the two ubiquitin-like conjugates, which is essential for membrane elongation
[362]. Since IBV-induced autophagy is independent of BECN1 but dependent on ATGS5, it is
likely that other signal transducers are activated in response to IBV infection, which initiates
BECN1-independent membrane nucleation and converges to the canonical autophagy pathway

only at the elongation stage where ATGS5 is required.

We then moved on to study the involvement of UPR in IBV-induced autophagy.
Knockdown experiments showed that among the three UPR sensors, only IRE1 was required for
IBV-induced lipidation of GFP-LC3. Also, knockdown of XBP1 failed to inhibit IBV-induced
autophagy. However, as discussed above, the two isoforms of XBP1 might exhibit distinct

functions. Therefore, the role of XBP1 in autophagy induction should be further investigated
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using the overexpression approach and the dominant negative mutant. In fact, previous studies
have shown that the IRE1-JNK pathway was responsible for ER-stress induced autophagy [218].
In the study conducted by Ogata et al., induction of autophagy is observed in cells treated with
ER stress inducers, which is inhibited when IRE1 is knockout or JNK is inhibited [218].
However, as discussed above, the phosphorylation of JINK observed in IBV-infected cells was
not mediated by IRE1. Therefore, it is quite unlikely that the IRE1-JNK pathway contribute to

autophagy induction during IBV infection.
3.6.5. UPR and innate immune response during IBV infection

The innate immunity constitutes the first line of defense against coronavirus infections,
although uncontrolled innate immune response may also lead to inflammation and other
immunopathologies associated with coronavirus infections [245]. In this study, we also
attempted to unravel potential involvement of the UPR in regulating innate immune response
induced by IBV infection. Previous studies have shown that IL-8 was induced in MHV-infected
cells and cells transfected with S protein of MHV [155]. Using the luciferase based reporter, it
was found that the IL-8 promoter was also activated in IBV-infected cells, which required
functional binding sites for AP-1 and NF-kB. Moreover, the mRNA levels of IL-8 and IFN-f
significantly increased in cells infected with IBV. Knockdown of NF-«B or the UPR-related
transcription factor XBP1 significantly reduced IBV-induced up-regulation of IL-8 and IFN-3
compared with the control. On the other hand, overexpression of XBP1s but not XBP1u

drastically enhanced the induction of IL-8 and IFN-f induced by IBV infection.

In this study, we have shown that overexpression of XBP1s induced the mRNA level of
NF-kB compared with the control. However, when NF-kB was knocked down by siRNA,
transfection of XBP1s was still capable of enhancing IBV-induced IL-8 and IFN-f expression.
Nonetheless, caution should be taken when interpreting from this experiment. First of all,
because the transient transfections of sSiRNAs and plasmid DNAs were preformed separately, a
mixed population of transfected cells was expected. Cells might be only transfected with the
siRNA/plasmid DNA, dually transfected with both, or non-transfected at all. To overcome this,
future experiments need to be done using NF-«B knock-out or stably knockdown cells.

Secondly, even though the mRNA and protein levels of NF-xB were significantly reduced in the
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knockdown cells, a low amount of NF-kB was still detectable. It might be possible that this
remaining NF-kB was enough to mediate the enhancement effect of XBP1s. To rule out this
possibility, a cell line with NF-xB completely knocked out should be used. Therefore, it is still
too early to conclude that the action of XBP1 on IBV-induced IL-8 and IFN- expression is
totally independent of NF-«B.

There are several other possible mechanisms whereby XBP1s facilitates the production of
pro-inflammatory cytokines and type-I interferon. First, XBP1s may directly bind to the
promoter sequences of these genes and activates transcription. Indeed, recent studies have
identified putative XBP1 binding sites in the promoters of IL-6, TNF-a and IFN- [271,273]. So
far, similar response element for XBP1 has not been identified in the promoter of IL-8 and DNA
binding gel shift assay could be performed to search for potential binding sites. Secondly, XBP1s
may modulate the activity of one or more of the key transcription factors, such as c-Jun, NF-xB,
CEBP/B and IRF3/IRF7. Expression of cytokines and chemokines could also be promoted by
post-translational modification (such as phosphorylation and sumoylation) and nuclear
translocation of these key regulatory factors, which should be determined in future experiments.
Finally, XBP1s may also promote the activity of key transcription factors by protein-protein
interactions. The CHOP protein has been shown to interact with CEBP/B and the co-activator
protein p300/CBP [345]. Similar activities of XBP1s may facilitate binding of the transcription
factors and assembly of the enhanceosome structure to induce cytokine production.

Notably, preliminary results in this study have been focusing on the induction of
cytokines at the mRNA level. More detailed experiments need to be performed to examine the
role of UPR in the translation, processing, secretion and signaling of cytokines in IBV-infected
cells. The translation and processing of cytokines could be determined by Western blot analysis,
whereas the secretion level could be measured using immunoassay (such as ELISA). The
signaling of cytokines involved multiple transduction pathways, which might require specific
reporter and/or assay systems. Moreover, the preliminary results were obtained using a single
cell line of epithelial origin (H1299 cells). Because innate immune cells such as DCs and
monocytes are more specialized in the production and secretion of cytokines, future experiments
using these cells are necessary. To do this, however, such a cell line needs to be obtained or

established, which is both permissive to IBV infection and competent in UPR signaling.
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Chapter Four:
Activation of JNK pathway during IBV infection and

its involvement in regulating IBV-induced
apoptosis and innate immune response
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4.1 BACKGROUND AND INTRODUCTION

JNK is a MAP kinase known to be activated by a diversity of cellular stress and pro-
inflammatory cytokines [276]. Activation of JNK has been observed in cells infected with MHV
or SARS-CoV [262,291], as well as in cells transfected with the S, N, accessory protein 3a, 3b or
7a of SARS-CoV [128,292,293,296]. Previous studies on coronavirus-induced JNK activation
have been focused on its involvement in virus persistency and cell survival [295,363]. However,
the upstream signaling pathway responsible for JNK activation during coronavirus infections has

not been investigated in detail.

In Chapter Three of this thesis, we have shown that the IRE1 branch of UPR protects
infected cells from IBV-induced apoptosis, at least in part by suppressing the activation of INK.
In most experiments, high level of INK phosphorylation is usually associated with enhanced
IBV-induced apoptosis. Therefore, we decided to characterize the molecular mechanism behind
the pro-apoptotic activity of JINK in the context of IBV infection. We also attempted to
determine involvement of the two known JNK upstream kinases (MKK4 and MKK?7) in INK

activation induced by IBV infection.

Among the three MAP kinases, p38 is best characterized as the mediator of pro-
inflammatory response. In fact, previous studies have shown that induction of IL-6 and IL-8 in
coronavirus-infected cells is dependent on the activation of p38 [262,263]. On the other hand, the
role of JNK in the innate immune response during coronavirus infections has not been fully
determined. In the previous chapter, we have already shown that the knockdown of INK indeed
reduced IBV-induced expression of IL-8 and IFN-f. In this chapter, additional experiments using
the overexpression approach will be presented to demonstrate the importance of JINK in the

regulation of cytokine production during IBV infection.

152



4.2 RESULT
4.2.1. The JNK pathway is activated during IBV infection

To determine whether the JNK pathway is activated during IBV infection, H1299 cells
were either infected with IBV at MOI~2 or mock infected. As shown in Figure 4-1, the level of
total INK remained relatively unchanged throughout the time course experiment in both the
IBV-infected cells and the mock infected control. No phosphorylated JNK could be observed in
the mock control, whereas phosphorylated JNK could be detected starting from 12 hpi in the
IBV-infected cells. Phosphorylated JNK continued to accumulate and peaked at 20 hpi, followed
by a rapid reduction to background level at 24 hpi (Figure 4-1). The phosphorylation of c-Jun, a
direct substrate of JNK, was also determined. As shown in Figure 4-1, a low level of
background c-Jun phosphorylation could be detected in the mock infected cells and in early time
point of IBV-infected cells. This might be due to basal activation of c-Jun by other kinases or
non-specific detection by the antibody. At 16 hpi, an abrupt increase of phosphorylated c-Jun
was observed, which slowly subsided in later time points. Interestingly, the total protein level of
c-Jun was also slightly higher at 16-24 hpi, compared with early time points of the infected cells
or the mock control. This suggested that phosphorylation of c-Jun might stabilize the protein in
H1299 cells infected with IBV.

The activation of two known JNK upstream kinases was also determined. Total protein
levels of both MKK4 and MKK7 remained the same in both IBV-infected and mock infected
cells. For MKKA4, a basal level of phosphorylation was detected at 0 hpi, which gradually
increased and peaked at the last time point collected (24 hpi). Phosphorylated MKK4 also stably
accumulated in the mock infected control, although to a lower level compared with IBV-infected
cells of the same time point (Figure 4-1). As for MKK7, no detectable phosphorylation was
picked up in the mock infected cells, whereas a drastic increase of phosphorylated MKK7 was
detected at 16 hpi. The amount of phosphorylated MKK7 slowly decreased afterwards, although
remained at a considerable high level even at 24 hpi (Figure 4-1). Judging from the degree of
phosphorylation above basal level and the temporal profile of activation, it seemed more likely
that IBV-induced JNK phosphorylation was mediated by MKK7 instead of MKK4.
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Figure 4-1  Activation of INK pathway during IBV infection in H1299 cells

H1299 cells were infected with IBV at MOI~2 or mock infected. Protein lysates were
harvested at the indicated time points and subjected to Western blot analysis using the
indicated antibodies. Beta-tubulin was included as loading control. Sizes of protein ladders
in kDa were indicated on the left. Degree of protein phosphorylation was calculated as the
band intensity of phosphorylated protein divided by the band intensity of the
corresponding total protein respectively.
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To validate the result, a similar time course experiment was performed on another
mammalian cell line Huh-7. As shown in Figure 4-2, IBV infection induced JNK
phosphorylation in Huh-7 cells similar to the H1299 cells, except that the signal seemed to be
stronger and remained at high level even at 24 hpi. A high degree of c-Jun phosphorylation
above the basal level was also detected in IBV-infected Huh-7 cells. However, unlike in H1299
cells, phosphorylation of c-Jun seemed to destabilize the protein, as the amount of total c-Jun
was found reduced at late time points (20 and 24 hpi) in the Huh-7 cells (Figure 4-2). On the
other hand, only minimum level of MKK4 phosphorylation was observed, except in the 24 hpi
sample. Also, compared with H1299 cells, phosphorylation of MKK?7 occurred earlier at 12 hpi
and was also inactivated faster in Huh-7 cells (Figure 4-2). Phosphorylated MKK7 could be
barely detected in the 20 and 24 hpi samples, possibly also due to a reduction of the total MKK7
protein. Taken together, the result suggested that the JINK pathway was effectively activated in
IBV-infected cells, and phosphorylation of INK seemed to be mediated by the upstream kinase
MKK?7. Notably, JNK activation also preceded IBV-induced PARP cleavage in both H1299 and
Huh-7 cells, suggesting a functional involvement in regulating IBV-induced apoptotic cell death
(Figure 4-1 and 4-2).
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Figure 4-2 Activation of JNK pathway during IBV infection in Huh-7 cells.

Huh-7 cells were infected with IBV or mock infected as in Figure 4-1. Western blot
analysis and quantification were performed as in Figure 4-1.
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4.2.2. Overexpression of MKK7 promotes JNK phosphorylation and induction
of IL-8 during IBV infection

To further validate the role of upstream MKKSs in JNK activation during IBV infection,
the coding sequences of MKK4 and MKK?7 were amplified and inserted into the mammalian
expression vector pXJ40FLAG. H1299 cells were transfected with pXJ40FLAG-MKK4,
pXJ40FLAG-MKKT7 or the empty vector before infected with IBV at MOI~2 or mock infected
for 20 hours. As shown in Figure 4-3a, expression of FLAG-tag MKK4 and MKK7 could be
determined by Western blot using the FLAG antibody. As expected, phosphorylated MKK4 was
detected at a significantly higher level in cells transfected with FLAG-MKK4, as compared with
the vector control. Prominent phosphorylation of MKK4 occurred in the IBV-infected cells but
not in the mock infected cells, suggesting that activation of the ectopic MKK4 was dependent on
activation of upstream kinases during IBV infection (Figure 4-3a). Surprisingly, MKK7
phosphorylation was detected at a similar level in all transfected cells, although a significant
higher level of total MKK7 was observed in cells transfected with FLAG-MKK?. It was possible
that the phosphorylated MKK7 antibody only recognized the endogenous protein but not the
ectopic phosphorylated FLAG-MKK?7. Transfection of MKK4 or MKK?7 did not significantly
affect IBV replication, as determined by the similar levels of IBV N protein and IBV positive

stranded genomic RNA compared with the vector control (Figure 4-3a and c).

The activation of JNK and c-Jun induced by IBV infection was then examined in the
transfected cells. In the vector control, a moderate increase of JNK and c-Jun phosphorylation
was observed in the infected cells compared with the mock infected cells (Figure 4-3a).
Surprisingly, overexpression of MKK4 indeed reduced both the basal level and the IBV-induced
phosphorylation of JNK and c-Jun. It might be possible that the overly active MKK4 signal
triggered some negative feedback mechanisms, which in turn suppressed the downstream
activation of INK/c-Jun. On the other hand, both JNK and c-Jun were more efficiently
phosphorylated in the infected cells transfected with FLAG-MKK7 compared with the vector
control (Figure 4-3a). Even the basal activation of JNK and c-Jun in the mock infected cells was
slightly higher in the FLAG-MKK?Y transfected cells compared with the control. Thus, the
ectopic FLAG-MKKY7 was functionally active and promoted phosphorylation of JNK and c-Jun
induced by IBV infection.
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Figure 4-3  Overexpression of MKK7 promotes IBV-induced JNK phosphorylation
and IL-8 expression at the mRNA level.

@ Overexpressing MKK7 promotes JNK/c-Jun phosphorylation in H1299 cells.
H1299 cells were transfected with pXJ40FLAG, pXJ40FLAG-MKK4 or pXJ40FLAG-
MKKT?7 before infected with IBV mock infected for 20 hours. Protein lysates were
harvested at the indicated time points and subjected to Western blot analysis using the
indicated antibodies. Beta-actin was included as loading control. Sizes of protein ladders in
kDa were indicated on the left. Degree of protein phosphorylation was calculated as in
Figure 4-1.

(b) MKK?7 promotes the activation of INK pathway in Huh-7 cells. Cells were
transfected and infected as in (a). Western blot and quantification were performed as in (a).

(© Overexpressing MKK7 promotes IL-8 induction in IBV-infected cells. A second
set of H1299 cells in (a) were harvested for total RNA. Quantitative RT-PCR was
performed as in Figure 3-18a. Fold induction of genes were calculated using GAPDH as
internal references and normalized to the pXJ40FLAG transfected mock-infected sample.
Asterisks indicate significant differences between two indicated samples (*, P<0.05).
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The same experiment was also performed in Huh-7 cells. Unlike in H1299 cells, a
slightly higher level of phosphorylated MKK7 was indeed detected in Huh-7 cells transfected
with FLAG-MKKY (Figure 4-3b). Similar to the H1299 cells, although the ectopically expressed
FLAG-MKK4 was highly phosphorylated, it actually reduced 1BV-induced JNK phosphorylation
compared with the vector control. Although phosphorylated JNK was only marginally increased
in cells transfected with FLAG-MKK?7, the level of c-Jun phosphorylation was found
significantly higher compared with the control (Figure 4-3b). Taken together, result from Huh-7
cells also supported an important role of MKK7 in IBV-induced activation of the JINK pathway.

To see whether the hyper-phosphorylated JNK in cells overexpressing FLAG-MKK?7
contributed to cytokine induction, the mRNA levels of IL-8, IL-6 and IFN- were determined by
quantitative RT-PCR. As shown in Figure 4-3c, significant up-regulation of IL-8 and IFN-f3
MRNA could be detected in the IBV-infected H1299 cells transfected with the vector plasmid.
Notably, overexpression of FLAG-MKK?7 further promoted the induction of IL-8, but has no
detectable effect on the expression of IL-6 and IFN-B (Figure 4-3c). Interestingly, transcription
of IFN-B was found significantly up-regulated in cells transfected with FLAG-MKK4. This
might be attributed to the function of p38, which is also known to be phosphorylated by MKKA4.
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4.2.3. Overexpression of MKK7 promotes IBV-induced apoptosis

It has been well established that INK activation was involved in apoptosis induced by a
variety of stimuli and stress. Since overexpression of MKK7 was found to promote JNK
phosphorylation in IBV-infected cells, we continued to investigate its effect on IBV-induced
apoptosis. Additionally, we would like to investigate why the ectopically expressed FLAG-
MKK?7 could not be detected by the phosphorylated MKK?7 antibody (Figure 4-3a and b).
Therefore a few mutants of MKK?7 were generated by site-directed mutagenesis. In the K149M
mutant, the lysine 149 in MKK?7 critical for ATP binding was mutated to methionine. In the
STS-3E mutant, serine 271, threonine 275 and serine 277 were mutated to glutamates. These
residues were normally phosphorylated by upstream MKKKSs to activate MKK?7. Therefore the
STS-3E was considered a “phosphomimetic” mutant of active MKK7. Finally in the STS-3A
mutant, the same three residues were mutated to alanines, which rendered the protein incapable
of being phosphorylated by upstream kinases.

First, we would like to characterize the behavior of these MKK7 constructs in cells under
a condition known to activate the JNK pathway. H1299 cells were transfected with vector, wild
type MKKY7 or the three mutants for 24 hours. The transfected cells were then irradiated with
UVC, which has been widely used as a positive control treatment to activate the JINK pathway.
As shown in Figure 4-4a, UVC treatment induced moderate JNK phosphorylation in the vector
control. Transfection of wild type MKK?7 enhanced UVC-induced JNK phosphorylation by ~2.2-
fold. The level of phosphorylated JNK in cells transfected with the K149M mutant was slightly
lower than the control, suggesting that the ATP-binding mutant might serve as a dominant
negative mutant that inhibited the endogenous MKK?7 (Figure 4-4a). The STS-3E mutant
promoted UVC-induced JNK activation similarly as the wild type MKK?7. This was unexpected,
as previous publications have treated the STS-3E as a constitutively active mutant. It was also
not expected that cells transfected with the STS-3A mutant actually had a similar level of INK
phosphorylation compared with the vector control (Figure 4-4a). This indicated that the STS-3A
mutant, unlike the K149M mutant, was not dominant negative in UVC-treated cells.
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Figure 4-4  Overexpression of MKK?7 or its phosphomimetic mutant promotes
IBV-induced apoptosis and IL-8 expression in H1299 cells

@ H1299 cells were transfected with pXJ40-FLAG, pXJ40FLAG-MKK?7,
pXJA0FLAG-MKK7-K149M, pXJ40FLAG-MKK7-STS-3E or pXJ40FLAG-MKK7-STS-
3A. After 24 hours, cells were irradiated with UVC (10mJ) and incubated for another 1
hour. Protein lysates were harvested and subjected to Western blot analysis using the
indicated antibodies. Beta-tubulin was included as loading control. Sizes of protein ladders
in kDa were indicated on the left. Degree of JNK phosphorylation was calculated as in
Figure 4-1a.

(b) H1299 cells in duplicate were transfected as in (a) before infected with IBV at
MOI~2 or mock infected for 20 hours. One set of cells were harvested for protein and
subjected to Western blot analysis using the indicated antibodies. Beta-tubulin was
included as loading control. Sizes of protein ladders in kDa were indicated on the left.
Degree of INK phosphorylation was calculated as in Figure 4-1a. Percentage of PARP
cleavage was determined as in Figure 3-5a.

(c)  Asecond set of cells in (b) were harvested for total RNA. Quantitative RT-PCR
was performed as in Figure 3-18a. Fold induction of genes were calculated using GAPDH
as internal references and normalized to the pXJ40FLAG transfected mock-infected
sample. Asterisks indicate significant differences between two samples (*, P<0.05).
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H1299 cells similar transfected were then infected with IBV at MOI~2 or mock infected
for 20 hours. As shown in Figure 4-4b, expression of wild type MKK?7 and the three mutants
were determined by the anti-FLAG antibody. Phosphorylation of MKK7 was detected in the
IBV-infected cells but not the mock infected control. The level of phosphorylated MKK7 was
similar among all transfected samples, even for the vector control. Because the phosphorylation
sites were removed in the STS-3A mutant, the phosphorylated MKK?7 detected in STS-3A
transfected cells should represent only the endogenous MKK?7 protein. Therefore, it was
concluded that the phosphorylated MKK?7 antibody indeed could only detect the endogenous

protein, but not the ectopically expressed protein.

Notably, in spite of the similar level of MKK?7 phosphorylation detected, different level
of IBV-induced JNK phosphorylation was observed. Transfection of wild type or the STS-3E
mutant of MKKT? significantly increased the level of phosphorylated JNK in IBV-infected cells,
as compared with the vector (Figure 4-4b). Transfection of the K149M mutant slightly reduced
IBV-induced JNK phosphorylation. Interestingly, in IBV-infected cells transfected with the STS-
3A mutant, the level of phosphorylated JNK was higher than the vector control, although not as
high as in cells transfected with the wild type MKK7 or the STS-3E mutant (Figure 4-4b). To
determine the degree of apoptosis induction, the apoptotic marker PARP was used. The PARP
cleavage percentages were found to correlate well with the level of INK phosphorylation.
Moderate PARP cleavage was detected in vector control, which was slightly reduced in K149M,
slightly increased in STS-3A, and considerably increased in cells transfected with wild type
MKK?7 or STS-3E (Figure 4-4b).

The induction of cytokines was also determined by quantitative RT-PCR. As shown in
Figure 4-4c, the IBV-induced up-regulation of IL-8 mMRNA also demonstrated a similar pattern
as the INK phosphorylation profile. IBV-infected cells transfected with wild type MKK?7 or the
STS-3E mutant had a significantly higher level of IL-8, compared with the vector control.
Whereas the mRNA level of IL-8 was similar for the K149M mutant, and only marginally higher
in cells transfected with the STS-3A mutant. The expression of IL-6 and IFN-f seemed to be
independent on the transfection of MKK7 or its mutants (Figure 4-4c). Transfection of all
MKKT7 constructs did not significantly affect IBV replication, as determined by the similar levels

of IBV N protein or positive stranded gRNA (Figure 4-4b and c) compared with control.
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Similar transfection experiment was performed in Huh-7 cells. As shown in Figure 4-5a,
the IBV-induced phosphorylation of MKK?7 was found higher in cells transfected with wild type
MKK?7, K149M or the STS-3A mutant. Nonetheless, the phosphorylation of JINK showed a
similar pattern as in H1299 cells: only wild type MKK7 and STS-3E, but not K149M or STS-3A,
significantly enhanced IBV-induced JNK phosphorylation compared with the vector control
(Figure 4-5a). The PARP cleavage pattern was also found to correlate with JNK activation, as
observed for H1299 cells. Since IBV N was found at slightly different levels in the transfected
cells, plaque assay was performed for the supernatants collected from infected cells. As shown in
Figure 4-5b, similar virus titers were detected in all the samples compared with the vector
control, suggesting that transfected of MKK7 or its mutants did not affect IBV replication in
Huh-7 cells. Taken together, it seemed that both the ATP binding site and phosphorylation by
up-stream kinases were required for MKK?7 to activate JNK. Moreover, the MKK7-dependent
JNK phosphorylation seemed to play an important role in the regulation of IBV-induced

apoptosis and expression of IL-8 at the mRNA level.
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Figure 4-5  Overexpression of MKKZ7 or its phosphomimetic mutant promotes
IBV-induced apoptosis in Huh-7 cells

@ Overexpressing MKK7 promotes the IBV-induced apoptosis in Huh-7 cells.
Transfection, infection, Western blot and data analysis were performed as in Figure 4-4b.

(b) The culture supernatants of IBV-infected Huh-7 cells in (a) were subjected to
plaque assay analysis. Virus titers were expressed as the logarithm of PFU per ml of
supernatants.
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4.2.4. Overexpression of constitutively active JNK promotes IBV-induced

apoptosis and cytokine production

Previous studies have shown that, when JNK is fused with its upstream kinase MKK7,
the protein becomes constitutively active [332]. We obtained this construct and investigated the
effect of constitutively active JNK on IBV replication and cellular responses. As a negative
control, the conserved Thr-Pro-Tyr motif in INK was modified to Ala-Pro-Phe (APF), which
rendered the kinase unable to be phosphorylated. As shown in Figure 4-6a, H1299 cells were
transfected with pcDNA-MKK7-JNK1 or pcDNA-MKK7-JNK1(APF), before infected with IBV
at MOI~2 or mock infected. The expression level of MKK7-JNK1 was found slightly higher
than the APF mutant, possibly due to differences in post-translational modification (such as
degradation). Ectopic JNK1 inside the fusion protein was efficiently phosphorylated in cells
transfected with MKK7-JNK1 but not the APF mutant, as determined by the antibody specific
for phosphorylated JNK (Figure 4-6a). Notably, phosphorylation of the endogenous JNK was
also promoted in cells transfected with MKK7-JNK1 compared with the APF control, whereas
the total amount of endogenous JNK was not significantly affected. Transfection of MKK7-
JNK1 enhanced the phosphorylation of c-Jun in both mock infected and IBV-infected cells as
compared with the APF control, indicating that the constitutively active JNK indeed activated the
downstream pathway. No PARP cleavage could be detected in the mock infected cells. In cells
infected with 1BV, percentage of PARP cleavage was found significantly higher in cells
transfected with MKK7-JNK1, as compared with the APF control (Figure 4-6a). On the other
hand, no significant difference in the level of IBV N was observed between cells transfected with
MKK?7-JNK1 or MKK7-JINK1(APF).

A similar transfection and infection experiment was performed in the Huh-7 cells. As
shown in Figure 4-6b, transfection of MKK7-JNK1 had a similar effect on the phosphorylation
of endogenous JNK and c-Jun in Huh-7 cells. Also, a significantly higher percentage of PARP
cleavage was detected at 24 hpi in Huh-7 cells transfected with MKK7-JNK1 compared with the
APF control (Figure 4-6b). Therefore, the result suggested that overexpression of constitutively
active JNK did not affect IBV replication but promoted IBV-induced apoptosis.

167



a IBV20h 1BV24h M-24h b M-22h IBV18h 1BW22h
+ — + — + — MEK/-INK1 + - + — 4+ — MEKK/-INK1
(kDa) - + — + — + MKK7-INK1{APF) {kDa) - + — + — + MKK7-JNK1{APF)
100 i e P, | FLAG-tag 100— ww e __ == __|FLAG-tag
100-48 =W W MKK7-p-JNK1 100— v — we  —MKK7-p-INK1
— m— — —
50— : ]phns-JNK 50— . O ]phos-JNK
_— Ty —— ——
50— R | Total INK 50 R R | Total INK
o e ===  1phos-c-Jun ~ S . R sm v &= phos-c-Jun
@ | 37— =] 37-
T =
- F EEEE—— 1 o] N [T — e T s &= JTotal c-Jun
37- 37-
———_“-—PﬁRP{FL} _—_--—-——PARP{FL}
100- e . —PARP(CI) 100~ St s _PARP(CI)
30- E-——— JIBV N 50— St BV N
-acti A ——————me e — - 50T
50— B-actin 50— B-actin

|3?|15‘4?|28| 0 | 0 |PARPC|.%|

Bl pcDNA-MEKK7-INK1

IL-8 mRNA

o

10

M-20h IBV20h

IFN-B mRNA

*

r\

90
60

30

M-20h IBV20h

|3|2‘12| ?|ES‘38|PARPCI.%|

B pcDNA-MKK7-JNK1(APF)

IL-6 mRNA
3

2
1

0

M-20h IBV20h

IBV+gRNA
1.2
0.8

0.4
N.D.

M-20h

0.0
IBV20h

168




Figure 4-6  Overexpression of constitutively active form of INK promotes IBV-
induced apoptosis and cytokine production

@ H1299 cells in duplicate were transfected with pcDNA-MKK7-JNK1 or pcDNA-
MKK7-JNK1(APF), before infected with IBV at MOI~2 or mock infected. One set of cells
were harvested for protein at the indicated time points and subjected to Western blot
analysis using the indicated antibodies. Beta-tubulin was included as loading control. Sizes
of protein ladders in kDa were indicated on the left. Degree of JNK phosphorylation and
the percentage of PARP cleavage was determined as in Figure 4-4b.

(b) Huh-7 cells were transfected and infected similarly as in (a). Western blot analysis
and data quantification were performed as in (a).

(© A second set of cells in (a) were harvested for total RNA. Quantitative RT-PCR
was performed as in Figure 3-18a. Fold induction of genes were calculated using GAPDH
as internal references and normalized to the pcDNA-MKK7-JNK1(APF) transfected mock-
infected sample. Asterisks indicate significant differences between two indicated samples
(**, P<0.01; *, P<0.05).

The induction of cytokines in transfected H1299 cells was also determined by
quantitative RT-PCR. As shown in Figure 4-6¢, compared with the APF control, transfection of
MKK7-JNK1 did not significantly affect the mRNA level of positive stranded IBV genomic
RNA or the expression of IL-6. On the other hand, induction of IFN-B was moderately increased,
whereas induction of 1L-8 was markedly increased in the MKK7-JNK1-transfected cells
compared with the APF control. Therefore, overexpression of constitutively active JNK actually
enhanced IBV-induced IL-8 and IFN-f expression at the mRNA level.
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4.2.5. The JNK inhibitor SP600125 suppresses JNK phosphorylation and

apoptosis during IBV infection

The result presented above has been relied on the gain-of-function approach. To gain a
more complete understanding of JNK’s function during IBV infection, we turned to the loss-of-
function approach. Several specific INK inhibitors have been developed so far, and an
anthrapyrazolone compound called SP600125 is the most widely used and well-characterized
[364]. Because IBV-induced JNK phosphorylation was more intense in Huh-7 cells, we first
studied the effect of SP600125 in this cell line.

As shown in Figure 4-7a, Huh-7 cells were first infected with IBV at MOI~2 or mock
infected. After 4 hours of adsorption, the unbound virus was removed and cells were treated with
increasing doses of SP600125 (from 0 to 50uM) for 20 hours. In the DMSO solvent control, IBV
infection induced prominent JNK phosphorylation compared with the mock infected cells.
Treatment of as low as 10uM SP600125 significantly reduced IBV-induced phosphorylated JINK
by ~60% (Figure 4-7a). However, further increase of SP600125 concentration did not markedly
suppressed JNK phosphorylation further. This low level of JNK activation might be mediated by
other mechanisms resistant to the action of SP600125. Notably, treatment of SP600125 at 10uM
did not significantly affect the level of IBV N compared with the DMSO control (Figure 4-7a).
On the other hand, increasing amounts of SP600125 dosage dependently reduced the level of
IBV N protein. This was validated by plaque assay of the culture supernatant. Treatment of
SP600125 at 20uM or above was found to significantly reduce the IBV titers in Huh-7 cells
(Figure 4-7b). Taken together, it seemed that the JNK inhibitor SP600125 significantly inhibited
IBV replication at concentration higher than 10uM.

Since JNK phosphorylation was induced by IBV replication, we decided to use lower
dosage of SP600125 in the subsequent experiments. As shown in Figure 4-7c, Huh-7 cells were
infected and treated with SP600125 at lower concentrations (0-8uM). The total amount of JINK
was not affected by the treatment of SP600125. Moreover, IBV replication was also not
significantly affected, as determined by the similar amount of IBV N protein compared with the
DMSO-treated control.
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Figure 4-7  SP600125 suppresses IBV-induced JNK phosphorylation and apoptosis

@ Huh-7 cells were infected with IBV or mock infected. After 4 hours, cells were
treated with SP600125 (SP) at the indicated concentrations or same volume of DMSO for
20 hours. Cell lysates were subjected to Western blot analysis using the indicated
antibodies. JNK phosphorylation and PARP cleavage was determined as in Figure 4-3b.

(b) The culture supernatants in (a) were subjected to plaque assay analysis. Virus titers
were expressed as the logarithm of PFU per ml of supernatants.

(c) Huh-7 cells were infected and treated with SP600125 at lower concentrations as in
(a). Western blot analysis and data quantification were performed as in (a).

(d) H1299 cells were infected and treated with SP600125 as in (c). Western blot
analysis and data quantification were performed as in (a).
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Notably, the protein level of phosphorylated JNK reduced dosage dependently with
increasing concentration of SP600125 used. Moreover, the percentage of PARP cleavage was
also reduced in a dosage dependent manner in cells treated with SP600125 (Figure 4-7c). In
Huh-7 cells treated with 8uM SP600125, IBV-induced PARP cleavage was reduced nearly by
half compared with the IBV-infected DMSO control. Similar experiments were also performed
in H1299 cells. As shown in Figure 4-7d, treatment of increasing dosages of SP600125 also
reduced JNK phosphorylation and PARP cleavage induced by IBV infection in H1299 cells.
Similar to Huh-7 cells, the replication of IBV was not significantly affected in H1299 cells
treated with SP600125 at concentration as high as 8uM (Figure 4-7d). Taken together, the
inhibitor experiments demonstrated that at low concentration, inhibition of JINK phosphorylation

by SP600125 suppressed apoptosis induced by IBV infection.
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4.2.6. Knockdown of JNK, but not c-Jun, attenuates IBV-induced apoptosis

The reduced IBV-induced apoptosis observed in SP600125-treated cells could have been
due to other uncharacterized off-target effects of the compound. Therefore, to validate the result
we shifted to the RNAI approach. The functional knockdown of JNK was first examined in cells
subjected to positive control treatment. As shown in Figure 4-8a, H1299 cells transfected with
SIEGFP or siJNK were irradiated with UVC. In the siEGFP control, UVC induced significant
phosphorylation of both JINK and c-Jun (Figure 4-8a). In cells transfected with siJNK, the
amounts of total INK and phosphorylated JNK were both reduced compared with the SIEGFP
control. Although the level of total c-Jun was not affected, UVC-induced phosphorylation of c-
Jun was suppressed in cells transfected with siJNK (Figure 4-8a). The data suggested that

transfection of siJNK attenuated the activation of JNK pathway in UVC-irradiated cells.

Next, H1299 cells transfected with SiEGFP or siJNK were infected with IBV at MOI~2
or mock infected. As shown in Figure 4-8b, significant phosphorylation of JINK and c-Jun was
detected in IBV-infected cells in the siEGFP control. Knockdown of JNK drastically reduced the
protein levels of both phosphorylated and total JNK. The amount of phosphorylated c-Jun was
also lower in the JNK-knockdown cells compared with the control, suggesting a successful
inhibition of the JNK signaling pathway (Figure 4-8b). Notably, IBV induced significant PARP
cleavage in the sSiEGFP control at 20 and 22 hpi, which was partially reduced in cells transfected
with siJNK. Moreover, when compared with the SiEGFP control of the same time point, the
JNK-knockdown cells had a higher amount of the anti-apoptotic Bcl2 protein, but a slightly
lower amount of the pro-apoptotic BAK1 protein (Figure 4-8b). Knockdown of JNK did not

significantly affect IBV replication, as indicated by the similar level of IBV N protein.

The same knockdown experiment was also performed in Huh-7 cells. As shown in
Figure 4-8c, siJNK reduced the levels of phosphorylated JNK and c-Jun in IBV-infected Huh-7
cells. The siRNA knockdown efficiency was not as high as in H1299 cells, as considerable level
of phosphorylated JNK could still be detected in the JINK-knockdown Huh-7 cells. Nonetheless,
transfection of the siJNK partially reduced IBV-induced PARP cleavage and modulated the
protein levels of Bcl2 and BAK1, similar to what happened in the H1299 cells (Figure 4-8c).
Therefore, the result demonstrated that knockdown of JNK suppressed IBV-induced apoptosis,

possibly by up-regulating anti-apoptotic Bcl2 and down-regulating pro-apoptotic BAK1.
173



a NO UV UVC

+ — + — SiEGFP
(kDa) e e o SiJNK1/2
48— ———— |Phos-INK
— . —
48— —. Total INK
()]
(o))
o | 48 s s —Phos-c-Jun
T

48— et — Total c-Jun

W — ———-actin

b

(kDa)

-22h 1BV16h 1BV18h IBV20h IBV22h
- + — + — + — + — SiEGFP
+ — + — + — + — + siNK1/2

e ——— —— — — e e —P\RP (FL}
100- s s —PARP (Cl)

| +|=

48% — T v | Phos-INK

L — | e i

e —

48— - e — “&  —Phos-c-Jun

48— e B e S . W e W s —Total c-Jun

H1299

25— A S S S b - B |2

e . e D S e M St — 3, (4 (]
25—

48— .-ﬁ]mv N

()R —— ————— — e s — (3. & Cti 1\

0|0|0 |0 |[0O0)| O |14]|0 |54 |36 | PARPCIv(%)

1.5(1.0(1.3|0.9|1.2|0.9|1.2|0.5|1.9 | Bcl2

1.0(1.2|1.0|1.3|1.0|1.4(09(1.7 |1.2 | BAK1

174




C M-22h IBV16h IBV20h [BV22h

+ — + — + — + — SiEGFP
(kba) — 4+ — + — + — + siINK1/2
——— — — — . e —D[\RP (FL)
100- w—— w— = —PARP (Cl)
25-Ea . —— — | Phos-INK
48— o 2 —]TotaIJNK
A8 — s s s —Ph 05 -C-JUN

48

Huh-7

T — — e S s s s —[Otal c-Jun

25— Wt S S S S S S e —Bcl2
s s > e s e et — 3 1]

25—
48— “—] IBV N

48— n—— —{3- 3 Ctin

0 |0 |10| 3 (50 38 |58 |45 | PARPCIv (%)
1 (1.2(14|16|15|1.7|1.0|1.7| Bcl2
1 (101.1(1.1{1.2|1.1|1.3|1.1| BAK1

Figure 4-8  Knockdown of JNK attenuates IBV-induced apoptosis

(@ H1299 cells were transfected with SiEGFP or siJNK for 48 hours. Cells were then
irradiated with 40mJ UVC and incubated for another 1 hour. Protein lysates were subjected
to Western blot analysis using the indicated antibodies. Beta-actin was included as loading
control. JNK phosphorylation was determined as in Figure 4-3b.

(b) H1299 cells were transfected with SiEGFP or siJNK before infected with IBV at
MOI~2 or mock infected. Cells were harvested at indicated time points and subjected to
Western blot analysis using the indicated antibodies. Beta-actin was included as loading
control. Percentage of PARP cleavage was determined as in Figure 3-5a. Relative amount of
Bcl2 or BAK1 was determined as the band intensity normalized to GAPDH, with the mock
infected sample of SIEGFP-transfected cells set as one.

(©) Huh-7 cells were transfected and infected as in (b). Cells were harvested and
subjected for Western blot analysis as in (b). Percentage of PARP cleavage and the relative
abundance of Bcl2 or BAK1was determined as in (b).
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To see whether the pro-apoptotic activity of JINK was mediated via c-Jun, additional
knockdown experiments were performed. As shown in Figure 4-9a, H1299 cells were
transfected with SiEGFP or sic-Jun before infected with IBV or mock infected. Successful
knockdown of c-Jun could be determined by the reduced amount of both phosphorylated c-Jun
and total c-Jun in cells transfected with sic-Jun, as compared with the siEGFP control.
Knockdown of c-Jun did not significantly affect IBV replication, as determined by the similar
level of IBV N protein. Surprisingly, a significantly higher percentage of PARP cleavage could
be detected in c-Jun-knockdown cells compared with the SIEGFP control of the same time point
(Figure 4-9a). When the same knockdown experiment was performed in Huh-7 cells, a similar
enhanced PARP cleavage was also observed in cells transfected with sic-Jun (Figure 4-9b).
Taken together, it seemed that unlike JNK, c-Jun might serve a pro-survival function during IBV

infection and protect the infected cells from IBV-induced apoptosis.
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Figure 4-9  Knockdown of c-Jun potentiates IBV-induced apoptosis

@ H1299 cells were transfected with sSiEGFP or sic-Jun before infected with IBV at
MOI~2 or mock infected. Cells were harvested at indicated time points and subjected to
Western blot analysis using the indicated antibodies. Beta-actin was included as loading
control. Percentage of PARP cleavage was determined as in Figure 3-5a.

(b) Huh-7 cells were transfected and infected as in (a). Western blot analysis and
quantification of PARP cleavage was performed as in (a).
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4.2.7. Overexpression of Bcl2 inhibits IBV-induced apoptosis

Previous studies have shown that overexpression of Bcl2 does not affect SARS-CoV
replication but inhibits apoptosis induced in the infected cells [125]. In the result obtained above,
a higher level of Bcl2 protein was found to associate with reduced apoptosis in JINK-knockdown
cells at the late stage of IBV infection (Figure 4-8b and c). Furthermore, JNK has also been
demonstrated to directly phosphorylate Bcl2 at Ser70, inhibiting its anti-apoptotic activity in
cells treated with pacilitaxel [313]. We therefore hypothesized that the pro-apoptotic activity of
JNK might be mediated through its inhibition of the anti-apoptotic protein Bcl2. The coding
sequence of Bcl2 was amplified and cloned in the mammalian expression vector pXJ40-FLAG.
A mutant (S70A) was generated, in which the serine 70 reported to be phosphorylated by JINK
was mutated into alanine. H1299 cells were transfected with empty vector, Bcl2 or the ST0A
mutant before infected with IBV at MOI~2 or mock infected. As shown in Figure 4-10a, the
expression of FLAG-Bcl2 and FLAG-Bcl2-S70A could be detected at similar level by Western
blot. When the membrane was probed with antibody specific for phosphorylated Bcl2 at Serine
70, signals were detected only in cells transfected with wild type Bcl2 but not in the vector or
mutant-transfected cells. Thus, endogenous Bcl2 might not undergo significant phosphorylation
at serine 70, or the level was lower than the detection limit of this antibody. Notably, a high level
of phosphorylated Bcl2 could be detected in the mock infected cells transfected with FLAG-
Bcl2, where no JNK phosphorylation was observed (Figure 4-10a). These suggested that
phosphorylation of the ectopic Bcl2 was not dependent on IBV replication or JNK activation,

and might rather be mediated by other constitutively active kinase(s) in the cells.

In the vector control, IBV infection triggered significant PARP cleavage at 20 and 24 hpi
(Figure 4-10a). In cells transfected with FLAG-Bcl2 and FLAG-Bcl2(S70A), PARP cleavage
was completely abolished at 20 hpi and significantly reduced at 24 hpi. Notably, there was no
significant difference in IBV-induced PARP cleavage between cells transfected with wild type
Bcl2 and the S70A mutant of the same time point. Thus phosphorylation at serine 70 seemed to

be non-essential for the anti-apoptotic function of Bcl2 during IBV infection.
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Figure 4-10 Overexpression of Bcl2 inhibits IBV-induced apoptosis

@) H1299 cells were transfected with pXJ40-FLAG, pXJ40-FLAG-BcI2 or pXJ40-
FLAG-BcI2(S70A) before infected with IBV at MOI~2 or mock infected. Cells were
harvested at indicated time points and subjected to Western blot analysis using the
indicated antibodies. Beta-tubulin was included as loading control. Sizes of protein ladders
in kDa were indicated on the left. Percentage of PARP cleavage was determined as in
Figure 3-5a.

(b) Huh-7 cells were transfected and infected as in (a). Western blot analysis and
quantification of PARP cleavage was determined as in (a).

The same experiment was performed in Huh-7 cells. As shown in Figure 4-10b, the
protein expression level of Bcl2(S70A) was lower than that of the wild type protein. It might be
possible that phosphorylation of Bcl2 at serine 70 stabilized the protein in Huh-7 cells. Similar to
the H1299 cells, phosphorylation of endogenous Bcl2 was not observed. Phosphorylation of the
ectopic Bcl2 could be detected in the mock infected cells, although the level seemed to increase
at late stage of infection (Figure 4-10b). As in H1299 cells, overexpression of Bcl2 and
Bcl2(S70A) inhibited PARP cleavage induced by IBV infection, as compared with the vector
control. Compared with the Bcl2-transfected cells, a slightly higher PARP cleavage was
observed in the Bcl2(S70A)-transfected cells at 24 hpi (Figure 4-10b). This seemingly reduced
anti-apoptotic activity could be explained by the lower protein level of Bcl2 in cells transfected
with Bcl2(S70A) at 24 hpi. Taken together, the result suggested that IBV infection did not
induce detectable phosphorylation of endogenous Bcl2. Although ectopically expressed Bcl2
was phosphorylated at serine 70, it was not mediated by JNK and did not significantly affect the
anti-apoptotic activity of Bcl2 during IBV infection.
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4.2.8. Overexpression of DUSP1 reduced JNK phosphorylation, apoptosis

induction and IL-8 mRNA expression in IBV-infected cells

It has been shown that activated MAP kinases are dephosphorylated by proteins called
dual specificity protein phosphatases (DUSPs) [365]. Previous data from our group has also
shown that IBV infection induces expression of DUSP1, which dephosphorylates the p38 kinase
and modulates the induction of IL-6 and IL-8 in IBV-infected cells [263]. However, it is
unknown whether DUSP1 also regulates activation of the JNK pathway IBV infection. To this
end, the coding sequence of DUSP1 was amplified and inserted into the pXJ40-FLAG vector.
H1299 cells were transfected with empty vector or FLAG-DUSP1 before infected with IBV or
mock infected. As shown in Figure 4-11a, expression of FLAG-DUSP1 could be identified by
Western blot. The protein level of FLAG-DUSP1 was lower in the IBV-infected cells compared
with the mock control, suggesting that IBV infection might modulate expression or stability of
DUSP1. Although the protein level of total INK was comparable, IBV-induced phosphorylation
of INK was found significantly reduced in cells overexpressing FLAG-DUSP1, as compared
with the vector control (Figure 4-11a). This suggested that the transfected FLAG-DUSP1was
functionally active as a phosphatase of JINK in IBV-infected cells. Interestingly, the protein
levels of phosphorylated ERK and p38 were only marginally reduced in the DUSP1-transfected
cells compared with the control (Figure 4-11a). It could be possible that other DUSPs might be
responsible for the dephosphorylation of ERK or p38 in IBV-infected cells. Notably, the
percentage of PARP cleavage at late stage of IBV infection was found to be slightly reduced in
cells overexpressing FLAG-DUSP1 (Figure 4-11a). Transfection of DUSP1 did not significantly
affect IBV replication, as suggested by the similar level of IBV N protein.

As for the cytokines and IFNP, overexpression of DUSP1 was found to moderately
reduce the mRNA level of IL-8 induced by IBV infection, whereas induction of IL-6 and IFN-f
was not significantly affected (Figure 4-11b). This result further confirmed that the level of
IBV-induced IL-8 was tightly associated with the phosphorylation status of JNK in the infected
cells. Taken together, overexpression of DUSP1 suppressed JNK phosphorylation in IBV-
infected H1299 cells, which was associated with a reduced apoptosis induction and IL-8 mRNA

expression.

180



M-22h 1BV16h IBV19h IBV22h
(koa) — + — + — + — + FLAG-DUSP1 B p)XJ40-FLAG
= B )J40-FLAG-DUSP1

50___! e — S -FLAG-tag

— —— o

R

100~ e — — — v PARP (FL IL-8 mRNA
— i _PARP (CI
10
30— oot ]phos—JNK
— e —
- — — 5
B s o a——— — — —
_________leDtEIIJNK D
M-19h  IBV1Sh
QT e s s s S [ 051 3B
IFN-B mRNA
— e —
37— Total p38 150
g s - > | ph0s-ERK 100
50
SEssmmm e e e == Total ERK
37— 0
M-19h  IBV19h
37- IL-6 mRNA
37 — — ——— —— -1 11
- 2
0 0| 0| 0 |29|20)|85 75| PARPClv(%)
1 0637|1711 |7.8]|6.3|3.5| phos-JNK/INK 1
1 |0.4|1.4|1.3|1.8|1.4|15|1.3 | phos-p38/p3s 0
1 |0.8|15|1.5|1.7|15|1.7|1.5 | phos-ERK/ERK M-19h IBV19h

Figure 4-11 Overexpression of DUSP1 reduced JNK phosphorylation, apoptosis
induction and I1L-8 mRNA expression in IBV-infected H1299 cells

@ H1299 cells in duplicate were transfected with pXJ40-FLAG or pXJ40-FLAG-
DUSP1 before infected with IBV or mock infected. Cells were harvested at indicated time
points and subjected to Western blot analysis using the indicated antibodies. Beta-tubulin
was included as loading control. Sizes of protein ladders in kDa were indicated on the left.
Asterisk indicates a non-specific band detected by the anti-FLAG antibody. Degree of
phosphorylation and percentage of PARP cleavage was determined as in Figure 4-1a.

(b) A second set of cells in (a) were harvested for total RNA and subjected to RT-
gPCR as in Figure 3-18a. Fold induction of genes were calculated using GAPDH as
internal references and normalized to the pXJ40-FLAG transfected mock-infected samples.
Asterisk indicates significant differences between two samples (**, P<0.01).
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4.3 DISCUSSION
4.3.1. Activation of the JNK pathway during IBV infection

Previous studies on coronavirus-induced JNK activation have been focused on individual
viral proteins. Viral proteins were either transiently transfected using the cationic-liposome
method [128,292,296] or the lentivirus vectors [293]. In both cases, the expression level of these
proteins would be different from that in an actual infection. Moreover, physical and/or functional
interactions between multiple viral proteins could not be recreated using the overly simplified
overexpression approach. In two studies, phosphorylation of JINK was clearly detected in cells
infected with MHV [262] and SARS-CoV [291]. Because phosphorylated JNK was not detected
(or only at basal level) in the mock infected cells or in cells incubated with UV-inactivated virus,
it was concluded that coronavirus replication induced JNK phosphorylation. However, activation
of the downstream substrates of JNK (such as c-Jun) was not determined. Thus it was unknown
whether the phosphorylated JNK was functionally active. Therefore, molecular mechanisms of

the complete JNK signaling pathway during coronavirus infections remained largely unexplored.

In this study, we used the gammacoronavirus IBV as a model and characterized the
phosphorylation status of JNK, its upstream MKKs (MKK4 and MKK7) and its downstream
substrate c-Jun during a time course infection. It was found that IBV induced significant
phosphorylation of MKK7, JNK and c-Jun starting from 12 hpi in the infected cells. Notably,
phosphorylation of MKK4 was only apparent at the very late time point of infection (24 hpi).
Moreover, transfection of MKK7 but not MKK4 promoted the phosphorylation of JINK and c-
Jun in the IBV-infected cells. Therefore, based on the activation kinetics and overexpression
data, it is more likely that IBV-induced activation of JNK is mediated by MKK7, but not MKK4.

We then continued to use a series of mutant constructs to determine which functional
domain(s) is required for MKK?7 to mediate JNK phosphorylation in the IBV-infected cells.
Using the FLAG-tag and total MKK?7 antibody, it is found that ectopic wild type MKK7 as well
as the K149M, STS-3E and STS-3A mutants were expressed to a similar level in the transfected
cells. Interestingly, when phosphor-specific MKK?7 antibody was used to probe for the same
membrane, similar band intensities were determined for all transfected samples including the

vector control. This data suggested that the phosphor-specific MKK7 antibody could only detect
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the endogenous level of phosphor-MKK?7 but not the ectopic expressed FLAG-tag proteins,
although the reason remained unknown. Also, ectopic expression of either wild type or mutated
forms of MKK?7 appeared to have minimal effect on IBV-induced phosphorylation of the
endogenous MKK?7, as detected by Western blot. Nonetheless, the JNK activation data strongly
supported that the overexpressed wild type and STS-3E mutants were functionally active, as
significantly higher levels of IBV-induced JNK phosphorylation were detected compared with
the vector control in both H1299 and Huh-7 cells. Moreover, overexpression of the K149M
mutant reduced IBV-induced JNK activation in H1299 cells, suggesting that the dominant
negative mutant might compete with the endogenous MKK7 for the substrate. As for the STS-3A
mutant, it slightly enhanced IBV-induced JNK activation compared with the vector control, but
the catalytic activity was significantly lower compared with wild type MKK7 and the STS-3E
mutant. This suggested that both the ATP binding activity and the phosphorylation sites of

MKK?7 were required for optimal activation of JNK during IBV infection.

Nonetheless, further experiments are needed to validate the results. First of all, other
detection techniques should be used to study JNK activation during IBV infection. In this thesis,
phosphorylation levels of JNK and other relevant proteins were determined by Western blot to
serve as the marker of pathway activation. Although highly sensitive, false positive/negative
result might sometimes arise depending on the quality and specificity of the antibodies. For
examples, the phospho-MKK?7 antibody was unable to detect ectopic FLAG-tag wild type
proteins as mentioned above. Likewise, the phosphor-JNK antibody only detects the dual
phosphorylated (Thr183/Tyr185) protein and the phosphor-c-Jun antibody only detects the c-Jun
protein phosphorylated at Ser63 but not on the other sites. Although these questions could be
addressed using other specific antibodies, alternative approaches might also be adopted. For
instance, in vitro kinase activity assays could be performed on cell lysates harvested at different
time points to obtain direct activity read-out on the individual kinase in the JNK pathway. Also,
systems such as the AP-1 promoter luciferase reporter could be used to determine the
transcription activity of c-Jun and other substrates of the INK pathway. Secondly, loss-of-
function experiments using specific inhibitors and/or gene knockdown/knockout should be
performed to confirm the involvement of individual players in the JINK pathway. Importantly,
the ultimate upstream kinase(s) responsible for the initial trigger of the JNK pathway upon 1BV

infection remained to be identified in the future.
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4.3.2. Inhibition of IBV replication by JNK inhibitor SP600125

The JNK inhibitor SP600125 has been used in several studies on coronavirus-induced
JNK activation. In general, a concentration from 10uM to 40 uM was used to inhibit INK
phosphorylation [291,292,296,327]. However, as shown by result from this study, treatment of
SP600125 at concentrations higher than 10uM inhibited IBV replication in a dosage dependent
manner. Since JNK phosphorylation was induced by coronavirus replication, interpreting the
specific effect of INK inhibition would be impossible if virus replication per se was affected.
Therefore, the result from inhibitor studies needs to be supplemented with further experiments
using other loss-of-function approaches, such as more specific inhibitors or RNAI.

In fact, the compound SP600125 has also been shown to inhibit replication of other
viruses. In one study, treatment of SP600125 inhibited the morphogenesis of poxviruses in
multiple cell lines [366]. The inhibition was independent of JNK, because similar antiviral effect
was not observed in JINK1/2 knockout cells infected with poxviruses [366]. SP600125 also
inhibited the infectivity of vesicular stomatitis virus (VSV) [367]. Although transcription and
translation of viral proteins were not affected, SP600125 was shown to induce a post-
translational modification in the VSV glycoprotein and decrease its fusion activity [367]. In
contrast, treatment of SP600125 and another JNK inhibitor AS601245 has been shown to
enhance the HCV genome replication but inhibit viral entry [368]. Further experiments identified
a host factor called MAP kinase interacting serine/threonine kinase 1 (MKNK1), which was
involved in HCV entry and non-specifically inhibited by SP600125 [368]. As for coronavirus,
the mechanism behind the antiviral activity of SP600125 remains to be investigated in the future.

4.3.3. Involvement of the JNK pathway in IBV-induced apoptosis

There have been limited studies on the involvement of JNK in coronavirus-induced
apoptosis. In one study, inhibition of JINK by SP600125 was found to suppress caspase-
dependent apoptosis induced by overexpression of the SARS-CoV ORF6 protein [153]. As
presented in the previous chapter, hyper-phosphorylation of JNK associated with the enhanced
apoptosis observed in the IRE1-knockdown cells infected with IBV. To investigate the role of
JNK in IBV-induced apoptosis, both gain-of-function and loss-of-function approaches were

adopted. Overexpression of the upstream kinase MKK?7 or the constitutively active form of INK
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both promoted PARP cleavage in IBV-infected cells, as compared with the respective controls.
On the other hand, inhibition of INK phosphorylation, knockdown of JNK by siRNA, and
overexpression of the negative regulator DUSP1 all suppressed IBV-induced apoptosis.
Therefore, INK behaved as a pro-apoptotic protein during IBV infection.

Interestingly, when the JNK substrate c-Jun was knockdown, IBV-induced PARP
cleavage was enhanced. This suggested that unlike JNK, c-Jun served as a survival factor in
IBV-infected cells. Indeed, previous studies have shown that the pro-apoptotic activities of INK
could be mediated independent of c-Jun under certain stimuli [303]. For example, both
vinblastine and taxol are microtubule inhibitors that induce INK-dependent apoptosis with
similar kinetics. Although both chemicals induced c-Jun expression, phosphorylation of c-Jun
could be observed only in cells treated with vinblastine but not taxol [304]. Moreover, apoptosis
induced by DNA damage has been shown to be mediated by JNK-dependent phosphorylation of
the transcription factor p53 or p73 [305,306]. Thus, apoptosis induced by IBV infection might

also involve uncharacterized mechanisms independent of c-Jun.

JNK has been shown to translocate to the mitochondria and modify multiple Bcl2 family
proteins, such as BAD, Bid, Bim and Bcl2 [297]. In this study, the BAK1 protein was found
slightly down-regulated whereas the Bcl2 protein was up-regulated in JNK-knockdown cells
infected with IBV. Previously data from this group has demonstrated that IBV infection induces
the expression of BAK1 at both mRNA and protein levels [236]. Moreover, knockdown of
BAK1 reduced the PARP cleavage and DNA fragmentation in IBV-infected cells, suggesting a
pro-apoptotic role of the protein during coronavirus infections [236]. On the other hand, it has
been demonstrated that overexpression of Bcl2 protects cells from apoptosis induced by SARS-
CoV [125]. Similar anti-apoptotic activity of Bcl2 was also revealed by the overexpression
experiments in this study, although the putative JNK phosphorylation site at serine 70 was found
to be irrelevant. To conclude, the pro-apoptotic function of JNK during IBV infection might be
mediated by modulating the Bcl2 family proteins. For example, JINK might induce the
transcription and/or translation of these proteins, or affect their activity or stability by protein

interactions or phosphorylation. Further experiments are required to uncover these mechanisms.
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Notably, previous studies have shown that the JNK signaling pathway is necessary for the
maintenance of cells persistently infected with SARS-CoV [294,295]. Establishment of
persistent SARS-CoV infection was observed in cells after the apoptotic events. It is possible
that JNK serves as a pro-apoptotic protein at the acute phase of SARS-CoV infection, but shifts

to become a pro-survival factor in cells persistently infected with SARS-CoV.

4.3.4. The role of JNK in innate immune response during IBV infection

Several studies have focused on the implication of MAP kinases in the innate immune
response during coronavirus infections, specifically production of pro-inflammatory cytokines.
Activation of p38 has been shown to be important for the production of IL-6 in MHV-infected
cells [262], TNF-a and IL-1p in FIPV-infected cells [369], as well as IL-6 and IL-8 in IBV-
infected cells [263]. On the other hand, activation of ERK has been found to be required for the
phosphorylation of Runt related transcription factor, isoform b (RunX1b), a transcription factor
that regulated induction of cytokines (such as IL-2) and chemokines (such as MIP-1a) during
SARS-CoV infection [370]. Finally, activation of JNK has been demonstrated to mediate
induction of TNF-a and IL-6 in MHV-infected cells [327] and expression of IL-8 in cells
overexpressing the SARS-CoV S protein [326]. Moreover, it has also been shown that ERK and
p38 participate in the pathogenesis of murine viral fulminant hepatitis by up-regulating the
synthesis of hepatic fibrinogen-like protein 2 [371]. However, majority of these studies have

relied on the use of inhibitors and the detailed mechanisms were not fully investigated.

In this study, we look at the involvement of JNK pathway in the production of IL-6, IL-8
and IFN- during IBV infection. It was found that mMRNA level of IL-8 (but not IL-6 or IFN)
was highly correlated with the phosphorylation status of JINK in IBV-infected cells. The result
was consistent with the experiments presented in the previous chapter, where knockdown of JINK
was shown to reduce the IBV-induced expression of IL-8. The most simplified explanation
would be INK-mediated activation of c-Jun, which forms the AP-1 complex that directly binds
to the IL-8 promoter and activates gene transcription. However, as demonstrated by the opposing
function of JNK and c-Jun in IBV-induced apoptosis, the JINK-dependent induction of I1L-8
might also involve uncharacterized mechanisms independent of c-Jun. Moreover, it would be
interesting to investigate potential cross-talks between the ER stress and JNK signaling pathway

in regulating cytokine production during infection with IBV and other coronaviruses.
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Chapter Five:

Conclusions and future directions
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The work presented in this dissertation focuses on the molecular characterization of

cellular stress response during coronavirus infections, using the gammacoronavirus IBV as a

model. This chapter lists the main conclusions from the work done so far and suggests the future

experiments for further investigation.

5.1

INDUCTION OF UPR DURING IBV INFECTION AND ITS INVOLVEMENT IN

IBV-INDUCED APOPTOSIS AND INNATE IMMUNE RESPONSE

5.1.1

5.1.2

Main conclusions
Main conclusions from experiments presented in Chapter 3 are listed as follows:

Both the IRE1-XBP1 pathway and the PERK/PKR-eIF2a-ATF4-CHOP pathway are
activated during IBV infection.

IRE1 protects IBV-infected cells from apoptosis by mediating the splicing of XBP1
MRNA, converting it from pro-apoptotic XBP1u to anti-apoptotic XBP1s.

IRE1 also exerts the anti-apoptotic function by modulating the phosphorylation status of
the pro-apoptotic kinase JNK and the pro-survival kinase Akt.

Both PERK and PKR contribute to the IBV-induced up-regulation of CHOP, which
promotes apoptosis by suppressing the anti-apoptotic MAP kinase ERK.

IBV infection induces complete autophagy, which is ATG5-dependent and BECN1-
independent; IREL1 is also involved in IBV-induced autophagy induction.

Induction of IL-8 in IBV-infected cells requires the AP-1 and NF-kB binding sites in the
promoter sequence and involves the transcription activation by XBP1s.

Unanswered questions and future directions

The activation of IRE1 and PERK branches of UPR during IBV infection and their

involvement in IBV-induced apoptosis has been experimentally validated in this study. However,

some questions remain unsettled, as presented below together with proposed future work:

The viral signals of IBV-induced ER stress have not been fully elucidated. Results from
this and previous studies have attributed the ER stress to the coronavirus S proteins.

However, the domains or regions in the S protein responsible have not been identified.
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Moreover, the involvement of alternative mechanisms (such as membrane rearrangement
and lipid depletion) should be examined in greater detail.

Activation of the third branch of UPR, namely the ATF6 signaling pathway, was not
investigated in this study. Under ER stress, the cytosolic domain of ATF6 releases from
the ER and translocates into the nucleus, activating multiple ER protein chaperones and
ERAD components to restore ER homeostasis. Induction of ATF6 during IBV infection
should be determined at both mRNA and protein levels. Activation of ATF6 could also
be identified by the proteolytic cleavage of the protein using Western blot and the
increase in transcription activity using ERSE containing luciferase reporters. Also, the
functional implications of this UPR branch in coronavirus replication and regulation of
host responses remain to be characterized.

Activation of the three branches of UPR during coronavirus infections is tightly regulated
and closely related. For example, elF2a phosphorylation mediated by PERK/PKR is
inactivated at the early stage of infection, whereas significant IRE1-mediated XBP1
mRNA splicing occurs only at a later stage of infection. The mechanism behind the
temporal control and potential cross-talks will require further studies.

The mechanism of IBV-induced autophagy has not been fully investigated. Although
IRE1 was shown to participate in autophagy induction during IBV infection, the
downstream signaling event was not determined. Overexpression experiments using
XBP1 and its mutants should be performed. The recently identified autophagy-
independent function of LC3-I in coronavirus-induced DMV formation should also be
examined in cells infected with IBV [146]. Also, the relationship between coronavirus-
induced ER stress, autophagy and innate immunity should be examined in detail.
Involvement of XBP1s in the induction of IL-8 during IBV infection has only been
determined at the mRNA level. The protein expression of IL-8 should be determined by
Western blot and the amount of secreted IL-8 in the supernatant should be determined by
immunoassays such as ELISA. Moreover, mechanisms whereby XBP1s enhances IL-8

expression need to be characterized in molecular detail.
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5.2

ACTIVATION OF JNK PATHWAY DURING IBV INFECTION AND ITS

INVOLVEMENT IN IBV-INDUCED APOPTOSIS AND INNATE IMMUNE RESPONSE

5.2.1 Main conclusions

5.2.2

Main conclusions from experiments presented in Chapter 4 are listed as follows:

IBV infection activates the MKK7/JNK/c-Jun signaling pathway.

MKK?7 but not MKK4, is responsible for the JINK phosphorylation in IBV-infected cells.
The kinase activity of MKK?7 is required for activation of JNK.

JNK activation promotes induction of apoptosis during IBV infection. This pro-apoptotic
activity is not mediated by c-Jun, but may involve the modulation of Bcl2 family proteins
such as Bcl2 and BAK1.,

Activation of JNK also contributes to the production of pro-inflammatory cytokine I1L-8
in IBV-infected cells at the mRNA level.

Unanswered questions and future directions

In this study, activation of JNK and the upstream MKK7 was investigated in two

mammalian cell lines infected with IBV. However, only preliminary experiments have been

perform to determine its involvement in IBV-induced apoptosis and innate immune response.

Future experiments are proposed as below to answer these questions:

The viral signals of IBV-induced JNK phosphorylation have not been identified.
Transient transfection of individual structural and non-structural proteins of IBV could be
performed to determine which protein(s) activate JNK. Once identified, mutants could be
generated to identify the regions or positions responsible for INK activation. Moreover,
recombinant IBV could be generated to incorporate the mutations, and the effect on IBV
replication and host response would be determined. Nonetheless, the INK pathway may
be activated by a specific stage of the IBV infection process but not necessarily one or
more of the viral protein(s).

Loss-of-function approach should be adopted to validate the involvement of MKK?7 in

IBV-induced JNK phosphorylation. MKK7-knockdown cells or cell lines with
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endogenous MKK?7 gene deleted/mutated could be used. When these cells are transfected
with wild type or the various MKK7 mutants, the result would be easier to interpret due
to a reduced level of the endogenous protein.

The upstream MKKKs responsible for IBV-induced MKK7 phosphorylation have not
been identified. Specific SIRNAs that target the fourteen known MKKKs could be
designed and transfected into cells before IBV infection. The phosphorylation of MKK7
could be determined and compared with the SiEGFP control. Once identified, the
MKKK(s) could be amplified and cloned into mammalian expression vector and
validated by overexpression experiments. Further studies would focus on the molecular
mechanisms on how IBV infection activates the identified MKKK(s).

How JNK regulates the level of Bcl2 family proteins during IBV infection is unknown. In
this study, we have shown that phosphorylation of Bcl2 at serine 70 is not catalyzed by
JNK and has no significant effect on its anti-apoptotic activity. Therefore, modulation of
Bcl2 and other Bcl2 family proteins by activated JNK should be mediated by other
uncharacterized mechanisms. The induction of Bcl2 family proteins at both mRNA and
protein levels, as well as their sub-cellular localization, stability and activities, should be
determined in JNK-knockdown cells or cells with constitutively active JNK.

How JNK specifically enhances the induction of IL-8 in IBV-infected cells remains
unknown. All cytokines examined in this study (IL-6, IL-8 and IFNf) contain the AP-1
binding site in their promoters. Yet only the expression of IL-8 was found closely
regulated by JNK activation. This suggested that additional regulatory mechanisms might
be involved. Moreover, the potential cross-talks between UPR-induced and JNK-induced
IL-8 expression also needs to be further examined. Finally, the mechanism by which
MKK4 overexpression enhances IBV-induced IFN-B expression should be examined.
The regulation of INK and other MAP kinases by DUSP1 and other DUSPs during IBV
infection is still not completely characterized. Further functional studies using the
knockdown approach or specific inhibitors should be done. Importantly, the implication
of DUSPs in the regulation of IBV-induced pro-inflammatory response and innate

immunity should be further addressed.
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5.3 FINAL REMARKS

Both the UPR and the JNK signaling pathway are evolutionarily conserved stress
response pathways activated during coronavirus infections. Stress response pathways have been
demonstrated to crosstalk with major cellular signaling pathways and constitute a major aspect of
coronavirus-host interaction. On one hand, coronavirus-induced stress response can activate or
promote host antiviral mechanisms, thus limiting the spread of the virus. On the other hand,
certain stress response pathways may be adopted by the virus to facilitate replication and
pathogenesis, whereas aberrant signaling can also contribute to detrimental inflammatory
response and immunopathologies. Therefore, it is hoped that the findings reported in this
dissertation may inspire future investigation on coronavirus-induced stress response, thereby
facilitating the discovery of new antiviral agents and development of better and safer vaccines

against coronavirus infections.
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