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ABSTRACT

Oncolytic viruses exploit common molecular changes in cancer cells, which are
not present in normal cells, to target and kill cancer cells. Ras transformation and defects
in type I interferon (IFN)-mediated antiviral responses are known to be the major
mechanisms underlying viral oncolysis. The Hirasawa lab has previously demonstrated
that oncogenic Ras/Mitogen-activated protein kinase kinase (Ras/MEK) activation
suppresses the transcription of many IFN-inducible genes in human cancer cells,
suggesting that Ras transformation underlies type I IFN defects in cancer cells. The
objective of my PhD project was to elucidate the mechanisms underlying how Ras/MEK
downregulates IFN-induced transcription.

By conducting promoter deletion analysis of I[FN-inducible genes, the IFN
regulatory factor 1 (IRF1) binding site was identified to be responsible for the regulation
of transcription by MEK. MEK inhibition promoted transcription of the IFN-inducible
genes in wild-type mouse embryonic fibroblasts (MEFs), but not in IRE1”~/~ MEFs.
Furthermore, IRF1 expression was lower in RasV12 cells compared with vector control
NIH3T3 cells, which was restored to equivalent levels by inhibition of MEK. Similarly,
MEK inhibition restored IRF1 expression in human cancer cells. IRF1 re-expression in
human cancer cells increased cellular resistance to infection by the oncolytic vesicular
stomatitis virus strain. Together, these results indicate that Ras/MEK activation in cancer
cells downregulates transcription of IFN-inducible genes by targeting IRF1 expression,

resulting in increased susceptibility to viral oncolysis.
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I further sought to determine how active Ras/MEK downregulates IRF1
expression. MEK inhibition restored IRF1 expression at the protein level prior to mRNA
induction; however, it did not affect IRF1 protein stability. The expression of IRF1-
targeting microRNA, activity of IRF1 5’ and 3’-UTRs, and polysome loading of IRF1
mRNA in response to MEK inhibition were analyzed; however, the translational
regulation of IRF1 mRNA by Ras/MEK remained inconclusive. To determine whether
Ras/MEK modulates post-translational modifications (PTMs) of IRF1, phosphorylation,
ubiquitination, sumoylation, and acetylation of IRF1 were examined. MEK inhibition
promoted ubiquitination and inhibited sumoylation of IRF1, indicating that active
Ras/MEK alters PTM of IRF1 protein.

Lastly, siRNA screens and overexpression experiments identified RSK3 and
RSK4 to be the ERK downstream effectors involved in Ras/MEK-mediated IRF1

regulation.
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CHAPTER 1

INTRODUCTION



1.1 Oncolytic viruses

1.1.1 History of Oncolytic viruses

Oncolytic viruses preferentially replicate within cancer cells, leading to destruction of
cancer cells, while normal cells remain unharmed. The concept of using viruses as
anticancer agents dates back to the mid-1800s when numerous reports described transient
remission of hematological malignancies coincided with naturally acquired viral
infections including influenza, chickenpox, measles, and hepatitis viruses (Kelly &
Russell, 2007). Thereafter, viruses began to be examined experimentally as anti-cancer
agents in clinical settings. In the 1940s, blood-borne virus was administered to 22
patients with Hodgkin’s lymphoma, of which 7 patients showed improvements in clinical
aspects of the disease. Unfortunately, 14 patients developed hepatitis from the treatment
(Hoster et al., 1949). In the 1950s, infection of West Nile virus (Egypt 101 isolate) for
treatment of multiple types of cancer allowed 4 of the 34 patients treated to show
transient tumor regression. However, two patients developed encephalitis (Southam &
Moore, 1952). In a different study, adenoidal-pharyngeal-conjuctival virus (adenovirus)
was tested for treatment in 30 patients with cervical cancer. Although necrosis was
confirmed at the tumor site in 26 patients, these patients suffered from hemorrhage, and
the viruses were eventually eliminated by the host immune system (Georgiades et al.,
1959). In the 1970s, non-attenuated mumps virus was tested for the treatment of patients
with various types of terminal cancer. Strikingly, 37 out of 90 patients had complete
regression or a more than 50 % decrease in tumor size with minimum side effects

(Asada, 1974).



Around the same time as these clinical studies were being conducted, the efficacy
of viral oncolysis was tested in animal cancer in vivo models (Kelly & Russell, 2007).
Moore reported that the growth of the transplanted mouse sarcoma 180 tumor was
inhibited when the mice were inoculated with tick-borne encephalitis virus (Moore,
1949). A number of studies subsequently demonstrated the oncolytic potential of many
other viruses including adenovirus, Bunyamwera virus, dengue virus, Ilheus virus,
mumps virus, Semliki Forest virus, vaccinia virus (VV), West Nile virus (WNV), and
yellow fever virus (YFV) on in vivo rodent models of cancer (Huebner et al., 1956; Kelly
& Russell, 2007; Moore, 1952; Newman & Southam, 1954; and Southam & Moore,
1951). Following the animal studies, many of these viruses were examined for their
oncolytic abilities in clinical studies. In general, the efficacy of viral oncolysis was often
higher in experimental animal models than in the patient. This was partly attributed to
preexisting antiviral immunity, which rapidly eliminated the viruses (Kelly & Russell,
2007).

In order to bypass the preexisting immunity against human viruses, researchers
began to test oncolytic activity of non-human viruses. Non-human viruses that were
identified to possess oncolytic potential in early studies included herpesviruses (equine
rhinopnenumonitis and bovine rhinotracheitis), arenaviruses, avian influenza virus,
Newcastle disease virus (NDV), and vesicular stomatitis virus (VSV) (Cassel & Garrett,
1965; Hammon et al., 1963; Lindenmann & Klein, 1967; Southam & Moore, 1951;
Stojdl et al., 2003; and Yohn et al., 1968). Among these viruses, viral oncolysis of NDV
and VSV continue to be extensively studied in animal models and in clinical trials (Kelly

& Russell, 2007).



Toward the end of 20" century, as the manipulation of viral genomes became
possible through the development of recombinant DNA technology, significant
breakthroughs were made in the field due to the ability to engineer oncolytic viruses to
increase cancer specificity. This was demonstrated by engineering of first generation of
oncolytic herpes simplex virus (HSV) with a deletion of the viral thymidine kinase (7K)
gene. TK is an enzyme required for DNA synthesis and highly expressed in actively
proliferating cells such as cancer cells (Hallek et al., 1992). As the human TK can
functionally replace viral TK for its replication (Chen et al., 1998), the deletion of the
viral TK gene allows the virus to replicate only in cancer cells with high TK activity
(Varghese & Rabkin, 2002). The injection of the TK mutant HSV inhibited tumor growth
and prolonged the survival of mice bearing malignant glioma (Martuza et al., 1991). In
addition to direct tumor lysis by oncolytic viruses, recent studies have demonstrated that
viral infection can indirectly destroy uninfected cancer cells by disrupting the tumor
vasculature as well as promoting antitumor immunity (Russell et al., 2012). As a result,
cancer immune therapies using oncolytic viruses have been actively examined at both the

basic and clinical research levels (Lichty et al., 2014).

1.1.2 Molecular mechanisms of viral oncolysis

Oncolytic viruses exploit tumor-specific molecular changes in cancer cells for their
replication such as p53 deficiency (Bischoff et al., 1996), oncogenic Ras activation
(Strong et al., 1998) and defects in the type I interferon (IFN)-induced antiviral response

(Stojdl et al., 2000 and Stojdl et al., 2003).



1.1.2.1 P53 deficiency

The p53 tumor suppressor is functionally inactive in cancer cells due to frequent deletion
or mutation of the gene. Oncolytic adenovirus ONYX-015 was engineered to exploit
cancer-specific deficiency of p53 for its replication by deleting the viral E1B-55kDa gene
(Bischoff et al., 1996). The viral protein E1B-55kDa can bind and inactivate cellular p53,
which normally induces apoptosis as an antiviral response. The mutant virus cannot
inactivate p53, thus selectively replicates only in cells lacking functional p53, which is a

common defect in cancer cells (Patel & Kratzke, 2013).

1.1.2.2 Ras-dependency

Ras-dependent oncolysis was first reported as the mechanism responsible for reovirus
oncolysis (Strong et al., 1998). Although type III reovirus (Dearing) cannot infect
NIH3T3 cells, transformation of NIH3T3 cells by epidermal growth factor receptor
(EGFR) (Strong et al., 1993), v-erbB (Strong & Lee, 1996), or constitutively active son
of sevenless (Sos) or Ras (Strong et al., 1998) makes NIH3T3 cells susceptible to
reovirus infection. Following these studies, the ability of reovirus to destroy cancer cells
has been extensively studied both in animal models and in clinical settings, making
reovirus a promising anti-cancer agent (Norman & Lee, 2005).

Since the discovery of Ras-dependent oncolysis of reovirus, other viruses
including adenovirus (VAI mutant), bovine herpesvirus 1, HSV, influenza virus (deINS1
strain), NDV, poliovirus, and VSV were found to similarly exploit the activated Ras
signaling pathway for their oncolysis (Balachandran et al., 2001; Bergmann et al., 2001;

Farassati et al., 2001; Cascallo et al., 2003; Goetz et al., 2010; Puhlmann et al., 2010; and



Cuddington & Mossman, 2014). Multiple cellular mechanisms have been identified that
underlie the Ras-dependent viral oncolysis including inhibition of antiviral activity of
dsRNA activated protein kinase R (PKR) (Strong et al., 1998 and Bergmann et al., 2001),
promotion of uncoating and release of oncolytic reovirus (Marcato et al., 2007), increase
in the efficiency of cap-independent translation of oncolytic poliovirus (Goetz et al.,
2010), and disruption of type I IFN-induced antiviral response (Battcock et al., 2006;
Christian et al., 2009).

1.1.2.3 IFN insensitivity

Another concept of viral oncolysis is to exploit [FN defects in cancer cells by IFN-
sensitive viruses (Stojdl et al., 2000). Insensitivity of cancer cells to IFN is one of the
major obstacles of IFN therapy in cancer patients (B. X. Wang et al., 2011). By
systematically testing a panel of human cancer cells, Stojdl et al. (2000) demonstrated
that cancer cells generally have lower sensitivity to IFN than the normal cells.
Subsequently, the same group has found that IFN-sensitive mutant VSVdel51 efficiently
replicates in cancer cells but shows limited replication in normal cells even in the
absence of exogenous IFN (Stojdl et al., 2003). This was attributed to an inability of
mutant VSV matrix protein to block the production of IFN in infected cells (Stojdl et al.,
2003). Since then, disarming anti-IFN proteins of wild-type viruses became one of the
common strategies in designing novel oncolytic viruses to increase tumor specificity. The
examples of such viruses include the NS1 deletion mutant of influenza A virus (IAV)

(Muster et al., 2004) and the V deletion mutant of NDV (Elankumaran et al., 2010).



1.2. Ras
1.2.1 Ras-Raf-MEK-ERK pathway
Ras belongs to the family of small GTPases that function as molecular switchs to
transduce external cellular signals to the nucleus by cycling between an inactive GDP-
bound state and an active GTP-bound state. Three Ras genes, H-Ras, N-Ras, and K-Ras
have been characterized in humans (Rocks et al., 2006). These isoforms have a high
degree of sequence homology but can localize to different subcellular membrane
compartments depending on post-translational lipid modifications of the C-terminus,
which functions as a membrane anchor (Rocks et al., 2006). The activity of Ras is
activated by guanine nucleotide exchange factors (GEFs) that facilitate exchange of GDP
for GTP, and suppressed by GTPase-activating proteins (GAPs) that facilitate exchange
of GTP for GDP (Rocks et al., 2006).

In an active GTP-bound state, Ras recruits and activates its downstream effector
Raf kinase at the plasma membrane. Activated Raf further phosphorylates another
serine/threonine kinase Mitogen-activated protein kinase/ERK Kinase (MEK) 1/2, which
in turn, phosphorylates Extracellular-signal-Regulated Kinases (ERK) 1/2. Once
activated, ERKs regulate transcriptional and translational activities that control multiple
cellular processes including cell growth, differentiation, proliferation, adhesion,

migration, and apoptosis (Santarpia et al., 2012).

1.2.2 Dysregulation of Ras-Raf-MEK-ERK pathway in cancer
The Ras-Raf-MEK-ERK cascade is often dysregulated in human cancer cells (Santarpia

et al., 2012). Nearly 30 % of all human cancers have activating point mutations in Ras



(Bos, 1989). The most common mutations are glycine to valine mutation at residue 12
(G12V) and glutamine to lysine mutation at residue 61 (Q61K) (Malumbres & Barbacid,
2003). Mutations at these residues interfere with the transition state of GTP hydrolysis,
thereby resulting in a constitutively active Ras bound to GTP. As such, the rate of
GTPase activity of oncogenic H-Ras has been shown to be approximately 300-fold lower
than the activity of normal H-Ras (Malumbres & Barbacid, 2003). The frequency of Ras
mutation varies depending on the cancer types. K-Ras is most commonly mutated in
tumors originating from pancreas, large intestine, small intestine, lung, endometrium, or
ovary, while N-Ras mutations are most frequently found in tumors originating from the
skin, nervous system, and hematopoietic and lymphoid tissues. H-Ras mutations are most
prevalent in tumors originating from the salivary gland and urinary tract (Santarpia et al.,
2012).

The Ras-Raf-MEK-ERK pathway can be also activated by aberrant activation of
its upstream signaling components of Ras, such as EGFR, erb-b2 receptor tyrosine kinase
2 (HER2/neu), or SRC proto-oncogene non-receptor tyrosine kinase (SRC). Furthermore,
activating mutation of Raf is commonly found in malignant melanoma, thyroid,
colorectal, and ovarian tumors (Santarpia et al., 2012). The B-Raf mutation, which has a
substitution of valine for glutamic acid at residue 600 (V600E), is found in
approximately 7 % of all cancers (Garnett & Marais, 2004). Overall, the majority of

cancer cells have activated Ras-Raf-MEK-ERK pathway.

1.2.3 ERK downstream elements

ERK1 and ERK2 are 44 and 42 kDa serine/threonine kinases that are expressed in most



mammalian tissues. MEK1/2 phosphorylate ERK1 at residue Thr202 and Tyr204 and
ERK?2 at residue Thr185 and Tyr187. Upon phosphorylation, ERK1/2 in turn
phosphorylate and activate MAPK-interacting kinases (MNKSs) as well as the Ribosomal
S6 Kinases (RSKs) in the cytoplasm (Roux & Blenis, 2004). Furthermore, ERK1/2 can
translocate into the nucleus where they activate Mitogen- and Stress-activated Protein

Kinases (MSKs) (Yoon & Seger, 2006).

1.2.3.1 Ribosomal S6 kinases

Ribosomal S6 kinases (RSKs) are a family of serine/threonine kinases that regulate
multiple cellular processes including cell growth, motility, survival, and proliferation.
Four members of RSK family (RSK1, RSK2, RSK3 and RSK4) have been identified in
human (Anjum & Blenis, 2008). Although RSKs share a high degree of sequence
homology in amino acid sequence (75-80%), increasing evidence suggests they have
distinct roles in regulating cellular functions (Anjum & Blenis, 2008). RSKs are found in
both the cytoplasm and the nucleus. RSK1-3 translocate into the nucleus upon their
phosphorylation while RSK4 remains predominantly in the cytoplasm (Dummler et al.,
2005). RSK4 is expressed at much lower level compared to the other members, and is
constitutively active in the absence of upstream signal (Anjum & Blenis, 2008).

All RSKs consist of two functionally distinct kinase domains. The N-terminal
kinase domain (NTKD) is homologous to the protein kinase A, G, and C families (AGC
family kinases), and is responsible for substrate phosphorylation (Jones et al., 1988). In
contrast, the C-terminal kinase domain (CTKD) belongs to the calcium/calmodulin-

dependent protein kinase (CaMK) family, and autophosphorylates its NTKD (Fisher &



Blenis, 1996). These two kinase domains are connected by a linker region (Anjum &
Blenis, 2008). The C-terminal tail contains a D domain, which serves as a docking site
for ERKs (Anjum & Blenis, 2008). Activated ERKs bind to the D domain and
phosphorylate the CTKD. Phosphorylated CTKD autophosphorylates its linker region,
creating a docking site for 3-phosphoinositide-dependent protein kinase-1 (PDK1).
PDK1, in turn, phosphorylates the NTKD, resulting in a complete activation of RSKs
(Anjum & Blenis, 2008).

RSKSs regulate transcription through phosphorylation of various transcription
factors involved in immediate-early gene expression, such as cyclic AMP response
element-binding protein (CREB), c-FOS, ¢c-JUN, and serum response factor (SRF)
(Shahbazian et al., 2006). Immediate early genes, also known as primary response genes,
can be expressed within 5 to 10 minutes of stimulation since they can be expressed
without de novo protein synthesis. These genes are important regulators of the secondary
response genes, which require de novo protein synthesis to be expressed (Fowler et al,
2011).

RSKSs also promote mRNA translation by phosphorylating translational regulators
including the translation initiation factor-4B (elF4B) (Shahbazian et al., 2006) and the
40S ribosomal subunit protein S6 (rpS6) (Roux et al., 2007). They can also
phosphorylate and inactivate glycogen synthase kinase 3-f (GSK3f) (Sutherland et al.,
1993) and elongation factor-2 kinase (eEF2K) (X. Wang et al., 2001), which further

promotes protein synthesis.

10



1.2.3.2 Mitogen- and stress-activated protein kinases
Mitogen and stress activated protein kinase 1 (MSK1, also known as PLPK) and MSK2
(also known as RSKB) regulate transcription in response to various cellular stimuli
(Vermeulen et al., 2009). Unlike RSKs, MSKs are activated by multiple upstream
kinases. Mitogenic signals induced by epidermal growth factor (EGF) and 12-O-
tetradecanoylphorbol-13-acetate (TPA) activate MSKs through ERKs, while stress
signals induced by UV-radiation and hydrogen peroxide activate MSKs though p38
MAPKSs (Vermeulen et al., 2009). Furthermore, proinflammatory cytokines such as
tumor necrosis factor-alpha (TNF-a) activates MSKs through both ERK and p38 MAPK
pathways (Tomas-Zuber et al., 2000). MSKs, structurally related to RSKs, have CTKD
and NTKD separated by a linker region. MSK1 is activated by binding of ERKs or p38
MAPKSs to the C-terminal docking domain, which phosphorylates MSK1 within the
CTKD. The phosphorylated CTKD subsequently autophosphorylates and activates its
NTKD region (Vermeulen et al., 2009). MSKs have a nuclear localization sequence in
their C-terminus, and are predominantly found in the nucleus (Tomas-Zuber et al., 2001).
Functionally, MSKs regulate transcription of immediate early genes by
phosphorylating various transcription factors and nucleosome associated proteins. MSKs
regulate transcriptional activity of CREB, which is a transcription factor constitutively
bound to the CRE promoter element (Montminy & Bilezikjian, 1987). Upon
phosphorylation by MSKs, CREB recruits its transcriptional coactivators CREB-binding
protein (CBP) and p300 to the promoter. The coactivators possess histone

acetyltransferase activity and together activate transcription of the CREB-regulated genes
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(Wiggin et al., 2002). MSKs can also regulate the activity of nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) in response to TNF-a (Vermeulen et al.,
2003). NF-kB is sequestered in an inactive state in the cytoplasm by inhibitor of kB
(IxB), which masks the nuclear localization signal of NF-kB. IkB kinase (IKK)
phosphorylates and degrades kB, leading to nuclear translocation of NF-kB. In the
nucleus, MSKs phosphorylate the p65 subunit of NF-kB to promote its interaction with
CBP and p300. This cascade results in the activation of NF-kB-regulated genes
(Vermeulen et al., 2003). Furthermore, MSK1 and 2 were both shown to phosphorylate
histone 3 (H3) at Ser10, a chromatin modification linked to gene expression, indicating

that they can modulate the chromatin environment as well (Soloaga et al., 2003).

1.2.3.3 MAPK-interacting kinases

The mitogen-activated protein kinase (MAPK) interacting protein kinases 1 (MNK1) and
MNK? are serine/threonine kinases that play an important role in mRNA translation.
Similar to MSKs, MNKSs can be activated by either ERKs or p38 MAPKSs in response to
growth factors, cellular stress, and proinflammatory cytokines.

MNKSs consist of a C-terminal MAPK interacting domain and a catalytic domain
that is similar to the CaMK family of kinases (Waskiewicz et al., 1997). ERKs or p38
MAPKSs activate MNKs by binding to the C-terminal MAPK binding domain, and
phosphorylating at least two threonine residues within its kinase domain (Waskiewicz et

al., 1997).
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The major downstream target of the MNKs is a cap binding eukaryotic initiation
factor 4E (eIF4E), which acts as a component of the eukaryotic initiation factor eIF4F
and a rate-limiting determinant of protein synthesis (Clemens & Bommer, 1999). MNKs
do not directly bind to eIF4E, but interact with the scaffolding protein eIF4G to bring
MNKSs and elF4E into close proximity. This enables MNKs to phosphorylate eIF4E
(Joshi & Platanias, 2014). The consequence of eIF4E phosphorylation on mRNA
translation has not been elucidated (Scheper & Proud, 2002). In addition, nuclear eIF4E
can also bind to mRNAs containing an eIF4E-sensitive element in their 3’UTR to
promote nuclear export of mRNA (Culjkovic et al., 2005). Phosphorylation of eIF4E by
MNK promotes the nuclear export of eIlF4E-bound mRNA (Phillips & Blaydes, 2008).
Many of the mRNAs regulated by the nuclear elF4E are known to promote cell growth
(Strudwick & Borden, 2002).

Another downstream target of MNKSs is the heterogeneous nuclear
ribonucleoprotein A1 (hnRNPAT). HnRNPAT is a RNA binding protein bound to the AU
rich elements in the 3°’UTR of mRNAs that blocks initiation of translation. Upon
phosphorylation by MNKs, hnRNP1 dissociates from the 3’UTR, allowing translation to

initiate (Buxade et al., 2005).

1.2.4 MEK inhibitors
Due to high prevalence of activation of the MAPK pathway in different types of tumors
and its important roles in cancer growth and survival, a number of small molecule

inhibitors of MEK have been developed and are currently being tested in clinical trials

(Friday & Adjet, 2008). The first MEK inhibitor identified was PD98059. The compound
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binds to an inactive form of MEK1/2 and prevents their activation by Raf. PD98059 has
a higher affinity for MEK1 inhibition (IC50=2-7uM) compared to that of MEK2
inhibition (IC50=50uM) (Alessi et al., 1995 and Dudley et al., 1995). Another inhibitor
commonly used in basic research is U0126 (Favata et al., 1998), which inhibits both
MEKI1 (IC50=70nM) and MEK2 (IC50=60nM) more potently than PD98059 (Duncia et
al., 1998). U0126 and PD98059 are both allosteric inhibitors and are non-competitive
with respect to MEK substrates and ATP (Favata et al., 1998). These inhibitors have been
shown to exert anti-proliferative effects on various cancer cell lines (Alessi et al., 1995
and Favata et al., 1998). Since their discovery, these inhibitors have become powerful
tools to study MAPK signal transduction in in vitro studies. Subsequently, a number of
other small inhibitors of MEK have been developed, some of which progressed into
clinical trials (Akinleye et al., 2013). In 2013, the FDA approved the first MEK inhibitor
GSK1120212 (Mekinist) for treatment of advanced melanoma expressing B-Raf
mutation. GSK1120212 is an orally bioavailable, potent, small allosteric inhibitor of
MEK (IC50=0.7-0.9nM), which inhibits MEK in an ATP-non-competitive manner

(Gilmartin et al., 2011).

1.3 Interferon (IFN)

1.3.1 IFN Classification

IFNs are a group of secreted cytokines that can function in both an autocrine and a
paracrine manner to block virus replication (Borden et al., 2007). IFNs are classified into

three groups (type L, I, and III) based on their sequence. Type I IFN is the largest group,
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consisting of IFN-a (13 subtypes), IFN-f, [FN-w, I[FN-¢, and I[FN-« in humans (Gibbert
et al., 2013). They belong to the helical cytokine family, which are mostly non-
glycosylated proteins with size ranging from 165-200 amino acids (AA) (Borden et al.,
2007). Members of type I IFN share approximately 30-85% amino acid sequence
homology (Borden et al., 2007). Various cell types respond to viral infections by
producing type I IFNs. While plasmacytoid dendritic cells (pDCs) are the most potent
inducers of IFN-a (Asselin-Paturel & Trinchieri, 2005), IFN-f is predominantly
produced by fibroblasts and epithelial cells (Ivashkiv & Donlin, 2014). Type I IFNs
signal through two transmembrane proteins, interferon (alpha, beta and omega) receptor
1 (IFNAR1) and IFNAR2, which are broadly expressed on most cell types (Borden et al.,
2007).

The only member of the type II IFN group is IFN-y; a single glycosylated protein
of 140AA produced predominantly by natural killer (NK) or activated T cells (Shi & Van
Kaer, 2006). Type II IFNs function through a receptor consisting of the heterodimer of
two receptor chains, IFN gamma receptor 1 (IFNGR1) and IFNGR2. Unlike the other
types of IFNs, the primary function of IFN-y is to activate cell-mediated immune
responses against pathogen or tumor (Borden et al., 2007).

Type III IFNs have been recently identified as members in the IFN family. These
consist of three subtypes, [IFN-A1, IFN-A2 and IFN-A3 (Kotenko et al., 2003 and
Sheppard et al., 2003). While pDC are the most potent producers of IFN-A, most cell
types can induce IFN-A in response to viral infection. These cytokines signal through a

heterodimeric receptor complex composed of interleukin 10 receptor 2 (IL10R2) and IFN
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lambda receptor 1 (IFNLR1) (Kotenko et al., 2003 and Sheppard et al., 2003). Although
the type III IFNs activate distinct receptor complexes, they function through the same
intracellular signaling pathway as type I IFNs and consequently activate similar antiviral
responses. However, since the expression of IFN-A receptor is restricted to cells of the

epithelial origin, they exert antiviral effects only in specific cell types (Donnelly &

Kotenko, 2010).

1.3.2 IFN production
IFNs are synthesized when pattern recognition receptors (PRRs) sense pathogen-
associated molecular patterns (PAMPs) during virus infection. Viral dsSRNA are
recognized by transmembrane protein Toll-like receptor 3 (TLR3) localized at the
endosomal membrane. RNA helicases including retinoic acid-inducible gene I (Rig-I)
and melanoma differentiation associated protein 5 (MDAS), both localized in the
cytoplasm, can also detect dSSRNA or RNA with 5’-triphosphates. TLR7 and TLR9 at the
endosomal membranes detect viral ssSRNA or DNA, respectively, while TLR2 and TLR4
on the cell surface detect viral proteins (Kawai & Akira, 2010). Finally, DNA-dependent
activator of IFN-regulatory factors (DAI) and cyclic GMP-AMP (cGAMP) synthase
(cGAS) are recently identified members of PRRs that function as cytosolic DNA sensors
(Paludan & Bowie, 2013 and L. Sun et al., 2013).

Once the viral products are recognized by the PRRs, a series of signaling events is
induced that leads to the activation of transcriptional activators of IFN, including
interferon regulatory factor (IRF) 3, IRF7 and NF-kB. TANK binding kinase 1 (TBK1)

or inducible IkB kinase (IKKze) phosphorylate IRF3 and IRF7 in the cytoplasm to induce
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their dimerization and translocation into the nucleus. The IkB kinase also activates NF-
kB by phosphorylating the inhibitor of NF-kB (IxB) to causes its degradation and
subsequently releases NF-kB to translocate into the nucleus. In the nucleus, these

transcription factors are all assembled on the IFN promoter to activate its transcription

(Borden et al., 2007).

1.3.3 Jak/Stat pathway

IFN signaling components are sufficiently expressed under normal conditions and
become activated by their phosphorylation upon IFN stimulation during viral infection.
This rapid response is essential for IFNs to be an important first line of defense against
viral infection. Briefly, the binding of IFN-a/f to their receptors leads to activation of the
two receptor-associated protein tyrosine kinases Janus kinase 1 (JAK1) and tyrosine
kinase 2 (TYK2), which are both located at the cytoplasmic domain of each IFN receptor
chain. Activated JAK1 and TYK2 phosphorylate the receptor chains to induce the
recruitment and activation of signal transducer and activator of transcription 1 (STAT1)
and STAT2. The complex of phosphorylated STAT1 and STAT2 associate with IRF9 to
form a heterotrimeric complex called IFN-stimulated gene factor 3 (ISGF3). The ISGF3
complex then translocates into the nucleus and binds to IFN-stimulated response
elements (ISRE; consensus sequence TTTCNNTTTC) present within the promoter of
IFN-stimulated genes (ISGs). These signaling events lead to transcriptional activation of
hundreds of ISGs with antiviral, antitumor, and immune-modulatory functions (Ivashkiv

& Donlin, 2014).
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1.3.4 IFN induced transcription

Although activated IFNAR signal primary through the Jak/STAT pathway and lead to the
formation of ISGF3, different STAT homodimers or heterodimers can also be activated
upon IFNAR stimulation. These alternate STATs promote expression of genes
containing gamma-activated sequences (GAS) element (van Boxel-Dezaire et al., 2006).
Type I IFN-induced transcription can be further regulated by other transcription factors,
such as IRF1, IRF7, IRF8, and IRF9 that bind to IRF-binding element (IRFE) present in
the promoter regions of many ISGs (Ivashkiv & Donlin, 2014). These IRFs are present at
low basal levels, and IFN stimulation causes their de novo protein synthesis. IRFs in turn
initiate the activation of secondary responsive ISGs (Ivashkiv & Donlin, 2014). In
contrast to the IRFs, FOXO3 is a transcriptional repressor of several ISGs that reduces
their expression to a basal level after their initial activation by IFN stimulation (Litvak et
al., 2012).

In addition, post-translational modification of STATs can regulate the type I IFN
signaling and therefore expression of ISGs. Addition of small ubiquitin related modifier
(SUMO) proteins to STAT1 suppress ISG expression by interfering with the DNA
binding activity of STAT1 (Shuai & Liu, 2005). ISG expression is regulated further by
modulations at the level of chromatin. This is initiated by histone acetyltransferases,
histone deacetylases, histone methyltransferases, and nucleosome-remodeling enzymes
(Ivashkiv & Donlin, 2014).

The ISGs induced by IFNs protect host cells from virus infection in different

ways. First, the ISGs include antiviral genes that play essential roles in IFN production
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(Rig-I, MDAS, TLR) or IFN signaling (STAT1, STAT2, IRF7). Therefore, increased
expression of these genes will further enhance cellular ability to inhibit viral replication.
Second, IFNs induce chemokines and chemokine receptors that activate cell-to-cell
communication of immune cells involved in antiviral immunity (CXCL9, CXCLI10,
CXCLI11). Third, the ISGs encode proteins that directly inhibit viral entry, viral
translation and replication or disrupt cellular machinery required for viral replication
(PKR, OAS, RNASEL, Mx1/2, IFITM, TRIM). Lastly, IFN upregulates ISGs that
promote apoptosis of virally infected cells (APO2L/TRAIL, Fas, XIAP) (Borden et al.,

2007; Schneider et al., 2014, and Schoggins & Rice, 2011).

1.3.5 Clinical application of IFNs
Type I IFNs have been clinically used for treatment of viral infection, cancer, and

multiple sclerosis (MS) (Borden et al., 2007).

1.3.5.1 Viral infection

IFN-a2a (Roferon-A) is used for treatment of hepatitis C virus (HCV) infection (Zeuzem
et al., 2000). IFN efficacy was greatly improved by conjugating IFN-a with polyethylene
glycol to form peg-interferon (PEG-IFN). The conjugation increases the IFN half-life by
approximately 10-fold compared to non-pegylated IFN (Glue et al., 2000). Currently,
HCYV patients who do not have access to the newer direct-acting antiviral agents are

treated with PEG-IFN in combination with a nucleoside inhibitor Ribavirin. Ribavirin

interferes with the RNA metabolism of HCV (Hoofnagle & Seeff, 2006).
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IFN-a is also used for treatment of infection with hepatitis B virus (HBV),
(Borden et al., 2007). Current treatment for chronic HBV patients includes a combination
of PEG-IFN-a and one of several reverse transcriptase inhibitors (lamivudine, adefovir,

entecavir, or tenofovir) (R. M. Friedman, 2008).

1.3.5.2 Cancer

Due to its antiproliferative and apoptotic effects, [IFN-a2b (Intron-A) is used for
treatment of different types of cancers, including kaposi sarcoma (KS), melanoma,
chronic myelogenous leukaemia (CML), and renal cell carcinoma (RCC) (B. X. Wang et
al., 2011). Acquired immune deficiency syndrome (AIDS)-associated KS is a cancer
caused by human herpes virus-8 (HHV-8) infection in AIDS patients. Approximately 35
% of these patients treated with IFN-a.2b have shown complete or partial remissions in
their tumor (Qureshi et al., 2009). IFN-a2b adjuvant therapy is currently used as a post-
surgery treatment to improve both disease-free survival and overall survival in high-risk
melanoma patients (Mocellin et al., 2010). Moreover, in CML patients, IFN-a treatment
has been shown to induce long-term remission by activating cytotoxic T cells to target
CML tumor antigens (Burchert & Neubauer, 2005). The most widely used systemic
treatment for RCC patients is IFN-a and IL-2 therapy (Motzer & Russo, 2000). The
combined treatment with IFN-o and IL-2 have lead to tumor regression in up to 80.6 %
and disease-free survival at 200 days post-treatment in up to 63.6 % in RCC patients with

lung metastasis (Akaza et al., 2010).
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1.3.5.3 Multiple sclerosis

MS is a progressive neurodegenerative disease characterized by the demyelination of
nerves (Trapp et al., 1999). Approximately 85 % of the MS patients suffer from
relapsing-remitting MS (RR-MS), which is characterized by a chronic immune response
to the myelin (Borden et al., 2007). IFN-B1a (AVONEX; Rebif) and IFN-1b
(Betaseron) are currently used to treat these patients (Bermel & Rudick, 2007). IFN-
treatment decreases both neurological symptoms and the numbers of lesions in the spinal
cord (Rudick & Cutter, 2007). The therapeutic effect of IFN-f on MS is attributed to
immunoregulatory effects of ISGs, which inhibits inflammatory cells from crossing the
blood-brain barrier (Bermel & Rudick, 2007).

Similar to any other medications, IFNs have side effects, especially when
administered at high doses. Fever and chills are common symptoms, which can last for a
few hours after the IFN treatment. Hematotoxic effects, including leucopenia and
thrombocytopenia, may occur. Other symptoms include fatigue, anorexia, weight loss,

and a reversible increase in the level of hepatic transaminases (Borden et al., 2007).

1.3.6 Cellular suppressors of the IFN pathway

Although IFNs are used as a therapeutic for treatment of viral infections, cancer, and MS,
they are not always effective (Borden et al., 2007). Cellular suppressors can interrupt the
IFN signaling pathway and reduce the efficacy of IFNs. The p38 MAPK can
phosphorylate type I IFN receptors, leading to additional phosphorylation by casein

kinase-I. These series of phosphorylation events lead to the internalization, and
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degradation of the IFNAR (Bhattacharya et al., 2010; Bhattacharya et al., 2011). The
repression of IFNAR is considered to be one of the mechanisms used by cancer cells to
evade the antitumor activities of IFNs (Fuchs, 2013).

In addition, many viruses have ability to evade the antiviral effects of IFN. These
viruses are equipped with anti-IFN proteins that can counteract the IFN responses by
inhibition of antiviral gene expression, inhibition of IFN production, interruption of the
Jak-Stat signaling, or blocking the activity of IFN stimulated antiviral effectors (Randall
& Goodbourn, 2008).

Protein kinase D2, which is often overexpressed or constitutively activated in
cancer cells, can also phosphorylate to degrade IFNAR (Zheng et al., 2011).
Furthermore, the SH2 domain-containing protein tyrosine phosphatase 1 (SHP1) and
SHP2 dephosphorylate the signaling components of the Jak-Stat pathway to interrupt
IFN response (Xu & Qu, 2008). The suppressor of cytokine signaling (SOCS) is another
negative regulator of the Jak-Stat pathway, which competes with STATSs for binding to
IFNARs. Furthermore, SOCS contains a C-terminal SOCS box domain that recruits E2
ubiquitin ligase and promotes proteasome-mediated degradation of IFNARs (Yoshimura
et al., 2007). Protein inhibitor of activated STAT-1 (PIAS1), which is known as an E3
SUMO protein ligase, inhibits STAT signaling by interfering with the DNA binding
activity of STATI1 (B. Liu et al., 1998). Recent evidence indicates that certain
microRNAs (miRNA)s can suppress the IFN signaling by decreasing the expression of
the signaling components of the Jak-Stat pathway (Ivashkiv & Donlin, 2014).

Hirasawa lab and others have previousy reported that activation of the Ras and its

downstream element MEK, suppresses the host antiviral response induced by IFN,
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clearly demonstrating that the two major mechanisms of viral oncolysis (Ras-dependency
and IFN-deficiency) are indeed connected (Battcock et al., 2006 and Noser et al., 2007).
A variety of mechanisms are involved in the suppression of IFN response by Ras,
including downregulation of STAT1 (Klampfer et al., 2003) and/or STAT2 expression

(Klampfer et al., 2003 and Christian et al., 2009).

1.4 Connection between Ras-dependent and IFN-insensitivity-dependent viral

oncolysis

Our laboratory, under the direction of Dr. Hirasawa, has been investigating how cells can
become susceptible to virus infection through activation of the Ras signaling pathway.
Previously, our laboratory reported that an IFN-sensitive virus can replicate in cells with
constitutively active Ras (RasV12 cells) despite the presence of IFN (Battcock et al.,
2006). Noser et al. (2007) also reported that inhibition of Ras-Raf-MEK-ERK pathway
in human cancer cell lines restored antiviral responses induced by IFN. These were the
first reports to identify Ras/MEK as one of the cellular suppressors of [IFN-induced

antiviral response.

Follow up study by the Hirasawa lab further demonstrated that the transcription
of STAT2, an essential component of IFN signalling, was suppressed by activated
Ras/MEK (Christian et al, 2009). Both overexpression of STAT2 and MEK inhibition
restored IFN sensitivity in RasV12 cells. However, while the MEK inhibition completely
restored IFN-induced antiviral effects in RasV12 cells, the restoration by the STAT2

overexpression was only partial. This result suggested that the downregulation of STAT2
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expression is not the sole mechanism involved in the Ras/MEK-mediated IFN
suppression. Therefore, it was hypothesized that the Ras/MEK pathway also affects the
transcription of other IFN-inducible genes in addition to STAT?2 in order to suppress the
antiviral response. This hypothesis was tested by examining the transcriptional changes
induced by IFN treatment and MEK inhibition in human cancer cells through global
gene expression profiling (Christian et al., 2012). Microarray analysis identified a novel
group of [FN-inducible genes whose transcription is downregulated by the Ras/MEK
pathway (MEK-Downregulated IFN-Inducible (MDII) genes).Together, these studies
demonstrate that the two major mechanisms of viral oncolysis (Ras-dependency and

IFN-deficiency) are indeed connected.

1.5 IRF1

1.5.1 Biology of IRF1

The IRF1 protein belongs to the interferon regulatory factor (IRF) family of transcription
factors, which consists of nine members in mammals (IRF1-9). Many members of this
family play critical roles in establishing host immune responses against pathogens or
tumors. IRF1, which is involved in regulating many IFN inducible genes, is expressed by
various cell types in response to viral infection or IFN stimulation (Miyamoto et al.,
1988; Harada et al., 1989; Harada et al., 1990, and Yarilina et al., 2008). IRF1 has a N-
terminal DNA binding domain, which consists of five-conserved tryptophan repeats
forming a helix-turn-helix motif that binds to IRF-binding element (IRFE,

G(A)AAA“/"/cGAAAS/:/c) or IFN-stimulated response element (ISRE,
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A/sNGAAANNGAAACT) (Escalante et al., 1998).

1.5.2 Functions of IRF1
IRF1 has antiviral and antitumor functions and is also known to regulate the development
of immune cells. IRF1 exhibits its antiviral activity against a broad range of viruses
(Schoggins & Rice, 2011). Viruses known to be sensitive to antiviral effects of IRF1
include HCV, human immunodeficiency virus (HIV), YFV, WNV, Venezuelan equine
encephalitis virus, chikungunya virus, Sindbis virus (Schoggins et al., 2011), VSV
(Stirnweiss et al., 2010 and Nair et al., 2014), and murine gammaherpesvirus 68 (Dutia et
al., 1999). This is not surprising considering the ability of IRF1 to induce various IFN-
stimulated antiviral effectors including OAS, ISG-15 (Au et al., 1992), Viperin
(Stirnweiss et al., 2010). IRF1 also promotes expression of MHC-1, which is essential for
displaying degraded antigenic peptides on the cell surface for recognition by cytotoxic T
cells (Taniguchi et al., 2001). Expression of transporter associated with antigen
presentation 1 (TAP1) and low molecular mass polypeptide 2 (LMP2) are regulated by
IRF1, both of which positively regulate antigen processing and presentation by MHC
class I (White et al., 1996). In addition, IRF1 promotes expression of MHC class II
indirectly by activating the transcription of class II transactivator (CIITA), which
functions as a transcriptional activator of MHC class II (Hobart et al., 1997 and
Muhlethaler-Mottet et al., 1998).

The roles of IRF1 in immune cell development have been studied in IRF1”~ mice
(Taniguchi et al., 2001). Mice deficient in IRF1 have defects in the development and

activity of NK cells, most likely due to its inability to produce IL15, which is essential
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for NK cell development (K. Ogasawara et al., 1998). CD8" T cell development is also
impaired in IRF17 mice, thereby the cytotoxic T lymphocyte response to virally infected
cells is greatly reduced in these mice. Furthermore, dendritic cell development is
impaired in IRF 17" mice, which is essential for T cell activation (Gabriele et al., 2006).

Another important function of IRF1 is the regulation of tumor suppressors and
oncogenes. Tanaka et al. (1994) demonstrated that introduction of one oncogene (H-Ras)
was sufficient to transform MEFs lacking IRF1 (Tanaka et al., 1994). This study clearly
indicated a tumor suppressive role of IRF1, since wildtype MEFs are not transformed by
a single oncogene, but requires the introduction of at least two independent oncogenes to
be transformed (Weinberg, 1989). Subsequent to this study, IRF1 was reported to inhibit
cell transformation induced by other oncogenes including c-myc, fos-B, IRF2, and EGFR
(Harada et al., 1993; Tanaka, Ishihara, & Taniguchi, 1994; Kirchhoff & Hauser, 1999,
and Kroger et al., 2003). The tumor suppressive effects of IRF1 are attributed to its
ability to regulate genes involved in apoptosis and cell cycle arrest (Taniguchi et al.,
2001). IRF1 mediates IFN-induced apoptosis in cancer cells by upregulating the
expression and/or activity of caspase 1 (Kim et al., 2002), caspase 7 (Sanceau et al., 2000
and Tomita et al., 2003), caspase 8 (Ruiz-Ruiz et al., 2004), and TNF-related apoptosis-
inducing ligand (Clarke et al., 2004). Furthermore, IRF1 induces cell cycle arrest upon
DNA damage by upregulating the expression of cell cycle inhibitor p21VA*“!"! (Tanaka
et al., 1996).

IRF1 expression is frequently dysregulated in cancer. The IRF1 gene is often lost
in leukemia, preleukemic myelodysplastic syndrome (Boultwood et al., 1993; Willman et

al., 1993), esophageal (Ogasawara et al., 1996) and gastric cancers (Tamura et al., 1996).
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In addition, inactivating mutations of IRF1 have been identified in gastric caner (Nozawa
et al., 1998). Even without genetic abnormality to IRF1 sequence, its activity can be lost
due to aberrant splicing (Harada et al., 1994 and Tzoanopoulos et al., 2002),
overexpression of IRF1 binding proteins with inhibitory activity (Kondo et al., 1997 and
Narayan et al., 2011), or increased level of IRF1 sumoylation which attenuates its

transcriptional activity (Park et al., 2007).

1.5.3 Post-translational modifications of IRF1

Several studies have demonstrated that post-translational modifications regulate
transcriptional activity and protein stability of IRF1 (Nakagawa & Yokosawa, 2000;
Nakagawa & Yokosawa, 2002; Qiu et al., 2014, and Watanabe et al., 1991) (Figure 1.1).
In many cases, overexpression of IRF1 is not sufficient to restore its transcriptional
activity, but further stimulation is required to maximize its function (Lallemand et al.,

2007).
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Figure 1.1 Post-translational modification sites of IRF1. IRF1 consists of DNA binding
domain (AA1-120), nuclear localization signal (NLS, AA115-139), transactivation
domain (AA185-256), and enhancer domain (AA256-325) (Schaper et al., 1998).
Previously reported PTM sites are indicated, with acetylation (Ac) in orange,

phosphorylation (P) in yellow, sumoylation (S) in blue, and ubiquitination (Ub) in green.
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1.5.3.1 Phosphorylation

IRF1 phosphorylation was first reported in myeloid cell line U937 in response to IFN-y
stimulation (Kautz et al., 2001 and Sharf et al., 1997). Several protein kinases have been
identified to phosphorylate IRF1 in a cell type specific manner. IKK-o phosphorylated
IRF1 during TLR9-induced IFN-f production in dendritic cells (DCs) (Hoshino et al.,
2010). IKK-B phosphorylated IRF1 in response to IFN-y stimulation (Shultz et al., 2009).
The serine/threonine kinase casein kinase II was demonstrated to phosphorylate IRF1 in
vitro at two regions, AA138-150 and the C-terminal AA219-231. Mutation of C-terminal
phosphorylation site AA219-231 disrupted ability of IRF1 to activate the IFN-f promoter
(Lin & Hiscott, 1999). In contrast, phosphorylation of IRF1 at Ser215, 219, and 221 by
IKK-¢ in primary CD4" T cells was shown to inhibit transcriptional activity of IRF1

(Sgarbanti et al., 2014).

1.5.3.2 Ubiquitination

Ubiquitin belongs to a family of modifier proteins that are covalently attached to target
proteins. Addition of ubiquitin to target protein (ubiquitination) is regulated by three
enzymes, namely ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2),
and ubiquitin ligase (E3). A protein to be ubiquitinated carries a specific degradation
signal (degron), which is recognized by the ubiquitin enzymes. The substrate specificity
is mediated by the E3 ligase, which binds to the degron in a target protein, and assists in
the transfer of ubiquitin molecule from E2 to lysine residues in the target protein

(Ciechanover, 1994). Monoubiquitination, an addition of one ubiquitin molecule to a
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target protein, alters protein functions involved in membrane trafficking and endocytosis
(Komander, 2009). Polyubiquitination adds multiple ubiquitin molecules on a single
lysine residue on the substrate protein in order to regulate proteosomal degradation and
protein functions involved in endocytosis, DNA-damage response and cell signaling
(Komander, 2009).

Several studies have demonstrated that IRF1 can be degraded by the ubiquitin-
proteasome pathway and that the C-terminal enhancer domain of IRF1 is essential for
directing its poly-ubiquitination (Nakagawa & Yokosawa, 2000 and Pion et al., 2009).
Furthermore, a recent study reported that IRF1 function is promoted by Lys63-linked
poly-ubiquitination in response to IL-1 simulation in human embryonic kidney HEK293
cells, indicating that poly-ubiquitination of IRF1 is essential for regulation of its protein

stability and transcriptional activity (Harikumar et al., 2014).

1.5.3.3 Sumoylation

Small ubiquitin-related modifier (SUMO) proteins belong to a family of ubiquitin-like
protein modifiers that are covalently attached to proteins to alter their function. The
process of sumoylation is similar to that of ubiquitination in that it involves three
enzymes, SUMO-activating enzyme (E1), SUMO conjugating enzyme (E2), and SUMO
ligase (E3). A SUMO molecule is first activated by E1 enzyme, resulting in formation of
a thioester bond between the C-terminal glycine of SUMO and catalytic cysteine of E1
enzyme. The E2 enzyme enables the formation of an isopeptide bond between the
activated SUMO and a lysine residue on a target protein, and the E3 ligase stabilizes the

interaction between the target protein and the E2 enzyme (Flotho & Melchior, 2013).
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Sumoylation is a reversible process, since the SUMO tag, conjugated to the target
protein, can be removed by SUMO proteases. Therefore, both SUMO specific enzymes
and SUMO specific proteases regulate sumoylation.

IRF1 has been reported to undergo sumoylation mediated by the E2 enzyme Ubc9
and the E3 ligase PIAS3 (Nakagawa & Yokosawa, 2002). IRF1 sumoylation inhibits its
ability to regulate transcription (Nakagawa & Yokosawa, 2002; Park et al., 2007, and
Kim et al., 2008). However, the SUMO proteases responsible for desumoylating IRF1

have not been identified.

1.5.3.4 Acetylation

Acetylation is another type of post-translational modification that can regulate protein
function in many ways (Choudhary et al., 2009). Lysine acetylation can alter
transcription factor activity and interactions of proteins containing bromodomains. IRF1
is acetylated by the transcriptional co-activator p300 (Masumi & Ozato, 2001; Marsili et
al., 2004; Qi et al., 2012, and Qiu et al., 2014). Acetylation promotes DNA binding and

transcriptional activity of IRF1 (Qi et al., 2012 and Qiu et al., 2014).

1.6 mRNA translation

1.6.1 Regulation of mRNA translation

The translation of mRNA is a critical regulatory point in gene expression, and is
controlled primarily at the initiation stage, in which the elongation competent 80 S
ribosomes assemble on mRNA. The canonical mechanism of eukaryotic translation

initiation involves several steps starting with formation of the 43 S pre-initiation complex
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consisting of a 40 S ribosomal subunit, elF1, elF1A, elF3, e[F2-GTP-Met-tRNA. The
mRNA is next activated by cap-binding complex elF4F (consisting of eIF4E, elF4G, and
elF4A). The 43 S complex is then attached to 5’-UTR, which then scans the mRNA until
it reaches an initiation codon. Next 48 S initiation complex is formed by displacement of
elF1 and hydrolysis of elF2-GTP and Pi release from 43 S complex. Lastly, initiation
factors are displaced and 60 S ribosomal subunit is joined to 48 S complex, resulting in

formation of an elongation-competent 80 S ribosomes on mRNA (Orom et al., 2008).

1.6.2 5’-and 3’-UTR of mRNA

Initiation of translation is regulated by elements present within the untranslated regions
(UTRs) of mRNA. The 5’-cap and the 3’-poly(A) tail are both essential for initiation of
translation as it serves as a binding site for e[F4F and poly-(A) binding proteins
(PABP)s, respectively.

The 5°-UTR may contain secondary structure or other elements that can serve as
binding sites for regulatory proteins that interfere with the binding or scanning process
during translational initiation (Wilkie et al., 2003). Furthermore, presence of upstream
initiation codons or upstream open reading frames (ORFs) can reduce the rate of
translation initiated from the main ORF, since ribosomes can detach from the mRNA
after completing translation of the upstream ORF (Mignone et al., 2002).

Moreover, the length of poly-(A) tail and binding of PABPs to the 3’-UTR
influence translation efficiency. They play essential roles in initiating and stabilizing
circularization of the mRNA and enhancing recruitment of small ribosomal subunits to

the 5’-UTR (Wilkie et al., 2003). In contrast, binding of 3’-UTR binding protein
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cytoplasmic polyadenylation-element-binding protein (CPEB) represses translation by
interfering with PABP binding to 3’-UTR (Wilkie et al., 2003). Moreover, non-coding
RNAs can bind to either 3’- or 5’-UTR of mRNA to suppress (Fabian et al., 2010) or
sometimes enhance efficiency of translation (Vasudevan et al., 2007 and Orom et al.,

2008).

1.6.3 microRNA

microRNAs (miRNAs) are non-coding small RNAs of approximately 22 nucleotides in
length that play important roles in regulation of gene expression at the post-
transcriptional level (Bartel, 2004). miRNAs suppress target gene expression by two
major mechanisms. Binding of miRNA can lead to cleavage and degradation of the target
mRNA when the base-pairing between the miRNA and the target mRNA matches fully
complementary or nearly complementary. This mechanism is originally discovered in
plants (Rhoades et al., 2002). In contrast, most animal miRNAs repress translation of the
target mRNA without affecting its stability by base-pairing with partially complementary
sequences (Olsen & Ambros, 1999). miRNAs are first transcribed into long primary
transcripts called pre-miRNAs, which are then processed into mature miRNA duplex
structure by two enzymes Drosha and Dicer. One strand of miRNAs is then loaded into
an Argonaute family protein, forming RNA-induced silencing complex (miRISCs),
which binds and represses gene expression of the target mRNA (Huntzinger &
Izaurralde, 2011). Four types of translational repression mechanisms have been proposed
in mammals, including inhibition of translation initiation, inhibition of translational

elongation, co-translational protein degradation, and premature translation termination
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(Huntzinger & Izaurralde, 2011). However the precise mechanisms underlying gene
silencing by miRNAs still remain largely unknown. Hundreds of miRNAs have been
identified in animals (Bartel, 2009), and computational approaches have predicted that as
many as 30-50% of human transcriptome may be subject to miRNA regulation (Lewis et

al., 2005 and Friedman et al., 2009).
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Cell culture

Murine fibroblast cells (NIH3T3 and L929) and human cancer cells (HT29, HT 1080,
DLD-1 and MDA-MB-468) were obtained from the American Type Culture Collection.
These cells were maintained in high-glucose Dulbecco’s modified Eagle’s medium (Life
Technologies (Burlington, ON) with 10% fetal bovine serum (Cansera, Etobicoke, ON).
Vector control NIH3T3 and RasV12 cells were generated as previously described
(Battcock et al., 2006). IRF1 deficient and wildtype MEFs were established from
C57BL/6-Irf1"™™* (Tanaka et al., 1994) and C57BL/6J mice purchased from the
Jackson Laboratory (Bar Harbor, ME), respectively. MEF cell cultures were obtained
from day 14 embryos that were washed three times in PBS, minced, and digested in 0.25
% trypsin/EDTA solution (Tanaka et al., 1994). After digestion, MEFs were maintained
in DMEM supplemented with 10 % FCS, 2 mM L-Glutamine (Life Technologies),
Antibiotic-Antimycotic (Life Technologies), and MEM Non-Essential Amino Acids
(Life Technologies). Immortalized IRF1 deficient MEFs were established by serial

passages of primary MEFs over the course of 7 passages over 21 days.

2.2 DNA Microarray Analysis

DNA microarray analysis was conducted in collaboration with Dr. Sherri Christian at the
department of Biochemistry, Memorial University of Newfoundland (St. John’s, NL).
RasV12 cells were treated with 20 uM U0126 (Cell Signaling Technology, Danvers,
MA) or 500 U/ml recombinant mouse IFN-a (PBL Interferon Source, Piscataway, NJ),

or left untreated, for 6 hours. Total RNA was isolated using TRIzol® Reagent (Life
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Technologies), treated with DNase using TURBO DNA-freeTM kit (Ambion, ON), and
then sent to the Centre for Applied Genomics (TCAG, ON) for analysis using
Affymetrix 430 2.0 mouse DNA microarrays. RNA integrity number was determined to
be greater than 8.9 for all samples (Agilent 2100 Bioanalyzer, Agilent, Santa Clara, CA).
Data from three biological replicates were analyzed using GeneSpring (v7.3, Agilent).
Genes with greater than 2.5 fold induction compared to the untreated control were

determined. Data are deposited in the Gene expression omnibus (Barrett et al., 2013)

(GEO accession number GSE49469).

2.3 Quantitative RT-PCR

Quantitative reverse transcription-polymerase chain reaction (RT-qPCR) was performed
using the previously described validation strategies (Christian et al., 2012). Briefly,
primers were validated using a duplicate 5-point, 5-fold dilution series starting from 100
ng of DNase-treated RNA isolated from RasV12 cells using SuperScript™ III
Platinum® SYBR® Green One-Step RT-qPCR Kit with ROX (Life Technologies) and
analyzed on the StepOnePlus qPCR system (Applied Biosystems, Foster City, CA). The
cycling conditions were as per manufacturer’s instructions: 50 °C for 3 minutes, 95 °C
for 5 minutes followed by 40 cycles of 95 °C for 15 seconds, 60 °C for 30 seconds then
40 °C for 1 minute, and then followed by melt-curve analysis (Life Technologies). The
absence of non-specific amplification was confirmed by observing a single peak in the
melt-curve analysis, confirmation of the expected amplicon size as determined by
agarose gel analysis as well as the absence of primer dimers, and by the absence of

amplification in the no template control wells. The sequence, amplicon size, and
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efficiency of each primer sets are shown in appendix table 1. The quantification of Gbp2,
Ifi47, 1115, Rig-1, Stat2, Xafl, ligp2, Ifitl, Ptx3, and Irf] expression in RNA isolated
from three independent biological replicates were performed in duplicate using the above
strategy using 50 ng of RNA as template. Gapdh was used as a reference gene.

In order to quantify miRNA, total RNA was isolated from Trizol (Life
Technologies), reverse transcribed into cDNA using miScript II RT Kit (Qiagen, Toronto,
ON). Expression of miR-23a was measured with Rnu6 as a reference gene using 1 ng of
cDNA as template using miScript Primer Assay Kit (Qiagen) according to the
manufacturer’s instruction. The kit comes with miScript SYBR green, which contains
miScript universal primer (reverse primer) and pre-designed, ready to use target specific
forward primers [Qiagen, miR-23a (MS00032599), RNU6 (MS00033740)]. The cycling
conditions were as per manufacturer’s instructions: 95 °C for 15 minutes followed by 40
cycles of 94 °C for 15 seconds, 55 °C for 30 seconds, 70 °C for 30 seconds, followed by

melt-curve analysis (Qiagen).

2.4 Promoter and UTR reporter assays

pISRE-Luc from was purchased from Stratagene (La Jolla, CA). Promoter regions of
MDII genes were obtained from the NCBI database. Enough length of the promoter of
each gene was included in the construct for it to be activated by IFN treatment, since
these genes represent IFN-inducible genes. Promoter constructs of Gbp2, Ifi47, Rig-I, Irfl
variant 1&3, and Irf1 variant 2 were obtained by PCR amplification of mouse genomic
DNA and ligation into the Xhol and HindIII sites of pGL3-Basic vector (Promega,

Madison, WI). The promoter deletion constructs of Gbp2 and Ifi47 were made using the
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Erase-a-BaseTM System (Promega) according to the manufacturer’s instructions
followed by sequencing to determine the remaining promoter region. RasV12 cells (3 x
10* cells / well), wildtype (4 x 10* cells / well) or IRF1 deficient MEFs (4 x 10* cells /
well) were cultured in 24-well plate and transiently transfected with 1ug of the reporter
plasmids using SuperFect Transfection Reagent (Qiagen). Twenty-four hours after
transfection, cells were treated with U0126 or IFN-a for additional 24 hours. To block the
effect of endogenous IFN, cells were pretreated with anti-IFN-o/fRa (C-18) antibody for
6 hours (Santa Cruz Biotechnology, Santa Cruz, CA) prior to U0126 or IFN treatment and
also for the remaining duration of the treatment time (24 hours). Luciferase activity was
measured by the Luciferase Assay System (Promega) and luminescence measured using
Fluoroskan Ascent FL (Thermo Labsystems, Waltham, MA). Transcription factor binding
elements were identified using the JASPAR database (Mathelier et al., 2014).

For UTR reporter assay, 3’- or 5’-UTR sequence of IRF1 was PCR amplified
using mouse pPCMV-SPORT6-Irfl (Thermo Fisher Scientific) as a template and sub-
cloned into Xbal site or Ncol site in pGL3-Control vector, respectively. RasV12 cells
were transfected with 0.5 ug of reporter plasmids, treated with or without U0126 for 6
and 24 hours, and luciferase expression was measured as above. miRNA binding sites
were identified using the miRbase (Kozomara & Griffiths-Jones, 2014) and the miRWalk
databases (Dweep et al., 2011).

Detailed sequences of each MDII promoter construct and the IRF1 UTR

constructs are presented in Appendix (Figure 1-4).
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2.5 Cycloheximide experiment

Mouse pCMV-SPORT6-Irf1 vector was purchased from Thermo Fisher Scientific, and
human IRF1 expression vector was generated from incyte human IRF1 cDNA (Thermo
Fisher Scientific) cloned into the pCMV-SPORT6 vector. RasV12 and HT1080 cells were
transfected with mouse or human IRF1 pCMV-SPORT®, respectively. At 24 hours after
transfection, cells were pretreated with U0126 (20 uM) or left untreated for 1 hour, and

then treated with cycloheximide (CHX, 30 ug/ml) for 15, 30, 45, 60, 120 and 240

minutes. Protein expression of IRF1 and GAPDH were analyzed by western blot.

2.6 Viruses and infection

Wild-type VSV (Indiana strain) and attenuated VSV (VSVMS51R) provided by Dr. John
C. Bell (Centre for Innovative Cancer Therapeutics, Ottawa Hospital Research Institute,
Ottawa, ON), were amplified and titered by plaque assay using L929 cells. For IRF1
knockdown experiments, RasV12 cells cultured in 24-well plate (3 x 10* cells / well)
were transfected with 30 nM ON-TARGETplus SMARTpool Mouse Irfl siRNA or ON-
TARGETplus Non-Targeting pool siRNA (Thermo Fisher Scientific) using 1 ul of
DharmaFECTT1 transfection reagent (Thermo Fisher Scientific). At 2 days after siRNA
treatment, the cells were treated with IFN-o and/or U0126 for 16 hours, followed by
infected with VSV (MOI=1). IRF1-overexpressing RasV12 cells were generated by
transfecting 0.5 pg of mouse pCMV-SPORT6-Irf1 or control pCMV-SPORT6 using
SuperFect transfection reagent. At 24 hours after transfection, the cells were treated with

IFN-a for 16 hours, followed by infection with VSV (MOI=1). IRF1-overexpressing
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human cancer cells, DLD-1, HT1080, and HT29 cells were generated by transfecting
with 0.5 pg of human pCMV-SPORT6-IRF1 or control pPCMV-SPORT®6 as above. At 24
hours after the transfection, the cells were infected with VSVMS1R (MOI=5, 1.25, 0.3,
0.08, or 0.02). The level of IRF1 transfection in RasV12, HT1080, HT29, and DLD-1
were determined by Western blotting for IRF1 protein. Upon transfection with IRF1
expression vector, all of these cell lines were confirmed to express higher level of IRF1

compared to cells transfected with control vector.

2.7 Chromatin Immunoprecipitation (ChIP) Assay

Approximately 5 x 10 cells were cultured in 15-cm dish and treated with U0126 or IFN-
a, or left untreated. After 4 hours post-treatment, chromatin was cross-linked with 37 %
formaldehyde (Sigma-Aldrich, St. Louis, MO) for 10 minutes, followed by addition of
0.125 M glycine. Cells were washed twice with ice cold PBS, scraped into 20 ml tube,
centrifuged at 2,000 rpm for 5 min at room temperature, and then cells were lysed in
ChIP lysis buffer [1.0 % SDS, 10.0 mM EDTA, 50 mM Tris-HCI (pH 8.1)]. Chromatin
was sonicated into 200-500 bp length fragments (9 cycles of 20 % amplitude, 10 sec
pulse and 20 sec pause) using Sonic Dismembrator Model 500 (Fisher Scientific). The
size ranges of sonicated fragments were confirmed by agarose gel analysis. Sonicated
samples were cleared of debris by centrifugation at 8,000 rpm for 20 min, pre-cleared
with 50 ul of protein A agarose bead (Thermo Fisher Scientific), which has been pre-
blocked with Herring Sperm DNA (Life Technologies) and BSA (Promega), and protein

concentration determined using BCA protein assay kit (Thermo Scientific). One
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milligram of the cell lysate was diluted to a final volume of 1 mL with ChIP dilution
buffer [0.01 % SDS, 1.1 % Triton X-100, 1.20 mM EDTA, 16.7 mM Tris-HCI (pH 8.1),
167 mM NacCl] supplemented with protease inhibitors and was incubated with 4 ug of
anti-IRF1 (M-20) antibody or normal rabbit IgG (Santa Cruz) overnight at 4° C. The
antibody-chromatin complex was incubated with 50 ul of preblocked protein A agarose
beads for 2 hours at 4°C. After incubation, beads were washed twice each with 1 mL low
salt wash buffer [0.1 % SDS, 1.0 % Triton X-100, 2 mM EDTA, 20 mM Tris-HCI (pH
8.1), 150 mM NacCl], high salt wash buffer [0.1 % SDS, 1.0 % Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI (pH 8.1), 500 mM NacCl], LiCI wash buffer [250 mM LiCl, 1.0
% IGEPAL-CA630, 1 % Deoxycholic Acid, 1.0 mM EDTA, 10.0 mM Tris (pH 8.1)],
and TE buffer [10.0 mM Tris (pH 8.1), 1.0 mM EDTA]. The chromatin complex was
eluted from beads with elution buffer (1.0 % SDS, 100.0 mM NaHCO3), protein-DNA
crosslinking reversed with 5 M NaCl, and RNA and proteins digested with RNase A
(Qiagen) and Proteinase K (Qiagen), respectively. The recovered DNA was purified
using QIAquick PCR purification kit (Qiagen) and eluted in 50 ul water. The ChIP and
the total input DNA were analyzed by end-point PCR using primers listed in appendix
table 2. ChIP qPCR was performed using Power SYBR® Green Master Mix (Life
Technologies) and primers listed in appendix table 1. Background signal obtained from
the control antibody was subtracted from ChIP IRF1, and the percentage of ChIP DNA

relative to the input DNA was determined.
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2.8 RNAIi for ERK downstream elements

The control siRNA and siRNA against mouse Erk1, Erk2, Mnk1, Mnk2, Msk1, Msk2,
Rsk1, Rsk2, Rsk3, Rsk4, human RSK1, RSK2, RSK3 and RSK4 were purchased from
Santa Cruz Biotechnology. A day before transfection, RasV12 (2.5 x 10* cells / well),
DLD-1 (3 x 10” cells / well), or MDA-MB-468 (5 x 10* cells / well) were plated in 24-
well plates. The cells were transfected with transfection complex prepared by mixing 10
pmol of siRNA and 1 pl of Lipofectamine RNAi MAX (Life Technologies) in serum-
free medium. At 24 hours post-transfection, the transfection was repeated again for
greater suppression of target genes. Protein and RNA samples were collected at 48 hours
post-transfection. The protein expression of ERK1/2, human RSK1, and RSK2 were
determined by Western blot analysis, while those of MNK1/2, MSK1/2, mouse RSK1,
RSK3, and RSK4 silencing were determined by semi-quantitative RT-PCR using primers

listed in appendix table 2.

2.9 RSK Overexpression

RasV12 cells (8 x 10* cells / well) plated in 24-well plates were transfected with 1 pg of
mouse pCMV-SPORT6-Rsk3 (Thermo Fisher Scientific), mouse pCMV-SPORT6-Rsk4
(Thermo Fisher Scientific), or co-transfected with both vectors (1 pg each) using Sul of
Superfect reagent (Qiagen). NIH3T3 cells (1x 10° cells / well) plated in 24-well plate
were transfected with the same amount of plasmids as above using 3 pl of TransIT®-
2020 transfection reagent (Mirus Bio LLC, Madison, WI), which gave us better

transfection efficiency than the Superfect reagent. At 24 hours after transfection, RasV12
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and NIH3T3 cells were treated with or without U0126 (20 uM) for 24 hours and then
protein samples were collected for Western blot analysis. The level of RSK
overexpression were determined by western blotting for RSK3 or RSK4 protein. Both

RasV12 and NIH3T3 cells were confirmed to overexpress RSKs compared to its control.

2.10 Western Blot Analysis

Protein samples were separated on 10 % sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane (Bio-Rad,
Mississauga, ON). The membrane was blocked with 5% skim milk or 1-5 % BSA in TBS
(20 mM Tris and 137 mM NaCl [pH 7.3]) containing 0.05% Tween 20 (TBST) for 1
hour followed by primary antibody incubation overnight unless otherwise indicated in
the appendix table 3. Next day, the membrane was washed three times with TBST,
incubated with appropriate secondary antibody (peroxidase-conjugated goat anti-mouse
IgG, anti-rabbit IgG, anti-goat IgG, or anti-rat IgG (Santa Cruz)) for 1 hour, washed three
times again with TBST, and specific bands were detected by enhanced
chemiluminescence (Amersham, Baie d'Urfe, QC) using ImageQuant LAS 4000 (GE
Healthcare Life Sciences, Baie d’Urfe, QC). ImageQuant Software (GE Healthcare Life
Sciences) was used to quantify the intensity of bands.

Specific primary and secondary antibody conditions for each antibody are shown
in appendix table 3. Antibody to VSV-G (VSVII-M) was purchased from Alpha
Diagnostic (San Antonio, TX), phospho-ERK-1/2 (#9101) from Calbiochem, GAPDH
(6C5) from Abcam (Toronto, ON), ERK (K-23), Sumo-1 (FL-101), RSK2 (E-1), RSK3

(A-16), RSK4 (JS-31) and mouse IRF1 (M-20) from Santa Cruz Biotechnology (Santa
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Cruz, CA), human IRF1 (#612046) from BD Transduction Laboratories (Mississauga,
ON), anti-phosphotyrosine (clone 4G10) from EMD Millipore (Billerica, MA), anti-
phosphoserine (Clone PSR-45) from Life Technologies, anti-HA high affinity (clone
3F10) from Roche (Mississauga, ON), acetylated-lysine (#9441) and RSK1 (#9333) from
Cell Signaling Technology. For densitometry analysis, band intensities were determined
using ImageJ 1.48v (Schneider et al. 2012). Band intensities of target proteins were first
normalized to endogenous control (GAPDH for all blots except for IP experiment, in
which IRF1 was used instead) and then the shown as percentage compared to appropriate

control as indicated under each figure legend.

2.11 Immunoprecipitation

RasV12 cells (6 x 10° cells / dish) plated in 10-cm plates were transfected with 5 pg of
mouse pCMV-SPORT6-Irf1 (for acetylation and phosphorylation studies) or co-
transfected with 5 pg of pPCMV-SPORT6-Irf1 and with either 5 ug of pCMV-SPORT6-
Sumol (Thermo Fisher Scientific) (for sumoylation study) or pRK5-HA-Ubiquitin (gift
from Ted Dawson, Addgene plasmid # 17608) (for ubiquitination study) using 60 pul of
Superfect reagent. At 24 hours post-transfection, cells were treated with 20 uM U0126 or
DMSO for 6 hours. At 2 hours prior to cell lysis (4 hours after U0126 treatment), MG132
was added to a final concentration of 25 uM to prevent protein degradation. Cells were
washed twice with ice cold PBS and lysed with 1 mL 1 % Triton X-100 lysis buffer [20
mM Tris-HCI (pHS), 1 % Triton X-100, 10 % glycerol, 2 mM EDTA, 137 mM NaCl]
supplemented with protease (PMSF and aprotinin, Sigma-Aldrich) and phosphatase

inhibitors (halt phosphatase inhibitor cocktail, Thermo Fisher Scientific). For acetylation
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and sumoylation studies, 10 uM sodium butyrate (deacetylation inhibitor) (Sigma-
Aldrich) or 20 uM N-ethylmaleimide (desumoylation inhibitor) (Sigma-Aldrich) was
further added to the above lysis buffers, respectively. The cell lysate was centrifuged at
14,000 rpm for 10 min at 4 °C and the amount of protein was measured using the BCA
protein assay kit (Thermo Fisher Scientific). One milligram of cell lysate was diluted up
to 1 mL of 1 % Triton X-100 lysis buffer containing all appropriate inhibitors, pre-
cleared for 1 hour with 30 ul of pre-blocked protein A agarose beads, and
immunoprecipitated with 2 ug of IRF1 antibody (M-20) overnight at 4°C. The next day,
the antibody-protein complex was captured with 30 ul of pre-blocked protein A beads for
2 hours, washed extensively with 1 % Triton X-100 lysis buffer, and then eluted by
boiling the beads in 1 x sample buffer for 10 minutes. Immunoprecipitated IRF1 and its
post-translational modifications were determined by Western blot analysis using the
primary antibodies listed in appendix table 3 and light chain specific secondary

antibodies (Jackson ImmunoResearch, West Grove, PA).

2.12 Polysome Analysis

Polysome analysis was conducted in collaboration with Dr. Tommy Alain at Children’s
Hospital of Eastern Ontario (Ottawa, ON). RasV12 cells were cultured to approximately
80-90% confluency in 15-cm dish and treated with or without U0126 (20 uM) for 2
hours. At the end of the U0126 treatment, cycloheximide was added to the culture media
to a final concentration of 100 ug/ml and incubated for 5 minutes to prevent ribosome

runoff from mRNA. Cells were washed and scraped with ice-cold PBS supplemented
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with cycloheximide (100 ug/ml), centrifuged, and lysed in hypotonic buffer [S mM Tris-
HCI (pH 7.5), 2.5 mM MgCl,, 1.5 mM KCl, complete protease inhibitor cocktail (Roche,
Mississauga, ON, Canada)]. The cell lysate was further supplemented with
cycloheximide (100 ug/ml), DTT (2 mM), RNase inhibitor (100 U), 10 % triton X-100
(final concentration of 0.5 %), and 10 % sodium deoxycholate (final concentration of
0.5%), centrifuged and then the supernatant was separated on 10-50% sucrose gradient
by centrifugation at 35,000 rpm for 2 hours. After separation, gradients were fractionated
from the top of the gradient by pumping the chasing solution (60 % w/v sucrose, 0.02 %
w/v bromophenol blue) from the bottom of the tube at 1.5 ml/min using an Isco density
gradient fractionator (Teledyne Isco Inc., Lincoln, NE) and the RNA was monitored at
254 nm using the WinDaq data acquisition software (DATAQ Instruments, Akron, OH).
To isolate RNA for polysome analysis, 500 ul of each fraction was mixed with
750 wl Trizol. Chloroform (150 ul) was next added, vortexed for 15 seconds, incubated
at room temperature for 3 minutes, centrifuged at 13,000 rpm for 15 minutes, and 800 ul
of aqueous layer was transferred to a fresh tube. Ice-cold isopropanol (750 ul) was next
added to the aqueous layer, inverted 10 times, and RNA was precipitated overnight at -
20 °C. The next day, the samples were centrifuged at 13,000 rpm for 10 minutes,
supernatant discarded, and RNA pellet air dried and resuspended in 20 ul of RNase-free
water by incubating at 37 °C for 10 minutes. RNA was treated with DNase, and equal
volume of RNA (5 ul) from individual fractions was used for cDNA synthesis using the
RevertAid H minus first strand cDNA synthesis kit (Thermo Fisher Scientific) according

to the manufacture’s instruction. The levels of polysome associated IRF1 and GAPDH
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mRNA in each fraction was determined by semi-quantitative PCR using primers listed in
appendix table 2. For quantitative analysis, RNA isolated from fractions representing
subpolysomes (fraction #2-6), early polysomes (Fraction #7-10), or heavy polysomes

(fraction #11-15) were pooled, and measured by RT-qPCR as described in section 2.3.

2.13 Statistical analysis

One-way ANOVA with Tukey’s post-hoc test was performed using GraphPad Prism 4.0c

software (GraphPad Software, La Jolla, CA).
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CHAPTER 3
Oncogenic Ras inhibits IRF1 to promote viral oncolysis

Most of the work in this chapter has been published in the journal Oncogene.
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3.1 Rationale

Oncolytic viruses exploit common molecular changes in cancer cells, absent from normal
cells, to replicate in and kill cancer cells. Ras transformation and defects in type |
interferon (IFN)-mediated antiviral responses have been known to be the major
mechanisms underlying viral oncolysis. Our laboratory and others previously reported
that activation of the Ras/Mitogen-Activated Protein Kinase Kinase (MEK) pathway
suppresses the host antiviral response induced by IFN (Battcock et al., 2006; Christian et
al., 2009, and Noser et al., 2007), clearly indicating that the two major mechanisms of
viral oncolysis (Ras-dependency and IFN-insensitivity) are indeed connected.
Furthermore, a group of IFN-inducible genes whose transcription is downregulated by
Ras/MEK activation (MEK-Downregulated IFN-Inducible (MDII) genes) was identified
by microarray analysis in human cancer cells (Christian et al., 2012). These results
suggest that transcriptional dysregulation of the MDII genes in human cancer cells is one
of the underlying mechanisms of Ras- and IFN insensitivity-dependent viral oncolysis. In
this chapter, we sought to further clarify the precise mechanism of how Ras/MEK

suppresses transcription of the MDII genes.

3.2 Results

3.2.1 Ras/MEK downregulates expression of MDII genes in RasV12 cells.

The Hirasawa lab has previously reported the presence of MDII genes in human cancer
cells (Christian et al., 2012). In order to clarify the molecular mechanisms of the

regulation of MDII genes by Ras/MEK, we analyzed global gene expression in RasV12
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transformed NIH3T3 (RasV12) cells that do not have the confounding mutations that
occur in human cancer cells. RasV12 cells were treated with U0126, IFN, or left
untreated for 6 hours. The gene expression profiles were determined using DNA
microarrays (Figure 3.1 A). We identified 1264 genes and 1258 genes with > 2.5-fold
increased expression by either U0126 or IFN treatment, respectively. Furthermore, we
identified 619 genes that were upregulated by both MEK inhibition and IFN treatment as
the responsive MDII genes in mouse fibroblast cells.

The expression changes of a subset of genes, guanylate binding protein 2 (Gbp2),
interferon gamma inducible protein 47 (Ifi47), interferon-induced protein with
tetratricopeptide repeats 1 (Ifitl), immunity-related GTPase family M member 2 (Iligp2),
interleukin 15 (I115), pentraxin related gene (Ptx3), retinoic acid-inducible gene 1 (Rig-
I), signal transducer and activator of transcription 2 (Stat2) and XIAP associated factor 1
(Xafl) were validated by RT-qPCR analysis (Figure 3.1 B). The expression of Gbp2,
Ifi47, 1115, Rig-1, Stat2, and Xafl genes were significantly induced by U0126-only and
IFN-only treatment, and identified as MDII genes. Interestingly, combined treatment of
IFN and U0126 significantly increased expression of Gbp2, 1115 and Stat2 compared to
those in cells treated with IFN only or U0126 only. ligp2 and Ifit1, which were induced
only by IFN treatment but not by U0126, represent non-MDII IFN-inducible genes. In
contrast, Ptx3, which was induced by U0126, but not by IFN, represents a non-MDII

MEK-downregulated gene.
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Figure 3.1 Identification of mouse MEK-downregulated IFN-inducible (MDII) genes.
(A) Venn diagrams from DNA microarray analysis showing gene upregulation (> 2.5-
fold expression) in RasV12 cells treated with U0126 (20 uM) or IFN-a (500 U/ml).
MDII genes represent genes upregulated by both MEK inhibition and IFN treatment. (B)
RT-qPCR analysis for Gbp2, Ifi47, 1115, Rig-1, Stat2, Xafl, ligp2, Ifitl and Ptx3. RasV12
cells were treated with U0126 (20 uM), IFN-a (500 U/ml) or U0126/IFN-a. or left
untreated for 6 hours. The relative expression levels were normalized to Gapdh and
reported as compared to the untreated controls. [n=3 (3 independent experiments),
significant upregulation compared to untreated controls denoted by *P<0.05 and
**P<0.01, significant upregulation by U0126/IFN-ocombined treatment compared to that

by U0126-only or with IFN-only treatment denoted by #P<0.05 and ##P<0.01].
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3.2.2 Ras/MEK suppresses the transcription of MDII genes.

In order to determine whether Ras/MEK regulates the MDII gene transcription, we
conducted promoter gene analysis for a subset of MDII genes. RasV12 cells were
transfected with the pGL3-Basic vector containing the promoter region of either the
Gbp2, Ifi47, or Rig-I genes, or the interferon-stimulated response element (ISRE) and
then treated with U0126 or IFN for 24 hours (Figure 3.2 A). We found that IFN treatment
significantly activated transcription of the ISRE reporter construct and all of the reporter
constructs containing the MDII gene promoter region. MEK inhibition also significantly
increased the promoter activity of Gbp2, Ifi47, and the ISRE in RasV12 cells. Although
Rig-I promoter activity increased two-fold in RasV12 cells treated with U0126, the
induction was not statistically significant. These results demonstrate that Ras/MEK
suppresses the promoter activities of these MDII genes.

MEK inhibition may stimulate production of endogenous type I IFN, which leads
to the activation of MDII gene promoter activities as a secondary effect. We tested this by
analyzing the promoter activities of MDII genes in the presence or absence of type I IFN
receptor antibody (anti-IFN-o/B-R) in order to block the effect of endogenous IFN in the
culture supernatant. As expected, pre-treatment with anti-IFN receptor antibody abolished
the IFN-induced activation of the ISRE and Gbp2 promoters, indicating that the anti-IFN
antibody successfully neutralized the effect of exogenous IFN-a (Figure 3.2 B). In
contrast, promoter activation of Gbp2 by U0126 treatment was not altered in the presence
of the anti-IFN receptor antibody, which suggested that MEK inhibition directly induces

MDII gene transcription by trans-acting factors other than the endogenous IFN-o/f.
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In order to identify the promoter region responsive to Ras/MEK, we conducted
promoter deletion analysis of the Gbp2 and Ifi47 genes as these showed the most robust
up-regulation by U0126 treatment in Figure 3.2A (Figure 3.2 C). Deletion of a 21-bp
region between -68 and -47 of the Gbp2 promoter significantly reduced the U0126-
induced transcriptional response, indicating that this region contains elements essential
for transcriptional regulation of Gbp2. Similarly, we observed a significant reduction in
U0126-induced activation of the Ifi47 promoter when the region from -762 to -148 or
from -148 to -80 was deleted. Importantly, the deletion between -148 and -80 of the Ifi47
promoter completely abolished activation of its promoter activity by U0126. The
regulation of Ifi47 transcription by IFN was primarily regulated by the same region (-762
to -80) as the U0126 response region, although a region between -80 to -35 was found
also to be responsive. In contrast, the elements responsible for regulation of Gbp2 by IFN
are contained in regions from -512 to -83 and from -83 to-68 of the Gbp2 promoter,
distinct from the U0126 responsive sites. These results suggest that independent promoter
elements are required for MDII gene transcription by MEK inhibition compared to [IFN
stimulation. We next examined the Gbp2 and Ifi47 promoter regions essential for
regulation by U0126 (Gbp2: -68 to -47 and Ifi47: -148 and -80) for transcription factor
binding sites. Using the JASPAR database, we identified five putative transcription
factor-binding sites [for paired box gene 2 (PAX2), interferon regulatory factor (IRF)-
binding element (IRFE), AT rich interactive domain 3A (ARID3A), SRY-box containing
gene 17 (SOX17) and SRY-box containing gene 10 (SOX10)] that were located in both
of the U0126-responsive regions. Among the five candidate binding sites, we decided to

focus on the IRFE binding element due to its relevance to antiviral responses (Taniguchi
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et al., 2001). Among various IRF family members that can possibly bind to IRFE sites,
IRF1 was chosen as our candidate since the JASPAR database specifically predicted the
binding sites for IRF1 and IRF2, and that our preliminary experiment result suggested
that IRF1 was under the regulation of the active Ras/MEK pathway, whereas IRF2 was

not (data not shown).

3.2.3 IRF1 regulates the transcription of MDII genes.
Chromatin immunoprecipitation (ChIP) assays were performed to determine whether
IRF1 binds to the Gbp2 and Ifi47 gene promoters in response to MEK inhibition. We
observed a relatively small amount of IRF1 present at the putative IRFE sites of Gbp2
and Ifi47 promoter in untreated RasV12 cells (Figure 3.3 A). Treatment with either
U0126 or IFN substantially enhanced IRF1 recruitment at the Gbp2 and Ifi47 promoter.
This interaction was specific as the IRFE sites of Gbp2 and Ifi47 promoter regions were
not detected in the pull-down with control IgG, and the binding of IRF1 to the distal
control sites in the two promoters was not observed. These results demonstrate specific
binding of IRF1 to the IRFE sites of Gbp2 and Ifi47 upon Ras/MEK inhibition in RasV12
cells. As a means to validate and quantify these results, quantitative ChIP analysis was
performed. U0126 treatment significantly increased IRF1 binding at the IRFE sites of
both Gbp2 and Ifi47 (Figure 3.3 B).

We determined if IRF1 regulates MDII gene expression in response to inhibiting
the Ras/MEK pathway by testing primary and immortalized mouse embryonic fibroblasts

(MEFs), which represent different stages of transformation, from wild-type, or IRF1-

58



Figure 3.2 Identification of MDII promoter regions responsible for transcriptional
activation by U0126 or IFN. (A) Promoter activity of control pGL3-Basic plasmid,
pISRE-Luc plasmid, or pGL3-Basic plasmid containing promoters of Gbp2, Ifi47 or Rig-
I'in RasV12 cells treated with U0126 (20 uM) or IFN-a (500 U/ml) for 24 hours.
Relative luciferase activities (RLU) are reported as compared to the untreated controls.
(B) Promoter activity of control pGL3-Basic plasmid, pISRE-Luc plasmid, or pGL3-
Basic plasmid containing promoters of Gbp2 in RasV12 cells pre-incubated with or
without anti-IFN-o/B-R antibody (Ab, 100 U/ml) for 0.5 hours and then treated as above.
RLU of was reported as compared to the untreated controls, or compared in the presence
or absence of anti-IFN-a/B-R antibody of the same treatment. (C) Promoter activity of
control pGL3-Basic plasmid, or pGL3-Basic plasmid containing various deletion
constructs of the Gbp2 and the Ifi47 promoters in RasV12 cells treated as above. RLU of
each promoter construct was reported as compared to the next shorter construct of the

same treatment [n=3 (3 replicates in 1 representative independent experiment),

*#P<0.01].
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deficient, C57BL/6 mice. Expression of the MDII genes Gbp2 and Xaf1 was significantly
induced by U0126 in primary wildtype MEFs (Figure 3.4 A). In support of the role of
IRF1 in regulating MDII genes, U0126 did not increase transcription of Gbp2 or Xafl in
primary IRF1-deficient MEFs. In contrast, there was no upregulation of Ifi47, 1115 and
Rig-I in wild-type primary MEFs treated with U0126. Therefore, we examined the
transcription of MDII genes in response to U0126 and IFN in immortalized MEFs, which
are at a more advanced stage of transformation. Treatment with U0126 increased
expression of all the MDII genes tested (Gbp2, Ifi47, 1115, Rig-I and Xafl) in
immortalized wildtype MEFs treated with U0126 (Figure 3.4 B). This suggests that the
degree of MDII gene induction by U0126 correlates with the level of cellular
transformation and the level of IRF1 downregulation, which are in turn correlated with
the degree of constitutive Ras activation. In contrast, induction of these genes was not
observed in immortalized IRF1-deficient MEFs, confirming that IRF1 expression is
necessary for this regulation. The absence of IRF1 also significantly reduced the
induction of Ifi47, 1115 and Rig-I by IFN in both primary and immortalized MEFs and
that of Gbp2 in primary MEFs and that of Xafl in immortalized MEFs, supporting the
critical role of IRF1 in IFN-mediated transcription (Taniguchi et al., 2001). Taken
together, these results demonstrated that IRF1 is the primary transcriptional regulator of

these MDII genes.
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Figure 3.3 Effects of Ras/MEK inhibition on IRF1 binding to the Gbp2 and Ifi47
promoter. ChIP assay was performed on chromatin isolated from RasV12 cells treated
with U0126 (20 uM) or IFN-a (500 U/ml), or left untreated. The ChIP DNA and input
DNA were analyzed by (A) end-point PCR and (B) qPCR using primers designed to
amplify the U0126 responsive and distal promoter regions as shown. Vertical bars in the
promoter diagram indicate the location of predicted IRFEs (Gbp2: -61 to -44. 1fi47: -156
to -145, -128 to -116, -74 to -56 and -46 to -35). Arrows, and the numbers below the
arrows, indicate binding sites of the primer sets (thick arrows: amplifies IRFE regions,
thin arrows: amplifies distal control regions). IRF1 binding to the promoter of Gbp2 or
Ifi47 are presented as percentage of input (% Input) [n=3 (3 independent experiments) *P

<0.05; **P <0.01].
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Figure 3.4 IRF1 involvement in the modulation of MDII gene transcription by Ras/MEK.
RT-qPCR analysis was conducted for the MDII genes (Gbp2, Xafl, Ifi47, 1115 and Rig-I).
Primary (A) and immortalized (B) MEFs derived from wild-type or IRF1-deficient mice
were treated with U0126 (20 uM) or IFN-a (500 U/ml), or left untreated for 6 and 12
hours, respectively. Relative expression levels of the MDII genes were normalized to
Gapdh and the data from wildtype MEFs were compared to that of IRF1-deficient MEFs

of the same treatment [n=3 (3 independent experiments), *P<0.05; **P<0.01].
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3.2.4 IRF1 expression is suppressed by the Ras/sMEK pathway.
To determine how the Ras/MEK pathway regulates IRF1 function, we examined IRF1
protein expression in vector control NIH3T3 cells and RasV12 cells treated with or
without U0126 (Figure 3.5 A). The amount of IRF1 protein was lower in RasV12 cells
than in vector control NIH3T3 cells and was restored by 6 hours of MEK inhibition.
Double bands for IRF1 were observed in vector control NIH3T3 cells whereas only one
band was apparent in RasV12 cells. We believe that the upper band is one of the IRF1
isoforms, however, it remains to be determined why it is present only in vector control
cells. We also examined the mRNA and protein expression levels of IRF1 in RasV12
cells after treatment with U0126 (Figure 3.5 B). RT-qPCR analysis revealed that the IRF1
mRNA level was significantly increased by MEK inhibition after 4 hours of U0126
treatment, indicating that IRF1 mRNA levels are downregulated by the active Ras/MEK
pathway. Similarly, we observed increased IRF1 protein levels as early as 2 hours after
U0126 treatment. These results demonstrated that the Ras/MEK pathway downregulates
IRF1 expression at both the mRNA and protein levels.

To determine whether the regulation of IRF1 by Ras/MEK also occurs in human
cancer cells, we next analyzed the effect of MEK inhibition on IRF1 expression in the

human breast carcinoma cells MDA-MB-468 and the human colon cancer cells DLD-1

(Figures 3.5 C and 3.5 D). We found that IRF1 protein is upregulated in both MDA-MB
468 and DLD-1 cells after 24 hours of treatment, even at sub-optimal concentrations of
U0126, as determined by ERK phosphorylation levels. Furthermore, we found that IRF1

protein increased in response to three different MEK inhibitors (U0126, PD98059, or
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SL327), demonstrating that the regulation of IRF1 was not due to non-specific effects of
U0126 (Figure 3.5 D). Knockdown of ERK 1/2 in RasV12 cells also increased the IRF1
expression levels, further supporting the interaction between Ras/MEK and IRF1 (Figure
3.5E).

3.2.5 Ras/MEK-mediated downregulation of IRF1 impairs the IFN anti-viral
response.

To determine whether IRF1 downregulation is the key factor in the impairment of anti-
viral response in cells with activated Ras/MEK, we restored IRF1 expression in RasV12
cells and in human cancer cells. First, to determine if IRF1 overexpression is sufficient to
restore IFN-induced anti-viral activity in RasV12 cells, the cells were transfected with
either mouse IRF1 or control vector () CMV-SPORT®6), followed by treatment with
different concentrations of IFN for 16 hours and then challenged with VSV. IRF1
introduction restored IFN’s ability to protect RasV12 cells from VSV infection,
particularly with 120 and 60 U/ml of IFN (Figure 3.6 A).

Next, we knocked down IRF1 in RasV12 cells using IRF1 siRNA to examine
whether endogenous IRF1 upregulation is necessary for restoration of anti-viral [FN
activity by U0126. Consistent with previous observations in our lab, (Battcock et al.,
2006 and Christian et al., 2009), MEK inhibition restored the IFN-induced antiviral
response in RasV12 cells (lane 9 compared to lane 7) (Figure 3.6 B). However, when we
knocked-down IRF1, viral replication occurred, albeit at a lower level, even in the
presence of both IFN and U0126 (lane 10 compared to lane 9). These data strongly

support a critical role for IRF1 in the restoration of IFN sensitivity by MEK inhibition.
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Figure 3.5 Restoration of IRF1 expression by Ras/MEK inhibition. (A) Vector control
NIH3T3 (control) or RasV12 cells were treated with the indicated concentration of
U0126 for 6 hours, and IRF1 and ERK phosphorylation levels were detected by western
blot. (B) RT-qPCR analysis for IRF1 mRNA (top panel) and western blot analysis for
IRF1 protein (bottom panel) in RasV12 cells treated with U0126 (20 uM) for the
indicated period of time. IRF1 expression levels were normalized against the 0.5 hour
controls [n=3 (3 independent experiments), *P<0.05]. (C) MDA-MB-468 cells were
treated with the indicated concentration of U0126 for 6 hours. (D) DLD-1 cells were
treated with indicated concentration of the different MEK inhibitors U0126, PD98059, or
SL327. IRF1 and ERK phosphorylation levels were analyzed by western blot. (E)
RasV12 cells transfected with random nucleotide sequences (NG) or two independent
ERK 1/2 oligonucleotides (#1 and #2) for indicated time points were analyzed by

Western blot.
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Next, we determined whether IFN-sensitive oncolytic viruses exploit Ras-
mediated IRF1 downregulation in human cancer cells. We overexpressed IRF1 followed
by infection with the oncolytic version of VSV (VSVMS51R; AV1)(Stojdl et al., 2003).
We found that the human cancer cell lines, HT1080 and HT29, were susceptible to the
oncolytic virus when transfected with control vector plasmid (pCMV-SPORT®6), but that
viral oncolysis was severely restricted in a concentration dependent manner with
overexpression of IRF1 (Figure 3.6 C). Next, human cancer DLD-1 cells were infected
with different MOIs of VSVMS51R after transfection with control or IRF1 vector (Figure
3.6 D). Similar to the results obtained above, the oncolytic virus replicated efficiently in
cells transfected with control vector, whereas IRF1 overexpression substantially restricted
viral oncolysis. Together these results demonstrated the critical role of IRF1 in defining

the susceptibility of cancer cells to certain oncolytic viruses.
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Figure 3.6 IRF1 regulates viral oncolysis. (A) RasV12 cells transfected with control or
mouse pPCMV-SPORT6-Irf1 (0.5 ug) were treated with indicated concentration of IFN-a.
for 16 hours and then challenged with VSV (MOI=1). (B) RasV12 transfected with
scrambled (SCR) or IRF1 siRNA were treated with indicated concentration of IFN-a or
U0126 for 16 hours and then challenged with VSV (MOI=1). Protein samples were
obtained at 24 hours after infection. (C) HT1080 and HT29 cells transfected with control
(1 ug) or human pCMV-SPORT6-IRFI (1, 0.5, 0.25, 0.12 and 0.06 ug) were infected
with VSVMS51R (MOI=5). (D) DLD-1 cells transfected with control or human pCMV-
SPORT6-IRF1 (1 ug) were infected with VSVMS51R (MOI=0, 5, 1.25, 0.3, 0.08, or 0.02)
for 24 hours. Protein levels of VSV-G, IRF1 or GAPDH were determined by Western

blot analysis.
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CHAPTER 4
Mechanisms underlying regulation of IRF1 expression and post-translational
modifications by the Ras/MEK pathway.

The work in chapter 4 has not been published.
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4.1 Rationale

In chapter 3, IRF1 downregulation by activated Ras/MEK was found to be the mechanism
underlying transcriptional suppression of a group of IFN-inducible genes. Oncolytic VSV
exploited the Ras/MEK-mediated IRF1 downregulation for its replication. The precise
mechanism of IRF1 dysregulation remains to be elucidated. To this end, we next sought
to clarify how Ras/MEK suppresses IRF1 expression. We focused on post-transcriptional
regulation of IRF1 as U0126 treatment increased IRF1 protein level prior to IRF1 mRNA
level (Figure 3.5 B). As IRF1 can function as its own transcriptional regulator (Reis et al.,
1992), we hypothesized that the restoration of IRF1 protein leads to an increase in the
level of IRF1 mRNA (Figure 4.1). In addition, we examined whether Ras/MEK regulates
post-translational modifications (PTM)s of IRF1, as IRF1 PTMs have been reported to

alter its biological activity (Ozato et al., 2007).

4.2 Results

4.2.1 IRF1 protein is required to promote IRF1 mRNA expression in cells treated
with the MEK inhibitor.

We first sought to examine whether MEK inhibition increases IRF1 transcription in the
absence of IRF1 protein. Three mouse IRF1 variants are reported in the NCBI database
(NM_008390.2, NM_001159396.1, NM_001159393.1), two of which (variant 1 and 3)
have the same promoter. Variant 2 has an alternative promoter from variant 1 and 3. We

constructed pGL3-Basic vector containing IRF1 variant 1 & 3 or variant 2 promoter and
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Figure 4.1 Working model: Ras/MEK activation interrupts the positive feedback loop of

IRF1 expression by targeting IRF1 protein expression.
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tested their promoter activities in RasV12 cells (Figure 4.2 A). Promoter activities of
variant 1 & 3, and variant 2 to a lesser extent, significantly increased by 24 hours of MEK
inhibition. Treatment with IFN-a, which is a well-known transcriptional activator of IRF1
(Taniguchi et al., 2001), significantly increased promoter activity of IRF1 variant 1 & 3,
but not that of IRF1 variant 2. These data suggest that the IRF1 variant 2 promoter is not
IFN-responsive. Therefore, we decided to use the promoter of IRF1 variant 1 & 3 for
further study.

To determine whether IRF1 mRNA expression can be promoted by MEK
inhibition in the absence of IRF1 protein, we next determined promoter activity of IRF1
variant 1 & 3 in RasV12, wild-type or IRF1” MEFs (Figure 4.2B). U0126 treatment
significantly increased the level of IRF1 promoter activity in wild-type MEFs while the
induction was lower in wild-type MEF compared to in RasV12 cells. This is likely due to
less basal activation of Ras/MEK in wild-type MEF. In contrast, U0126-induced IRF1
promoter activity was not observed in IRF1” MEFs, suggesting that the induction of IRF1
mRNA by MEK inhibition is dependent on IRF1 protein. We also examined the promoter
activity of Gbp2, which is one of the MDII genes regulated by IRF1. Similar to the IRF1
promoter, Gbp2 promoter activity was significantly higher in U0126-induced RasV12
than in wild-type MEFs treated with U0126, while U0126-induced Gbp2 promoter
activity was completely abrogated in IRF1”~ MEFs. Together, these data indicate that
MEK inhibition first increases the expression of IRF1 protein, which in turn exerts a

positive feedback loop to activate its own transcription.
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Figure 4.2 MEK inhibition promotes IRF1 promoter activity. (A) Control pGL3-Basic
plasmid, pGL3-Basic plasmid containing promoter of IRF1 variant 1 & 3 or IRF1 variant
2 were transfected into RasV12 cells. At 24 hours after transfection, the cells were treated
with U0126 (20 uM) or IFN-a (500 U/ml) for 24 hours. (B) pGL3-Basic plasmid
containing promoter of IRF1 variant 1 & 3 or Gbp2 promoter was transfected into
RasV 12 cells, wild-type MEFs or IRF1”- MEFs. At 24 hours after transfection, the cells
were treated with U0126 (20 uM) for 24 hours. Relative luciferase activities (RLU) were
reported as compared with the untreated controls. [n =3 (3 replicates in 1 representative

independent experiment), *P<0.05, **P<0.01].
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4.2.2 Ras/MEK does not regulate IRF1 protein stability.

Since MEK inhibition increased IRF1 at the protein level prior to mRNA level, we next
examined whether Ras/MEK regulates IRF1 protein stability. RasV12 and human
fibrosarcoma HT1080 cells were transfected with pCMV-SPORT6-IRF1 and then
pretreated with or without U0126, followed by inhibition of de novo protein synthesis by
cycloheximide treatment (Figure 4.3). IRF1 protein was rapidly degraded after the
cycloheximide treatment, as demonstrated by decreasing level of IRF1 protein analyzed
by IRF1 immunoblot. Inhibition of MEK did not change the stability of IRF1 protein in
both RasV12 and in HT1080 cells. These data demonstrate that Ras/MEK regulates IRF1

protein in a manner independent from protein degradation.

4.2.3 Role of Ras/MEK activity on post-translational modification of IRF1.

The activity of IRF1 can be regulated by its post-translational modifications (PTMs) such
as phosphorylation (Hoshino et al., 2010; Kautz et al., 2001; Lin & Hiscott, 1999;
Sgarbanti et al., 2014, and Sharf et al., 1997), sumoylation (Kim et al., 2008; Nakagawa
& Yokosawa, 2002, and J. Park et al., 2007), ubiquitination (Harikumar et al., 2014;
Nakagawa & Yokosawa, 2000; Narayan, Pion et al., 2011, and Pion et al., 2009) and
acetylation (Marsili et al., 2004; Masumi & Ozato, 2001; Qi et al., 2012, and Qiu et al.,
2014) Here, we examined whether active Ras/MEK regulates PTMs of IRF1.

To determine whether active Ras/MEK modifies phosphorylation status of IRF1, RasV12

cells transfected with pPCMV-SPORT6-IRF1 were treated with or without U0126
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Figure 4.3 IRF1 protein stability does not depend on Ras/MEK activity. RasV12 and
HT1080 cells transfected with mouse or human pCMV-SPORT6-IRF1, respectively,
were preincubated with or without U0126 (20 uM) for 2 hours, and then treated with
cycloheximide (CHX, 30 ug/ml) for 15, 30, 45, 60, 120 and 240 minutes. Expression

levels of IRF1 and GAPDH were determined by Western blot analysis.
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for 6 hours. Cell extracts were subjected to immunoprecipitation using anti-IRF1 antibody
and phosphorylation status was determined by Western blot analysis using phospho-
serine and phospho-tyrosine antibodies (Figure 4.4 A). IRF1 was efficiently
immunoprecipitated from cell extracts as shown in IRF1 immunoblot (Figure 4.4 A,
bottom panel). Phospho-serine antibody detected a band at approximately 48 kDa, which
is the expected size for phosphorylated IRF1. U0126 treatment did not change the level of
the serine phosphorylation of IRF1. Similarly, the level of IRF1 tyrosine phosphorylation
was not changed by U0126 treatment in RasV12 cells, indicating that IRF1
phosphorylation is not regulated by Ras/MEK activity.

To investigate whether the Ras/MEK pathway regulates IRF1 ubiquitination,
RasV12 cells were co-transfected with pCMV-SPORT6-IRF1 and pRK5-HA-Ubiquitin,
and then treated with or without U0126 as described above. The cell lysates were
immunoprecipitated using IRF1 antibody and the level of IRF1 ubiquitination determined
by Western blot analysis with anti-HA antibody. As previously reported (Nakagawa &
Yokosawa, 2000 and Pion et al., 2009), IRF1 ubiquitination was detected as smearing
pattern of bands in the anti-HA western blots (Figure 4.4 B). The level of IRF1
ubiquitination was slightly increased upon treatment with U0126, suggesting the
possibility that Ras/MEK activation may inhibit IRF1 ubiquitination.

Next we determined whether Ras/MEK regulates sumoylation of IRF1, a
modification that changes its transcriptional activity and protein stability (Nakagawa &
Yokosawa, 2002 and J. Park et al., 2007). RasV12 cells co-transfected with pCMV-
SPORT6-IRF1 and pCMV-SPORT6-SUMO1 were treated with or without U0126. The

cell lysates were subjected to immunoprecipitation using IRF1 antibody (Figure 4.4 C).

84



Since sumoylated proteins can be readily de-sumoylated by Sumo isopeptidases, N-
ethylmaleimide (NEM), a de-sumoylation inhibitor, was supplemented in all the cell lysis
and immunoprecipitation buffers. Park et al. (2007) previously demonstrated that
sumoylated IRF1 migrates to approximately 75 kDa in the similar experimental setting. In
the immunoblot using anti-SUMOI antibody, we detected several bands ranging in size
between 48-75 kDa, including the 75 kDa sumoylated IRF1 band which was observed in
the membrane with longer exposure (Figure 4.4 C, middle panel). Importantly, U0126
treatment decreased the level of sumoylated IRF1 in RasV12 cells, providing a
preliminary evidence that Ras/MEK activity may promote IRF1 sumoylation to suppress
its function.

Lastly, we investigated whether Ras/MEK regulates the IRF1 acetylation, which
increases its ability to act as a transcriptional activator (Qi et al., 2012 and Qiu et al.,
2014). RasV12 cells were transfected with pCMV-SPORT6-IRF1 and treated as above.
The cell lysates were immunoprecipitated using IRF1 antibody. Sodium-butyrate was
added to all buffers in order to inhibit deacetylase activity during IRF1
immunoprecipitation. Acetyl-lysine antibody detected a band at the 48 kDa marker,
similar to the size of IRF1 (Figure 4.4 D). The intensity of these bands, however, was not
modulated by U0126 treatment, suggesting that IRF1 acetylation is not regulated by
Ras/MEK activation. However, it should be noted that the size of acetylated IRF1
remains undefined in the field. Therefore, additional experiments are needed to confirm
that the 48 kDa band represents acetylated IRF1. Taken together, these results provide
preliminary evidence of Ras/MEK activity on promoting IRF1 sumoylation and reducing

IRF1 ubiquitination.
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Figure 4.4 Effect of U0126 treatment on post-translational modifications of IRF1.
RasV12 cells were transfected with (A) pCMV-SPORT6-IRF1, (B) pCMV-SPORT6-
IRF1 and pRKS5-HA-Ubiquitin, (C) pCMV-SPORT6-IRF1 and pCMV-SPORT6-SUMO1
or (D) pCMV-SPORT6-IRF1 for 24 hours and next treated with DMSO control (-) or
U0126 for 6 hours. At 2 hours prior to cell lysis, proteasome ihibitor MG132 (25 uM)
was added to the media. Expression levels of serine phosphorylation (P-Ser), tyrosine
phosphorylation (P-Tyr), HA-tagged ubiquitination (HA), sumoylation (SUMO),
acetylation (Ac-Lys) and IRF1 were analyzed by Western blot analysis. The density ratios
of IRF1 phospnorylation (P-Ser/IRF1, P-Tyr/IRF1), ubiquitination (HA/IRF1),
sumoylation (SUMO/IRF1), and acetylation (Ace-Lys/IRF1) to IRF1 in
immunoprecipitated samples are shown as percentages normalized to values for cells

treated with DMSO control (n=1, 1 independent experiment).
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4.2.4 Ras/MEK does not regulate expression of the IRF1-targeting miR-23a.

In chapter 3, we found evidence that Rass/MEK downregulates IRF1 expression at the
protein level (Figure 3.5B). However, the stability of IRF1 was not modulated by
Ras/MEK activity (Figure 4.3). Based on these observations, we next sought to
investigate whether the Ras/MEK pathway regulates IRF1 translation. Growing evidence
suggests that miRNA can regulate protein synthesis by repressing translation or, in some
cases, by promoting translation (Fabian et al., 2010 and Vasudevan et al., 2007).
Therefore, Ras/MEK may modulate the expression of an IRF1-binding miRNA(s) to
regulate IRF1 mRNA translation. To examine this possibility, we conducted in silico
analysis for miRNAs that may bind to IRF1 mRNA at 3’- and 5’-untranslated region
(UTR) using miRbase and miRWalk (Dweep et al., 2011; Kozomara & Griffiths-Jones,
2014).

We identified a group of 26, and another of 14, putative miRNAs that could target
both mouse and human 3’- or 5’-UTR of IRF1, respectively (Table 4.1). Among this list,
miR-23a was chosen for further analysis since it has been previously validated to bind to
the 3°-UTR of IRF1 in gastric cancer cells (Liu et al., 2013), and its expression reported
to be upregulated by oncogenic Ras in colorectal cancer cells (Ota et al., 2012 and
Tsunoda et al., 2011). First, we tested whether Ras/MEK regulates miR-23a expression in
our experimental system. RasV12 or DLD-1 cells were left untreated or treated with
U0126 for 6 hours, and expression of miR-23a was examined by RT-qPCR. Expression
level of miR-23a was not altered upon U0126 treatment in both RasV12 and DLD-1 cells
(Figure 4.5 A), indicating that Ras/MEK does not downregulate IRF1 expression by

modulating miR-23a expression in these cells.
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Table 4.1 /n silico analysis of miRNAs predicted to bind to 3’- or 5’-UTR of mouse and

human IRF1.
IRF1 3'-UTR IRF1 5'-UTR
miR-301a miR-671-5p
miR-383 miR-744
miR-130b miR-326
miR-301b miR-124
miR-130a miR-675-5p
miR-20a miR-423-5p
miR-345-5p miR-296-3p
miR-17 miR-151-3p
miR-125b-5p miR-298
miR-23b let-71
miR-23a let-7b
miR-93 let-7d
miR-340-5p let-7e
miR-423-3p let-7¢g
miR-335-5p
miR-204
miR-20b
miR-214
miR-384-3p
miR-31
miR-412
miR-124
miR-370
miR-9
miR-129-5p
miR-504
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Figure 4.5 Effect of MEK inhibition on miR-23a expression. RT-qPCR analysis of miR-
23a expression in RasV12 or DLD-1 cells treated with or without U0126 (20 uM) for 6
hours. The relative expression level was normalized to Rnu6 and reported as compared

with untreated controls. (n=3, 3 independent experiments).
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4.2.5 Ras/MEK does not regulate translation of IRF1 mRNA.

As described in the introduction, there are cellular mechanisms other than miRNA that
can regulate translation of mRNA. The key cis-acting elements for the translational
control are found at 5’- and 3’-UTR of mRNAs. To examine whether Ras/MEK regulates
translation of IRF1 mRNA by factors that target its UTRs, luciferase reporter constructs
containing 5°- or 3’-UTR of IRF1 were generated (Figure 4.6 A). RasV12 cells were
transfected with control pGL3-Control, or pGL3-Control-IRF1-3’- or 5’-UTR reporter
constructs, and then left untreated as a control or treated with U0126 (Figure 4.6 B, C).
Although Ras/MEK inhibition significantly upregulated translation efficiency of IRF1 3°-
UTR at both 6 and 24 hours, the expression of pGL3-Control construct was also
significantly increased by U0126 treatment at both of these time points. Similarly, U0126
treatment induced luciferase activity in cells transfected with either pGL3-Control or
IRF1 5’-UTR construct at 6 and 24 hours. While the increase of luciferase activity in
RasV12 cells transfected with pGL3-control construct at 8 hours was not statistically
significant, its activity was significantly elevated after 24 hours of U0126 treatment. We
believe that the promotion of luciferase activities in all the reporter constructs was due to
non-specific activation of SV40 promoter by U0126 treatment. Therefore the results of
these experiments were inconclusive.

Polysome analysis was conducted next, in collaboration with Dr. Tommy Alain at
Children’s Hospital of Eastern Ontario (Ottawa, ON), to address the question of whether
the activated Ras/MEK pathway controls IRF1 mRNA translation. RasV12 cells were
treated with or without U0126 for 2 hours, as this was the time point when IRF1 protein

level was significantly up but not its mRNA level (Figure 3.5 B). Cells were then treated
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with cycloheximide to inhibit translation elongation and to prevent ribosome run-off, and
then the cell lysates were separated on 10-50 % sucrose gradient in order to fractionate
mRNAs based on the number of ribosomes loaded. Analysis of polysome profiles
revealed that the levels of 40S, 60S, 80S, and polysome complexes did not change upon
Ras/MEK inhibition, indicating that the global mRNA translation was not affected by 2
hours of MEK inhibition (Figure 4.7 A).

To determine whether Ras/MEK regulates polysome-loading of IRF1 mRNA,
RNA isolated from each individual fractions that was converted into cDNA was analyzed
by semi-quantitative RT-PCR for IRF1 and GAPDH (Figure 4.7 B). Amounts of 40S,
60S and 80S rRNA were examined on ethidium bromide gel to determine fractions
containing polysomes (top panel, fractions #6-15 contain polysomes). Comparison of
semi-quantitative RT-PCR analysis of ribosome-associated IRF1 mRNA between non-
treatment control and U0126 treatment revealed that IRF1 mRNA were more equally
broadly distributed among the fractions # 5-13 in the control group. In contrast, although
IRFI mRNA were observed in same number of fractions, U0126 treatment shifted a peak
of ribosome-associated IRF1 mRNA to the fractions # 9-13, suggesting the possibility
that MEK inhibition may promote translation of IRF1 mRNA (Figure 4.7 B, middle
panel). Polysome loadings of GAPDH mRNA were examined as a negative control,
which did not change by inhibition of MEK (Figure 4.7 B, bottom panel). To further
confirm these results, the fractions representing sub-polysomes (fraction # 1-5), light
polysomes containing 2-5 ribosomes (fraction # 6-9), and heavy polysomes containing 6
or more ribosomes (fraction # 10-15) were pooled, and analyzed by RT-qPCR for IRF1

and GAPDH (Figure 4.7 C). Although the level of IRF1 mRNA in the sub-polysome
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fractions slightly decreased and that of the highly translating heavy polysome slightly
increased by U0126 treatment, these differences were not statistically significant. Based
on these observations, it is unlikely that Ras/MEK controls IRF1 expression at the
translational level, though the RT-qPCR analysis needs to be conducted on each

individual fraction to further confirm these results to be negative.
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Figure 4.6 Activity of 3’- and 5’- UTR of IRF1 in response to Ras/MEK inhibition (A)
lustration of IRF1 3°- and 5°- UTR luciferase reporter constructs. Luciferase activity
was measured in RasV12 cells transfected with pGL3-Control, (B) pGL3-Control-IRF1-
3’-UTR or (C) pGL3-Control-IRF1-5’- UTR treated with or without U0126 treatment (20
uM) for indicated periods of time. RLU were reported as compared with the untreated

controls [n=3 (3 replicates in 1 representative independent experiment), *P<0.05,

*#P<0.01].
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Figure 4.7 Polysome analysis of IRF 1 in RasV12 cells. (A) Polysome profiles of
RasV12 cells left untreated or treated with U0126 (20 uM) for 2 hours were determined
by recording the optical density (OD) of fractionated gradients at 254 nm. Peaks
corresponding to 40S, 60S, 80S, and polysomes are indicated. (B) Ethidium bromide
(EtBr) staining of RNA isolated from fraction # 1 to # 15 (top panel). Semiquantitative
RT-PCR analysis of IRF1 (middle panel) and GAPDH (bottom panel) in each fraction.
(C) RT-qPCR analysis of IRF1 and GAPDH in pooled fractions representing the sub-
polysomes (fraction # 1-5), the light polysomes (fraction # 6-9), and the heavy polysomes
(fraction # 10-15). Data was represented as percentage of polysome-associated

mRNA/total mRNA (n=3, 3 independent experiments).
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CHAPTER 5
Identification of ERK downstream elements mediating IRF1 downregulation by the
Ras/MEK pathway

The work in chapter 5 has not been published.
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5.1 Rationale

ERK RNAI experiments in chapter 3 (Figure 3.5) demonstrated that IRF1 downregulation
is mediated by the RassMEK/ERK1/2 pathway. ERKs activate a broad range of
downstream elements, including Mnk1-2, Msk1-2 and Rsk 1-4 (Figure 5.1). Here, RNAi
screenings against the downstream elements of ERKs were conducted to further elucidate

which of these downstream ERK element(s) are involvement in the IRF1 regulation.

5.2 Results

5.2.1 RSK3 and RSK4 downregulates IRF1 expression in RasV12 cells but not in
DLD-1 and MDA-MB-468 cells.

RasV12 cells were transfected with siRNA targeting Mnk1, Mnk2, Msk1, Msk2, Rsk1,
Rsk2, Rsk3 and Rsk4 for 48 hours, and the levels of IRF1 and GAPDH were analyzed by
Western blot (Figure 5.2 A). Erk1/2 were also knocked down as a positive control for
IRF1 promotion. Knockdowns of Erk1/2 and Rsk2 were confirmed by Western blot
analysis. Mnk1, Mnk2, Msk1, Msk2, Rsk1, Rsk3, and Rsk4 required RT-PCR
confirmation due to lack of antibodies for their detection (Figure 5.2 B). Although the
siRNA oligos showed different levels of knockdown of their targets, the expression levels
were sufficiently decreased by 48 hours after siRNA transfection. IRF1 protein
expression was promoted upon transfection with Erk1, Erk2, and Erk1/2 siRNAs (Figure
5.2 B), confirming our previous results (Figure 3.5 E). Single knockdown of Rsk3 and
Rsk4 or co-knockdowns of Rsk3/4 also upregulated IRF1 expression in all 5 independent

experiments conducted. In contrast, IRF1 expression was upregulated upon transfection
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of Msk1, Msk2, Msk1/2, and Rsk2 siRNAs in a few sets of experiments, which was not
always consistent (compare Figure 5.2 A top and bottom panel). Mnk1 and Mnk2 were
not involved in the IRF1 regulation since IRF1 level was not altered by their knockdown
in any of the experiments (Figure 5.2 A, top panel).

Rsk3 and Rsk4 silencing most consistently upregulated IRF1 protein expression in
RasV12 cells, and so we next determined whether overexpression of Rsk3 and Rsk4
would modulate IRF1 expression (Figure 5.3). RasV12 and NIH3T3 cells were left non-
transfected as a control, transfected with pCMV-SPORT6-Rsk3 or pCMV-SPORT6-
Rsk4, or co-transfected with both vectors for 24 hours and then treated with or without
U0126 for 6 hours. Overexpression of Rsk3, Rsk4 or co-overexpression of Rsk3/4 all
decreased the level of IRF1 in both RasV12 and NIH3T3 cells. Furthermore, U0126
treatment increased IRF1 expression in non-transfected control RasV12 and NIH3T3
cells, but not in those co-transfected with Rsk3/4. Taken together, these results suggest
that Rsk3 and Rsk4 are responsible for downregulating IRF1 expression downstream of
ERK1 and ERK2.

Since Rsk3 and Rsk4 downregulated IRF1 expression in mouse fibroblasts, we
next investigated whether RSKs similarly function in human cancer cells. DLD-1 and
MDA-MB-468 cells were selected for this experiment since we previously observed clear
restoration of IRF1 expression by MEK inhibition (Figure 3.5 C, D). Transfection of
DLD-1 cells with RSK 1, RSK2, or RSK4 siRNAs did not alter the level of IRF1
expression at both 48 and 72 hours post-transfection. In contrast, transfection of RSK3
siRNA decreased the level of IRF1 expression at both time points, which was opposite

from our observation in RasV12 cells (Figure 5.4 A, left panel). Interestingly,
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knockdowns of RSK1, RSK2, RSK3, or RSK4 all downregulated IRF1 expression in
MDA-MB-468 cells at both 48 and 72 hour after siRNA transfection, suggesting that
RSKs positively regulate IRF1 expression in MDA-MB-468 cells (Figure 5.4 A, right
panel). Western blot analysis confirmed RNAi1 knockdown of RSK 1 and RSK2 and semi-
quantitative RT-PCR confirmed RSK3 and RSK4 (Figure 5.4 B). Together, these results
provide evidence that Ras/MEK/ERK/RSK3/4 pathway underlie IRF1 downregulation in

mouse fibroblasts, but not in DLD-1 and MDA-MB-468 cells.

103



Figure 5.1 ERK downstream elements. ERK downstream elements possibly involved in
IRF1 downregulation include four members of ribosomal protein S6 kinases (Rsk1/2/3/4),
two members of mitogen-and stress-activated kinases (Msk1/2), and two members of

mitogen-activated protein kinase (MAPK)-interacting kinases (Mnk1/2).
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Figure 5.1



Figure 5.2 Involvement of ERK downstream elements in IRF1 downregulation in
RasV12 cells. (A) IRF1 expression levels in RasV12 cells transfected with random
control (NG), Erkl, Erk2, Mnk1, Mnk2, Msk1, Msk2, Rsk1, Rsk2, Rsk3, or Rsk4
oligonucleotides for 48 hours were analyzed by western blot analysis. (B) Confirmation
of RNAi-mediated knockdown of Mnk1, Mnk2, Msk1, Msk2, Rsk1, Rsk3, and Rsk4 by
semi-quantitative RT-PCR, and ERK1/2 and RSK2 by Western blot analysis. The density
ratios of IRF1 (IRF1/GAPDH), t-ERK (t-ERK/GAPDH), and RSK2 (RSK2/GAPDH) to
GAPDH in Western blots are shown as percentages normalized to values for cells
transfected with negative scrambled siRNA (NG). Knockdowns of Mnk1, Mnk2, Mskl1,
Msk2, Rsk1, Rsk2, Rsk3, Rsk4, Erk1, and Erk2 were compared to NG (1ul); co-
knockdowns of Mnk1/2, Msk1/2, Rsk1/2, Rsk3/4, and Erk1/2 were compared to NG
(2ul); and co-knockdowns of Rsk1/2/3/4 were compared to NG (4ul) (n=2, 2

independent experiments).
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Figure 5.3 Reduction of IRF1 expression by Rsk3 and Rsk4 overexpression in RasV12
and NIH3T3 cells. RasV12 and NIH3T3 cells were left untransfected, or transfected with
pCMV-SPORT6-Rsk3 or pPCMV-SPORT6-Rsk4 or co-transfected with both vectors. At
24 hours post-transfection, cells were treated with or without U0126 (20 uM) for 6 hours.
The expression levels of IRF1, RSK3, RSK4, and GAPDH were determined by Western
blot analysis. The density ratios of IRF1 (IRF1/GAPDH), RSK3 (RSK3/GAPDH), and
RSK4 (RSK4/GAPDH) to GAPDH are shown as percentages normalized to values for

non-transfected control cells (-). (n=1, 1 independent experiment).
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Figure 5.4 Modulation of IRF1 expression by RSK knockdowns in human cancer cell
lines. (A) DLD-1 (left) and MDA-MB-468 cells (right) transfected with negative
scrambled siRNA (NG), human RSK1, RSK2, RSK3, or RSK4 oligonucleotides for
indicated time points. IRF1 and GAPDH expression levels were determined by Western
blot analysis. (B) Confirmation of siRNA-mediated knockdown of RSKs by Western blot
or by semi-quantitative RT-PCR. The density ratios of IRF1 (IRF1/GAPDH), RSK1
(RSK1/GAPDH), and RSK2 (RSK2/GAPDH) to GAPDH in Western blots are shown as
percentages normalized to values for cells transfected with negative scrambled siRNA

(NG). Knockdowns of Rsk1, Rsk2, Rsk3, and Rsk4 were compared to NG (1ul); and co-

knockdowns of Rsk1/2/3/4 were compared to NG (4ul) (n=1, 1 independent experiment).
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CHAPTER 6

DISCUSSION
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6.1 Chapter 3 discussion: Oncogenic Ras inhibits IRF1 to promote viral oncolysis
The Hirasawa lab previously reported that MEK downregulated IFN-inducible (MDII)
genes were suppressed by Ras/MEK in human cancer cells (Christian et al., 2012). In this
study, I clarified the molecular mechanisms underlying Ras/MEK-mediated downregulation
of MDII gene transcription. This study demonstrates that 1) IRF1 is the transcriptional
regulator of MDII genes, 2) activated Ras/MEK reduces IRF1 expression in mouse
fibroblast cells and human cancer cells, and 3) the expression level of IRF1 modulates
cellular susceptibility to viral oncolysis.

Initially identified as a transcriptional activator of the IFN-f3 gene, IRF1 is broadly
involved in regulating gene transcription important for innate immune responses (Kimura
et al., 1994; Miyamoto et al., 1988, and Taniguchi et al., 2001). IRF1 is a potent antiviral
effector, and its deficiency dramatically increases cellular susceptibility to different types
of viruses (Brien et al., 2011; Kanazawa et al., 2004, and Pine, 1992).

IRF1 also functions as a tumor suppressor that simultaneously upregulates the
transcription of tumor suppressor genes while downregulating that of oncogenes, in order
to induce apoptosis and growth inhibition (Tamura et al., 1995). Therefore, it is likely
beneficial for tumor cells to acquire oncogenic cellular characteristics that dysregulate the
antitumor functions of IRF1 during their development. In fact, the IRF1 gene is lost,
mutated, or downregulated in several types of cancer (Willman et al., 1993) and is
negatively correlated with the tumor grade and risk of recurrence in breast cancer and
hepatocellular carcinoma (Doherty et al., 2001; Moriyama et al., 2001, and Cavalli et al.,

2010). Activating mutations of the RAS have been found in approximately 30% of all
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human cancers (Adjei, 2001). Moreover, in cancers where direct activating mutations of
RAS are absent, the upstream or downstream signaling components of the Ras pathway
are often found to be over-active instead (Downward, 2003), suggesting that Ras/MEK
activation may underlie IRF1 impairment in a broad range of human cancer cells. Such
observations suggest that the IRF1 downregulation may be a common aberrant
characteristic in human cancer cells that can be exploited by Ras-dependent or IFN-
sensitive oncolytic viruses.

As I show here, IRF1 is the key transcriptional regulator of the MDII genes that are
responsible for antiviral response, IFN production or Jak/STAT activation (Figure 6.1).
Therefore, the low expression IRF1/MDII genes in cancer cells results in a delay in
establishing antiviral responses, and allows oncolytic viruses to replicate. However, in
normal cells expressing sufficient levels of IRF1, as the expression of MDII genes are
maintained, and the antiviral responses can be induced rapidly and efficiently upon
oncolytic virus infection. The IRF1/MDII genes-downregulation by MEK is particularly
important at the initial stage of viral oncolysis. In contrast, other tumor-specific molecular
changes may play critical roles in maintaining cancer cell susceptibility to oncolytic viruses
at the later phase of infection when IFNs and cytokines are actively produced. Recent
studies have reported that the steady state levels of antiviral genes correlate with sensitivity
of cancer cells to viral oncolysis (Iankov et al., 2014 and Kurokawa et al., 2014).

Some of the MDII genes identified from this study including Gbp2, Rig-1, 1115,
Xafl, and Stat2 were previously reported ISGs (Schneider et al., 2014). In addition to these

previously known ISGs, we also identified a novel ISG, Ifi47, which was potently induced
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by IFN-a treatment in RasV12 cells. The function of [fi47 remains to be elucidated. Among
the six MDII genes validated by qPCR analysis, three MDII genes (Gbp2, Rig-I, and Stat2)
were common in our previously conducted human HT1080 microarray analysis (Chrisitian
et al., 2012). To determine exactly how many of 619 MDII genes overlap between the
mouse (RasV12) and the human system (HT1080), independent bioinformatic analysis
needs to be conducted in the future. A number of IRF1 regulated MDII genes identified
from this study have antiviral functions. IFN-induced GTPase, GBP2 inhibits VSV and
EMCYV replication (Carter et al., 2005). XAF-/ is an important mediator of IFN-induced
apoptosis and potential tumor suppressor that binds and antagonizes the anti-apoptotic
function of XIAP (Liston et al., 2001). XAF-/ plays a critical role in antiviral defense by
inducing apoptosis of virus-infected cells as its expression is highly induced upon infection
by influenza virus (Sutejo et al., 2012) and dengue virus (Long et al., 2013). A cytokine IL-
15 stimulates proliferation and activity of lymphocytes that kill virus-infected cells or
tumors (Steel et al., 2012). dsRNA helicase RIG-I functions as an intracellular pattern
recognition receptor for dSRNA or ssRNA containing 5’-phosphate that are produced during
viral replication. Activation of RIG-I stimulates antiviral innate immune response
(Pichlmair et al., 2006 and Yoneyama et al., 2004). Considering the broad range of antiviral
functions of IRF1 regulated MDII genes, their suppression by Ras/MEK-mediated IRF1
downregulation is one of the major mechanisms of how oncolytic viruses replicate in cancer
cells, but not in normal cells. It still remains to be studied how the downregulation of each
MDII genes contributes to viral oncolysis, which may lead to identification of therapeutic

target genes to enhance the efficacy of oncolytic therapy.
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Both type I and type II IFNs are known as potent inducers of IRF1 (Taniguchi et
al., 2001). IRF1 promotion by Ras/MEK inhibition may be a secondary effect of IFN
induction and activation of the IFN pathway. However, this is unlikely the case because
MEK inhibition did not activate the Jak/STAT pathways (Christian et al., 2009) and
because transcriptional activators of IFNs, such as IRF3 and IRF7, were not induced by
U0126 treatment in the microarray analysis. In support of these observations, treatment of
cells with anti-IFN-o0/pB-R antibody did not abrogate induction of IRF1 and the MDII
genes by U0126 treatment (Figure 3.2 B), indicating that IRF1 promotion by Ras/MEK
inhibition does not involve type I IFN production.

Within cancer cells, Ras activation and IFN insensitivity are the two major cellular
characteristics targeted by oncolytic viruses. Ras activation promotes replication of
oncolytic viruses in multiple ways, such as inhibition of antiviral function of PKR, or
enhancement of virus entry and uncoating, viral particle release and translation of viral
mRNA (Goetz et al., 2010; Marcato et al., 2007; Strong et al., 1998). Deficiencies in IFN
signaling components (Sun et al., 1998) and epigenetic modifications of chromatin (Nguyen
et al., 2008) have also been reported to contribute to the generation of a defective innate
immune response. Here, we demonstrate that IRF1 downregulation is responsible for
transcriptional suppression of IFN-inducible genes in cells with activated Ras/MEK. By
conducting knockdown and overexpression of IRF1, we demonstrate that replication of both
wild-type and mutant strain of VSV was dependent on the expression levels of IRF1. In
RasV12 cells, silencing of IRF1 did not alter its sensitivity to VSV infection, but promoted

infection when cells were treated with IFN or with combination of IFN and U0126. This
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could be that IRF1 knockdown did not make a significant difference in the level of IRF1
expression in RasV12 cells because basal IRF1 expression is already low.

We observed more infection in HT1080 and HT29 cells transfected with the lowest
amount of IRF1 construct compared to in those transfected with empty vectors (Control
vector vs IRF1 vector with the lowest amount of IRF1 transfection) (Figure 3.6 C). This is
probably because protein samples were taken after the peak of infection in cells transfected
with control vector. In fact, we observed higher cytopathic effects in cells transfected with
control vector than those transfected with the lowest amount of IRF1 construct.

As shown in figure 3.5 A, Western blot analysis revealed that there is an additional
IRF1 band in cell lysate of NIH3T3 cells but not in that of RasV12 cells. The additional
band could be 1) post-translational modified (PTM) IRF1, 2) an IRF1 isoform, or 3) non-
specific band. As examined in chapter 4, IRF1 can be modulated by sumoylation or
ubiquitination, processes regulated by the Ras/MEK activity. However, since the size of the
additional band is different from that of SUMO-IRF1 or ubiquitinated-IRF1, it is unlikely
that the band represents a PTMs form of IRF1. A new transcript variant of mouse IRF1,
named variant X1 (XM _006532308.1) recently has been reported in NCBI database. This
variant includes an additional 137AA or 162AA compared to mouse IRF1 isoform A
(NP _032416.1) and isoform B (NP_001152865.1), respectively. As the expected size of
variant XI is similar to the additional band observed in NIH3T3 cells, it is possible that the
additional band could represent one of the different isoforms of IRF1. Lastly, the observed
band X could be non-specific signal for two reasons. First, it was only detected by IRF1 M-

20 antibody (Santa Cruz) but not by IRF1 NBP1-78761 antibody (NEB) (data not shown).
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Secondly, the protein X was more stable than IRF1 when its stability was examined by
cycloheximide experiment (data not shown).

In chapter 3, promoter activity of Gbp2 was unchanged in response to U0126
treatment either in the presence or absence of IFN-a/f receptor antibody which blocked the
receptor from binding to endogenous IFN; therefore it was hypothesized that MEK
inhibition induced MDII gene transcription by transacting factor other than IFN (Figure
3.2B). Of note, there are other types of IFN, including type II or type III IFNs, which signal
though different receptor complexes as described in the chapter 1.3.1. Therefore, we cannot
exclude the possibility of MEK inhibition having an effect on expression of other types of

IFNs, and this needs to be examined in future study.
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Figure 6.1 A schematic diagram illustrating the suppression of MDII gene expression by
Ras/MEK via inhibition of IRF1. The expression of the MDII genes is regulated by the
level of IRF1 expression, which is in turn regulated by Ras/MEK activity.

The MDII genes are involved in promoting host defense against oncolytic viruses at the
different stages, such as antiviral response (Gbp2, Xaf1), IFN production (Rig-I, I115) and
IFN sensitivity (Stat2). The decreased expressions of the MDII genes by active Ras/MEK
support replication of oncolytic virus in cancer cells, but not in normal cells. The relative

expression levels of the proteins are symbolized by the size of the protein.
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6.2 Chapter 4 discussion: Mechanisms underlying regulation of IRF1 expression and
post-translational modifications by the Ras/MEK pathway.

By conducting IRF1 immunoprecipitation (IP) experiment, we found preliminary
evidence that suggests that Ras/MEK activation may suppress IRF1 ubiquitination, and
promote IRF1 sumoylation. It should be noted however, that additional controls for IP
and alternative experiments must be conducted to confirm these results. For Figure 4.4 B
and C, IRF1 IP was conducted on RasV12 co-transfected with pPCMV-SPORT6-IRF1
and pCMV-SPORT6-SUMO1 or pRK5-HA-Ubiquitin expression vectors. To ensure that
the bands we saw were Ubiquitin-IRF1 or Sumo-IRF1 and not non-specific bands, future
IP experiment should include cells transfected with pPCMV-SPORT6-IRF1 only or
pCMV-SPORT6-SUMO1 or pRK5-HA-Ubiquitin expression vector only. In addition,
IgG control group can be included for additional control. If the bands we saw were
specific for Ubiquitin-IRF1 or Sumo-IRF1, then these bands should only come up in co-
transfection group immunoprecipitated with the IRF1 antibody.

It remains to be further elucidated whether these PTMs modulate the stability
and/or function of IRF1. In addition to its roles in protein degradation, ubiquitination
plays a critical role in regulating the activities of transcriptional regulators (Komander &
Rape, 2012). Importantly, nonproteolytic ubiquitylation can modulate DNA binding and
activity of transcriptional regulators (Geng et al., 2012). Therefore, IRF1 ubiquitination
induced by Ras/MEK inhibition may increase IRF1 expression by promoting IRF1
transcriptional activity that can in turn promote its own mRNA expression. While IRF1

poly-ubiquitination via Lys48-linkage is essential for its degradation by proteasomes,
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poly-ubiquitination via Lys63-linkage functions in nonproteolytic processes (Geng et al.,
2012). This is supported by a recent study demonstrating that transcriptional activity of
IRF1 is activated by Lys63-linked polyubiquitylation following IL-1 simulation in human
embryonic kidney HEK293 cells (Harikumar et al., 2014). Considering that Rass/MEK
activation does not modulate IRF1 stability (Figure 4.3), Ras/MEK may regulate
polyubiquitination of IRF1 via Lys63-linkage to activate its transcriptional activity.
Interestingly, the activities of other members of the IRF transcription factor family are
also regulated by Lys-63 linked polyubiquitination. Lys-63 linked polyubiquitination of
IRF5 and IRF7 by E3 ubiquitin ligase TRAF6 leads to nuclear translocation and binding
to its target gene promoters (Balkhi et al., 2008; Ning et al., 2008). In addition, IRF3 is
activated by Lys63-linked polyubiquitination in response to viral infection (Zeng et al.,
2009). As a next step, it will be critical to determine if Ras/MEK regulates ubiquitination
via Lys48, Lys63 or both of them.

Sumoylation can alter activity, stability, or protein-protein interactions in response
to various types of cellular stimuli. Preliminary evidence from this study suggested that
Ras/MEK inhibition decreases IRF1 sumoylation in RasV12 cells. Previous studies have
shown that sumoylation of IRF1 increases its stability and inhibits its transcriptional
activity (Nakagawa & Yokosawa, 2002; Park et al., 2007, and Kim et al., 2008). IRF1
sumoylation was elevated in ovarian tumor compared to in normal tissue (Park et al.,
2007). Moreover, introduction of sumoylated IRF1 interferes with anticancer activities of
endogenous IRF1 and induces transformation of NIH3T3 cells. (Park et al., 2010). In
contrast, effects of IRF1 sumoylation on antiviral responses remain to be studied. Recent

studies indicate that viral infection can promote sumoylation of other IRFs, such as IRF3
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and 7, which can be used by viruses to evade the host’s antiviral response (Kubota et al.,
2008; Chang et al., 2009, and Bentz et al., 2012). Interestingly, Kaposi’s sarcoma
associated herpesvirus (KSHV) encodes viral Sumo E3 ligase K-bZIP that can sumoylate
IRF1, suggesting that IRF1 sumoylation is one of targets for immune evasion during
KSHYV infection (Chang et al., 2013). Based on these findings, promotion of IRF1
sumoylation by Ras/MEK activation may increase cellular susceptibility to oncolytic
virus in cancer cells. This needs to be further confirmed in the future study.

While IRF1 variant 1 & 3 promoter was activated either by MEK inhibition or
IFN-a treatment (Figure 4.2 A), variant 2 promoter did not respond at all to IFN-a.
treatment and responded to a much lesser extent to U0126 treatment. This suggests that
IRF1 variant 2 may play a different role from type I IFN-mediated antiviral defense. It
also is possible that cytokines other than type I IFN activate its transcription, which needs
to be further studied. By conducting IRF1 promoter reporter analysis in IRF1”- MEFs
(Figure 4.2 B), we found that IRF1 protein is necessary for promotion of IRF1 mRNA by
U0126. These data suggest that Ras/MEK inhibition first restores IRF1 protein expression
or function that can then activate its own transcription. As Ras/MEK does not regulate
IRF1 stability (Figure 4.3), it regulates either the IRF1 transcriptional activity by
modulating IRF1 PTMs or the translation efficiency of IRF1 mRNA.

To this end, we next examined whether MEK inhibition leads to promotion of
IRF1 mRNA translation by conducting polysome analysis of IRFI mRNA. The Ras/MEK
pathway is known to play a significant role in translational regulation by phosphorylating

the components of the translational machinery. U0126 treatment has been shown to
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change the profile of polysome-associated mRNA in glial progenitor cell with activated
Ras (Rajasekhar et al., 2003). In addition, the Ras/MEK pathway promotes
phosphorylation of translational repressor 4E-BP1 at multiple sites, which upon
phosphorylation, release eIF4E for initiation of translation (Herbert et al., 2002). Unlike
these studies, we did not observe any significant difference in the level of global
translation in RasV12 cells in response to MEK inhibition (Figure 4.8 A).

In order to determine whether Ras/MEK modulates miRNA to control translation
of IRF1 mRNA, we first conducted in silico analysis and identified 40 miRNAs that have
putative binding sites in IRF1 5°- or 3’- UTR. Among the candidate mRNAs, I analyzed
expression of miR-23a, which was previously found to be upregulated by oncogenic K-
Ras activation in colorectal cancer cells HCT116 and DLD-1 (Tsunoda et al., 2011 and
Ota et al., 2012). The U0126 treatment, however, did not change miR-23a expression
level in both RasV12 and DLD-1, suggesting that other Ras downstream elements are
likely involved in regulating its expression.

Since the 5°- and 3’-UTRs of mRNA are essential for translational regulation or
miRNA binding, we also conducted IRF1 UTR reporter assay. However, this result was
inconclusive as U0126 treatment activated the promoter activity of control pGL3 vector,
likely due to activation of its SV40 promoter. Therefore, alternative approach such as
using reporter constructs with a different promoter that does not respond to U0126
treatment, or in vitro-transcribed RNA reporter constructs should be utilized in the future
study. Overall, we did not find clear evidences to demonstrate that Ras/MEK modulates

translation of IRF1 mRNA via IRF1 5’- or 3’-UTR or miRNA.
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6.3 Chapter S discussion: Identification of ERK downstream elements mediating
IRF1 downregulation by the Ras/MEK pathway.

During siRNA screening of ERK downstream elements, we identified RSK3 and RSK4 to
be responsible for Ras/MEK-mediated downregulation of IRF1 expression in RasV12
cells. In contrast, these kinases were not involved in the IRF1downregulation in DLD-1
and MDA-MB-468 cells. In fact, knockdown of RSKs further downregulated IRF1
expression in these cells. There are many other signaling pathways deregulated in human
cancer cells while only Ras and its downstream elements are activated in RasV12 cells.
These differences in signaling environment may attribute to the discrepancy between
mouse and human systems. Moreover, the functions of human RSK3 and RSK4 may be
different from those in mouse. The functions of human RSK3 and RSK4 have been well
characterized while there are very few reports on the function of mouse RSK3 and RSK4.
If this is the case, we will need to conduct the RNA1 screening using human cancer cells,
as other Ras downstream elements may be involved in the IRF1 downregulation. IRF1
expression was upregulated by MSK1 or MSK2 silencing in two out of five experiments
conducted with RasV12 cells. This also should be further determined by using different
approaches such as introduction of constitutively active mutants or a 2" set of siRNA
oligos.

In a follow-up study, we examined the RSK-IRF1 connection using BI-D1870, an
inhibitor of the N-terminal kinase activity of RSKs (Komatsu, data not shown). BI-D1870
treatment however, did not alter the level of IRF1 expression in RasV12 cells. This
suggests that the IRF1 inhibition by RSKs is independent from their N-terminal kinase

activity, but dependent on other regulatory domains such as C-terminal kinase domain. It
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is also possible that non-specific effects of the inhibitor may mask IRF1 restoration. BI-
D1870 is the only compound that has been confirmed to inhibit RSK3 and RSK4
activities in vivo (Sapkota et al., 2007). However, it has been reported to modulate
signaling molecules other than RSK (Bain et al., 2007; Neise et al., 2013, and Sapkota et
al., 2007).

RSK3 and RSK4 knockdowns promoted the expression of IRF1 in RasV12 cells
(Figure 5.2 A). Moreover, overexpression of RSK3 or/and RSK4 suppressed IRF1
expression in NIH3T3 and RasV12 cells (Figure 5.3). Therefore, regardless of the
inconsistencies observed between RasV12 vs DLD-1 and MDA-MB-468 and between the
RSK RNA1 and the RSK inhibitor experiments, we believe that RSK3 and RSK4 are the
ERK downstream elements responsible for IRF1 downregulation.

Based on the previous publications, RSK3 and RSK4 have either tumor-
suppressive or tumor-promoting roles depending on the cell type. RSK3 inhibits colony
formation and increases apoptosis in ovarian cancer cells, and its expression level is often
lower or absent in ovarian cancer cells compared to normal ovarian cells (Bignone et al.,
2007). Similarly, RSK4 expression is downregulated in colon and renal tumor tissues
(Lopez-Vicente et al., 2009). RSK4 suppresses colony formation and the in vivo tumor
growth of breast cancer cell line MDA-MB-231 (Thakur et al., 2008). In contrast to these
observations, RSK3 and RSK4 are both overexpressed in breast cancer cell line MCF7,
and inhibit induction of apoptosis and promote protein synthesis by increasing
phosphorylation of ribosomal protein S6 (rpS6) and elF4B (Serra et al., 2013).
Furthermore, RSK4 promotes cell motility in lung cancer cell line A549, but not in

another lung cancer cell line H23 (Lara et al., 2011).
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Interestingly, RSK4 has been reported as a negative regulator of the Ras/MEK
pathway (Myers et al., 2004). Inhibition of Ras/MEK signaling by RSK4 depends on the
96AA at its N-terminus, which is present only in RSK4, but not in RSK1-3 (Myers et al.,
2004). Furthermore, regulation of RSK4 seems to be distinct from other RSK members.
Unlike RSK1-3, which are activated by growth factor-dependent signaling, RSK4 is
constitutively active (Anjum & Blenis, 2008). Despite of the importance of RSK3 and
RSK4 in cancer development, there has not been data published to indicate the
involvement of RSK3 and RSK4 in antiviral immunity or PTMs. Therefore, it still
remains to be further studied how RSK3 and RSK4 regulates IRF1 expression. We have
conducted the tandem mass spec analysis of IRF1 binding proteins in RasV12 treated
with or without U0126; however, RSK3 and RSK4 were not in the list of the IRF1
binding proteins (Komatsu, data not shown). Therefore, it is likely that RSK3 and RSK4

regulate IRF1 indirectly by interacting with other IRF1-regulatory protein(s).
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CHAPTER 7
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7.1 IRF1 and oncolytic virotherapy

In chapter 3, we demonstrated that IRF1 plays critical roles in controlling cancer cell
susceptibility to Ras-dependent and IFN-sensitive oncolytic virus. By targeting IRF1, we
can establish novel therapeutic strategies to enhance the efficacy and safety of oncolytic
virotherapy. For example, treatment of [FN-y, a strong inducer of IRF1, may be effective
to completely eliminate oncolytic viruses from patients after completion of oncolytic
virotherapy or when any signs of side effects are observed. In addition, if any oncolytic
viruses possess anti-IRF1 protein, such gene should be deleted or inactivated in order to
increase specificity for cancer cells over normal cells. This is also critical for enhancing
the safety of the virus. Moreover, it is likely that cancer populations that remain resistant
against oncolytic virotherapy have relatively high expression levels of IRF1. As an
alternative approach, anticancer IFN therapy could be effective to eliminate cancer cell

populations with high IRF1 expression levels.

7.2 IRF1 post-translation modifications by RassMEK

In chapter 4, we found preliminary evidence that active Ras/MEK suppress IRF1
ubiquitination and promotes sumoylation. These findings can be validated using
alternative technique such as His-Sumo pull down assay which does not involve use of
antibody (Tatham et el., 2009). In this approach, Sumo is tagged with 6 x His tag. The
6His-Sumo vector is co-transfected with pPCMV-SPORT6-IRF1, and the cell lysate is
purified on nickel affinity chromatography, which binds to 6 x His tags, pulling down all
the sumoylated proteins. The purified pull down product can be analyzed by Western

blot for IRF1 to determine whether IRF1 is sumoylated under various conditions. Unlike
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IP, which was conducted under non-denaturing conditions, this experiment is carried out
under denaturing conditions; therefore, it should reduce the risk of false positive result.
Among the three enzymes (E1, E2, E3) responsible for catalyzing ubiquitination,
E3 ubiquitin ligase mediates substrate specificity and therefore is an important regulator
of ubiquitination. Several IRF1 E3 ubiquitin ligases have been identified, including CHIP
[C-terminus of the Hsc (heat-shock cognate) 70-interacting protein], MDM2 (murine
double minute 2) (Landre et al., 2013 and Narayan et al., 2011) and cIAP2 (cellular
inhibitor of apoptosis 2) (Harikumar et al., 2014). Therefore, a future study should
examine whether Ras/MEK modulates IRF1 sumoylation via MDM2, cIAP2, or SIAH.
Considering the important roles of ubiquitination on transcription factor activity, it will
also be important to further study whether Ras/MEK-mediated suppression of IRF1
ubiquitination alters transcriptional activity of IRF1 at MDII gene promoters.
Sumoylation is tightly regulated by actions of SUMO-specific enzymes that
catalyze attachment of SUMO in ATP-dependent manner as well as SUMO isopeptidases
that cleaves SUMO from target proteins. Previous studies have shown that IRF1
undergoes sumoylation in the presence of Sumo E2 enzyme Ubc9 and Sumo E3 ligase
PIAS3 in human embryonic kidney 293T cells (Nakagawa & Yokosawa, 2002).
Interestingly, IRF1 is sumoylated at the same lysine residues as its ubiquitination sites
(Park et al., 2007), indicating that IRF1 sumoylation and ubiquitylation may be
competing for the same residues. This may explain why U0126 treatment increases IRF1
ubiquitination and decreases IRF1 sumoylation. To this end, a future study should
determine which sumoylation or ubiquitination of IRF1 is the primary target of Ras/MEK

by examining activities of the SUMO specific enzymes in the presence and absence of
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MEK inhibitor.

7.3 IRF1 post-translational modifications and viral evasion

Interestingly, many viruses have evolved to exploit sumoylation system as a strategy to
evade host antiviral responses (Wimmer et al., 2012). It also is known that virus infection
often activates the Ras/MEK pathway (Huber et al., 1999; Planz et al., 2001; Barber et al.,
2002; Luo et al., 2002, and Kong et al., 2004). Since IRF1 is a potent antiviral protein, it
will be important to address whether IRF1 sumoylation induced by Ras/MEK activation
is a target of viral evasion strategies. Future study should first determine whether IRF1
sumoylation can be induced during infection of different viruses. If this is the case,
additional experiments can be conducted to determine whether the viral sumoylation of

IRF1 is initiated by Ras/MEK activation during infection.

7.4 IRF1 modulation by RSK 3 and 4

In chapter 5, we demonstrated that ERK downstream elements RSK3 and RSK4 are
responsible for downregulating IRF1 expression in RasV12 cells. However, the precise
mechanisms of IRF1 regulation by RSK3 and RSK4 remain to be clarified. As a first step,
it will be important to determine whether RSK 3 and 4 modulate PTM of IRF1. In
addition, activation levels of RSK3 and RSK4 during infection should be examined in
order to determine if different viruses regulate IRF1 PTMs to evade host antiviral

responses.
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CHAPTER 8

CONCLUSION
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Understanding the differences in cellular machinery between normal and cancer
cells is especially important during the design of anticancer therapeutics that are highly
specific to cancer cells without damaging normal cells. Defects in type I IFN-induced
antiviral responses, oncogenic Ras activation, and p53 defects are the major cancer-
specific changes exploited by oncolytic viruses. Prior to my studies, the Hirasawa lab
identified that the Ras/MEK pathway suppresses the IFN-induced antiviral responses,
showing that the two mechanisms of viral oncolysis are linked. In my thesis, I
demonstrated that activation of the Ras/MEK pathway downregulates a group of IFN-
inducible genes [MEK downregulated IFN-inducible (MDII) genes] by downregulating
IRF1 expression. Rass/MEK-mediated downregulation of IRF1 was exploited by oncolytic
VSV in various cancer cell lines. Among the several downstream effectors of ERKs,
Ras/MEK downregulated IRF1 through RSK3 and RSK4 in RasV12 cells. In addition, I
found preliminary evidence that Ras/MEK activation modulates post-translational
modification (PTM) of IRF1, typically ubiquitination and sumoylation. Given that IRF1
is an important determinant of viral oncolysis, further characterization of IRF1 PTM by
RSK3 and 4 could lead to the development of novel anticancer therapeutics that improve

the efficacy and safety when using oncolytic viruses.

133



BIBLIOGRAPHY

134



References
Adjei, A. A. (2001). Blocking oncogenic ras signaling for cancer therapy. Journal of the

National Cancer Institute, 93(14), 1062-1074.

Akaza, H., Kawai, K., Tsukamoto, T., Fujioka, T., Tomita, Y., Kitamura, T., Ozono, S.,
Miki, T., Naito, S., Zembutsu, H., & Nakamura, Y. (2010). Successful outcomes
using combination therapy of interleukin-2 and interferon-alpha for renal cell
carcinoma patients with lung metastasis. Japanese Journal of Clinical Oncology,
40(7), 684-689. doi:10.1093/jjco/hyq027 [doi]

Akinleye, A., Furgan, M., Mukhi, N., Ravella, P., & Liu, D. (2013). MEK and the
inhibitors: From bench to bedside. Journal of Hematology & Oncology, 6, 27-8722-
6-27. doi:10.1186/1756-8722-6-27; 10.1186/1756-8722-6-27

Alessi, D. R., Cuenda, A., Cohen, P., Dudley, D. T., & Saltiel, A. R. (1995). PD 098059
is a specific inhibitor of the activation of mitogen-activated protein kinase kinase in
vitro and in vivo. The Journal of Biological Chemistry, 270(46), 27489-27494.

Anjum, R., & Blenis, J. (2008). The RSK family of kinases: Emerging roles in cellular
signalling. Nature Reviews.Molecular Cell Biology, 9(10), 747-758.
do0i:10.1038/nrm2509; 10.1038/nrm2509

Asada, T. (1974). Treatment of human cancer with mumps virus. Cancer, 34(6), 1907-
1928.

Asselin-Paturel, C., & Trinchieri, G. (2005). Production of type I interferons:
Plasmacytoid dendritic cells and beyond. The Journal of Experimental Medicine,

202(4), 461-465. doi:10.1084/jem.20051395

135



Au, W. C,, Raj, N. B,, Pine, R., & Pitha, P. M. (1992). Distinct activation of murine
interferon-alpha promoter region by IRF-1/ISFG-2 and virus infection. Nucleic
Acids Research, 20(11), 2877-2884.

Bain, J., Plater, L., Elliott, M., Shpiro, N., Hastie, C. J., McLauchlan, H., Klevernic, I.,
Arthur, J. S, Alessi, D. R., & Cohen, P. (2007). The selectivity of protein kinase
inhibitors: A further update. The Biochemical Journal, 408(3), 297-315.
doi:10.1042/BJ20070797

Balachandran, S., Porosnicu, M., & Barber, G. N. (2001). Oncolytic activity of vesicular
stomatitis virus is effective against tumors exhibiting aberrant p53, ras, or myc
function and involves the induction of apoptosis. Journal of Virology, 75(7), 3474-
3479. doi:10.1128/JV1.75.7.3474-3479.2001

Balkhi, M. Y., Fitzgerald, K. A., & Pitha, P. M. (2008). Functional regulation of MyD88-
activated interferon regulatory factor 5 by K63-linked polyubiquitination.
Molecular and Cellular Biology, 28(24), 7296-7308. doi:10.1128/MCB.00662-08;
10.1128/MCB.00662-08

Barber, S. A., Bruett, L., Douglass, B. R., Herbst, D. S., Zink, M. C., & Clements, J. E.
(2002). Visna virus-induced activation of MAPK is required for virus replication
and correlates with virus-induced neuropathology. Journal of Virology, 76(2), 817-
828.

Barrett, T., Wilhite, S. E., Ledoux, P., Evangelista, C., Kim, I. F., Tomashevsky, M.,
Marshall, K. A., Phillippy, K. H., Sherman, P. M., Holko, M., Yefanov, A., Lee,
H., Zhang, N., Robertson, C. L., Serova, N., Davis, S., & Soboleva, A. (2013).

NCBI GEO: Archive for functional genomics data sets--update. Nucleic Acids

136



Research, 41(Database issue), D991-5. doi:10.1093/nar/gks1193;
10.1093/nar/gks1193

Bartel, D. P. (2004). MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell,
116(2), 281-297. doi:50092867404000455 [pii]

Bartel, D. P. (2009). MicroRNAs: Target recognition and regulatory functions. Cell,
136(2), 215-233. doi:10.1016/j.cell.2009.01.002 [doi]

Battcock, S. M., Collier, T. W., Zu, D., & Hirasawa, K. (2006a). Negative regulation of
the alpha interferon-induced antiviral response by the ras/raf/MEK pathway.
Journal of Virology, 80(9), 4422-4430. doi:10.1128/JVI1.80.9.4422-4430.2006

Bentz, G. L., Shackelford, J., & Pagano, J. S. (2012). Epstein-barr virus latent membrane
protein 1 regulates the function of interferon regulatory factor 7 by inducing its
sumoylation. Journal of Virology, 8§6(22), 12251-12261. doi:10.1128/JV1.01407-
12;10.1128/JV1.01407-12

Bergmann, M., Romirer, 1., Sachet, M., Fleischhacker, R., Garcia-Sastre, A., Palese, P.,
Wolff, K., Pehamberger, H., Jakesz, R., & Muster, T. (2001). A genetically
engineered influenza A virus with ras-dependent oncolytic properties. Cancer
Research, 61(22), 8188-8193.

Bermel, R. A., & Rudick, R. A. (2007). Interferon-beta treatment for multiple sclerosis.
Neurotherapeutics : The Journal of the American Society for Experimental
NeuroTherapeutics, 4(4), 633-646. doi:S1933-7213(07)00136-5 [pii]

Bhattacharya, S., HuangFu, W. C., Liu, J., Veeranki, S., Baker, D. P., Koumenis, C.,
Diehl, J. A., & Fuchs, S. Y. (2010). Inducible priming phosphorylation promotes

ligand-independent degradation of the IFNARI1 chain of type I interferon receptor.

137



The Journal of Biological Chemistry, 285(4), 2318-2325.
doi:10.1074/jbc.M109.071498 [doi]

Bhattacharya, S., Qian, J., Tzimas, C., Baker, D. P., Koumenis, C., Diehl, J. A., & Fuchs,
S. Y. (2011). Role of p38 protein kinase in the ligand-independent ubiquitination
and down-regulation of the IFNAR1 chain of type I interferon receptor. The
Journal of Biological Chemistry, 286(25), 22069-22076.
doi:10.1074/jbc.M111.238766 [doi]

Bignone, P. A., Lee, K. Y., Liu, Y., Emilion, G., Finch, J., Soosay, A. E., Charnock, F.
M., Beck, S., Dunham, 1., Mungall, A. J., & Ganesan, T. S. (2007). RPS6KA2, a
putative tumour suppressor gene at 6q27 in sporadic epithelial ovarian cancer.
Oncogene, 26(5), 683-700. doi:10.1038/sj.onc.1209827

Bischoff, J. R., Kirn, D. H., Williams, A., Heise, C., Horn, S., Muna, M., Ng, L., Nye, J.
A., Sampson-Johannes, A., Fattaey, A., & McCormick, F. (1996). An adenovirus
mutant that replicates selectively in p53-deficient human tumor cells. Science (New
York, N.Y.), 274(5286), 373-376.

Borden, E. C., Sen, G. C., Uze, G., Silverman, R. H., Ransohoff, R. M., Foster, G. R., &
Stark, G. R. (2007). Interferons at age 50: Past, current and future impact on
biomedicine. Nature Reviews.Drug Discovery, 6(12), 975-990.
doi:10.1038/nrd2422

Bos, J. L. (1989). Ras oncogenes in human cancer: A review. Cancer Research, 49(17),
4682-4689.

Boultwood, J., Fidler, C., Lewis, S., MacCarthy, A., Sheridan, H., Kelly, S., Oscier, D.,

Buckle, V. J., & Wainscoat, J. S. (1993). Allelic loss of IRF1 in myelodysplasia

138



and acute myeloid leukemia: Retention of IRF1 on the 5q- chromosome in some
patients with the 5q- syndrome. Blood, 8§2(9), 2611-2616.

Brien, J. D., Daffis, S., Lazear, H. M., Cho, H., Suthar, M. S., Gale, M.,Jr, & Diamond,
M. S. (2011). Interferon regulatory factor-1 (IRF-1) shapes both innate and CD8(+)
T cell immune responses against west nile virus infection. PLoS Pathogens, 7(9),
€1002230. doi:10.1371/journal.ppat.1002230; 10.1371/journal.ppat.1002230

Burchert, A., & Neubauer, A. (2005). Interferon alpha and T-cell responses in chronic
myeloid leukemia. Leukemia & Lymphoma, 46(2), 167-175.
doi:HRGSEUS51M5104Y6 [pii]

Buxade, M., Parra, J. L., Rousseau, S., Shpiro, N., Marquez, R., Morrice, N., Bain, J.,
Espel, E., & Proud, C. G. (2005). The mnks are novel components in the control of
TNF alpha biosynthesis and phosphorylate and regulate hrnRNP A1l. Immunity,
23(2), 177-189. doi:10.1016/j.immuni.2005.06.009

Carter, C. C., Gorbacheva, V. Y., & Vestal, D. J. (2005). Inhibition of VSV and EMCV
replication by the interferon-induced GTPase, mGBP-2: Differential requirement
for wild-type GTP binding domain. Archives of Virology, 150(6), 1213-1220.
doi:10.1007/s00705-004-0489-2

Cascallo, M., Capella, G., Mazo, A., & Alemany, R. (2003). Ras-dependent oncolysis
with an adenovirus VAI mutant. Cancer Research, 63(17), 5544-5550.

Cavalli, L. R., Riggins, R. B., Wang, A., Clarke, R., & Haddad, B. R. (2010). Frequent
loss of heterozygosity at the interferon regulatory factor-1 gene locus in breast

cancer. Breast Cancer and Research and Treatment, 121(1), 227-231.

139



CASSEL, W. A., & GARRETT, R. E. (1965). Newcastle disease virus as an
antineoplastic agent. Cancer, 18, 863-868.

Chang, P. C., Cheng, C. Y., Campbell, M., Yang, Y. C., Hsu, H. W., Chang, T. Y., Chu,
C.H, Lee, Y. W., Hung, C. L., Lai, S. M., Tepper, C. G., Hsieh, W. P., Wang, H.
W., Tang, C. Y., Wang, W. C., & Kung, H. J. (2013). The chromatin modification
by SUMO-2/3 but not SUMO-1 prevents the epigenetic activation of key immune-
related genes during kaposi's sarcoma associated herpesvirus reactivation. BMC
Genomics, 14, 824-2164-14-824. doi:10.1186/1471-2164-14-824; 10.1186/1471-
2164-14-824

Chang, T. H., Kubota, T., Matsuoka, M., Jones, S., Bradfute, S. B., Bray, M., & Ozato, K.
(2009). Ebola zaire virus blocks type I interferon production by exploiting the host
SUMO modification machinery. PLoS Pathogens, 5(6), €1000493.
doi:10.1371/journal.ppat.1000493; 10.1371/journal.ppat.1000493

Chen, S. H., Cook, W. J., Grove, K. L., & Coen, D. M. (1998). Human thymidine kinase
can functionally replace herpes simplex virus type 1 thymidine kinase for viral
replication in mouse sensory ganglia and reactivation from latency upon explant.
Journal of Virology, 72(8), 6710-6715.

Choudhary, C., Kumar, C., Gnad, F., Nielsen, M. L., Rehman, M., Walther, T. C., Olsen,
J. V., & Mann, M. (2009). Lysine acetylation targets protein complexes and co-
regulates major cellular functions. Science (New York, N.Y.), 325(5942), 834-840.
doi:10.1126/science.1175371; 10.1126/science. 1175371

Christian, S. L., Collier, T. W., Zu, D., Licursi, M., Hough, C. M., & Hirasawa, K.

(2009). Activated ras/MEK inhibits the antiviral response of alpha interferon by

140



reducing STAT?2 levels. Journal of Virology, 83(13), 6717-6726.
doi:10.1128/JV1.02213-08; 10.1128/JVI1.02213-08

Christian, S. L., Zu, D., Licursi, M., Komatsu, Y., Pongnopparat, T., Codner, D. A., &
Hirasawa, K. (2012a). Suppression of IFN-induced transcription underlies IFN
defects generated by activated ras/MEK in human cancer cells. PloS One, 7(9),
e44267. doi:10.1371/journal.pone.0044267; 10.1371/journal.pone.0044267

Ciechanover, A. (1994). The ubiquitin-proteasome proteolytic pathway. Cell, 79(1), 13-
21.

Clarke, N., Jimenez-Lara, A. M., Voltz, E., & Gronemeyer, H. (2004). Tumor suppressor
IRF-1 mediates retinoid and interferon anticancer signaling to death ligand TRAIL.
The EMBO Journal, 23(15), 3051-3060. doi:10.1038/sj.emboj.7600302

Clemens, M. J., & Bommer, U. A. (1999). Translational control: The cancer connection.
The International Journal of Biochemistry & Cell Biology, 31(1), 1-23. doi:S1357-
2725(98)00127-7 [pii]

Cuddington, B. P., & Mossman, K. L. (2014). Permissiveness of human cancer cells to
oncolytic bovine herpesvirus 1 is mediated in part by KRAS activity. Journal of
Virology, 88(12), 6885-6895. doi:10.1128/JV1.00849-14; 10.1128/JV1.00849-14

Culjkovic, B., Topisirovic, ., Skrabanek, L., Ruiz-Gutierrez, M., & Borden, K. L. (2005).
elF4E promotes nuclear export of cyclin DI mRNAs via an element in the 3'UTR.
The Journal of Cell Biology, 169(2), 245-256. doi:jcb.200501019 [pii]

Doherty, G. M., Boucher, L., Sorenson, K., & Lowney, J. (2001). Interferon regulatory

factor expression in human breast cancer. Annals of Surgery, 233(5), 623-629.

141



Donnelly, R. P., & Kotenko, S. V. (2010). Interferon-lambda: A new addition to an old
family. Journal of Interferon & Cytokine Research : The Olfficial Journal of the
International Society for Interferon and Cytokine Research, 30(8), 555-564.
doi:10.1089/}ir.2010.0078; 10.1089/jir.2010.0078

Downward, J. (2003). Targeting RAS signalling pathways in cancer therapy. Nature
Reviews.Cancer, 3(1), 11-22. d0i:10.1038/nrc969

Dudley, D. T., Pang, L., Decker, S. J., Bridges, A. J., & Saltiel, A. R. (1995). A synthetic
inhibitor of the mitogen-activated protein kinase cascade. Proceedings of the
National Academy of Sciences of the United States of America, 92(17), 7686-7689.

Dummler, B. A., Hauge, C., Silber, J., Yntema, H. G., Kruse, L. S., Kofoed, B.,
Hemmings, B. A., Alessi, D. R., & Frodin, M. (2005). Functional characterization
of human RSK4, a new 90-kDa ribosomal S6 kinase, reveals constitutive activation
in most cell types. The Journal of Biological Chemistry, 280(14), 13304-13314.
doi:10.1074/jbc.M408194200

Duncia, J. V., Santella, J. B.,3rd, Higley, C. A., Pitts, W. J., Wityak, J., Frietze, W. E.,
Rankin, F. W., Sun, J. H., Earl, R. A., Tabaka, A. C., Teleha, C. A., Blom, K. F.,
Favata, M. F., Manos, E. J., Daulerio, A. J., Stradley, D. A., Horiuchi, K.,
Copeland, R. A., Scherle, P. A., Trzaskos, J. M., Magolda, R. L., Trainor, G. L.,
Wexler, R. R., Hobbs, F. W., & Olson, R. E. (1998). MEK inhibitors: The
chemistry and biological activity of U0126, its analogs, and cyclization products.

Bioorganic & Medicinal Chemistry Letters, 8(20), 2839-2844.

142



Dutia, B. M., Allen, D. J., Dyson, H., & Nash, A. A. (1999). Type I interferons and IRF-1
play a critical role in the control of a gammaherpesvirus infection. Virology,
261(2), 173-179. doi:10.1006/viro.1999.9834 [doi]

Dweep, H., Sticht, C., Pandey, P., & Gretz, N. (2011). miRWalk--database: Prediction of
possible miRNA binding sites by "walking" the genes of three genomes. Journal of
Biomedical Informatics, 44(5), 839-847. doi:10.1016/j.jb1.2011.05.002;
10.1016/j.jbi.2011.05.002

Elankumaran, S., Chavan, V., Qiao, D., Shobana, R., Moorkanat, G., Biswas, M., &
Samal, S. K. (2010). Type I interferon-sensitive recombinant newcastle disease
virus for oncolytic virotherapy. Journal of Virology, 84(8), 3835-3844.
doi:10.1128/JVI.01553-09 [doi]

Escalante, C. R., Yie, J., Thanos, D., & Aggarwal, A. K. (1998). Structure of IRF-1 with
bound DNA reveals determinants of interferon regulation. Nature, 391(6662), 103-
106. doi:10.1038/34224

Fabian, M. R., Sonenberg, N., & Filipowicz, W. (2010). Regulation of mRNA translation
and stability by microRNAs. Annual Review of Biochemistry, 79, 351-379.
doi:10.1146/annurev-biochem-060308-103103; 10.1146/annurev-biochem-060308-
103103

Farassati, F., Yang, A. D., & Lee, P. W. (2001). Oncogenes in ras signalling pathway
dictate host-cell permissiveness to herpes simplex virus 1. Nature Cell Biology,
3(8), 745-750. doi:10.1038/35087061

Favata, M. F., Horiuchi, K. Y., Manos, E. J., Daulerio, A. J., Stradley, D. A., Feeser, W.

S., Van Dyk, D. E., Pitts, W. J., Earl, R. A., Hobbs, F., Copeland, R. A., Magolda,

143



R. L., Scherle, P. A., & Trzaskos, J. M. (1998). Identification of a novel inhibitor of
mitogen-activated protein kinase kinase. The Journal of Biological Chemistry,
273(29), 18623-18632.

Fisher, T. L., & Blenis, J. (1996). Evidence for two catalytically active kinase domains in
pp90rsk. Molecular and Cellular Biology, 16(3), 1212-1219.

Flotho, A., & Melchior, F. (2013). Sumoylation: A regulatory protein modification in
health and disease. Annual Review of Biochemistry, 82, 357-385.
doi:10.1146/annurev-biochem-061909-093311; 10.1146/annurev-biochem-061909-
093311

Friday, B. B., & Adjei, A. A. (2008). Advances in targeting the ras/raf/MEK/erk mitogen-
activated protein kinase cascade with MEK inhibitors for cancer therapy. Clinical
Cancer Research : An Olfficial Journal of the American Association for Cancer
Research, 14(2), 342-346. doi:10.1158/1078-0432.CCR-07-4790; 10.1158/1078-
0432.CCR-07-4790

Friedman, R. C., Farh, K. K., Burge, C. B., & Bartel, D. P. (2009). Most mammalian
mRNAs are conserved targets of microRNAs. Genome Research, 19(1), 92-105.
doi:10.1101/gr.082701.108 [doi]

Friedman, R. M. (2008). Clinical uses of interferons. British Journal of Clinical
Pharmacology, 65(2), 158-162. doi:BCP3055 [pii]

Fuchs, S. Y. (2013). Hope and fear for interferon: The receptor-centric outlook on the
future of interferon therapy. Journal of Interferon & Cytokine Research : The
Official Journal of the International Society for Interferon and Cytokine Research,

33(4), 211-225. doi:10.1089/5ir.2012.0117; 10.1089/5ir.2012.0117

144



Gabriele, L., Fragale, A., Borghi, P., Sestili, P., Stellacci, E., Venditti, M., Schiavoni, G.,
Sanchez, M., Belardelli, F., & Battistini, A. (2006). IRF-1 deficiency skews the
differentiation of dendritic cells toward plasmacytoid and tolerogenic features.
Journal of Leukocyte Biology, 80(6), 1500-1511. doi:10.1189/j1b.0406246

Garnett, M. J., & Marais, R. (2004). Guilty as charged: B-RAF is a human oncogene.
Cancer Cell, 6(4), 313-319. do0i:10.1016/j.ccr.2004.09.022

Geng, F., Wenzel, S., & Tansey, W. P. (2012). Ubiquitin and proteasomes in
transcription. Annual Review of Biochemistry, 81, 177-201. doi:10.1146/annurev-
biochem-052110-120012; 10.1146/annurev-biochem-052110-120012

GEORGIADES, J., ZIELINSKI, T., CICHOLSKA, A., & JORDAN, E. (1959). Research
on the oncolytic effect of APC viruses in cancer of the cervix uteri; preliminary
report. Biuletyn Instytutu Medycyny Morskiej W Gdansku, 10, 49-57.

Gibbert, K., Schlaak, J. F., Yang, D., & Dittmer, U. (2013). IFN-alpha subtypes: Distinct
biological activities in anti-viral therapy. British Journal of Pharmacology, 168(5),
1048-1058. doi:10.1111/bph.12010 [doi]

Gilmartin, A. G., Bleam, M. R., Groy, A., Moss, K. G., Minthorn, E. A., Kulkarni, S. G.,
Rominger, C. M., Erskine, S., Fisher, K. E., Yang, J., Zappacosta, F., Annan, R.,
Sutton, D., & Laquerre, S. G. (2011). GSK1120212 (JTP-74057) is an inhibitor of
MEK activity and activation with favorable pharmacokinetic properties for
sustained in vivo pathway inhibition. Clinical Cancer Research : An Official
Journal of the American Association for Cancer Research, 17(5), 989-1000.

doi:10.1158/1078-0432.CCR-10-2200; 10.1158/1078-0432.CCR-10-2200

145



Glue, P., Fang, J. W., Rouzier-Panis, R., Raffanel, C., Sabo, R., Gupta, S. K., Salfi, M., &
Jacobs, S. (2000). Pegylated interferon-alpha2b: Pharmacokinetics,
pharmacodynamics, safety, and preliminary efficacy data. hepatitis C intervention
therapy group. Clinical Pharmacology and Therapeutics, 68(5), 556-567.
do1:50009923600822638 [pii]

Goetz, C., Everson, R. G., Zhang, L. C., & Gromeier, M. (2010). MAPK signal-
integrating kinase controls cap-independent translation and cell type-specific
cytotoxicity of an oncolytic poliovirus. Molecular Therapy : The Journal of the
American Society of Gene Therapy, 18(11), 1937-1946. doi:10.1038/mt.2010.145;
10.1038/mt.2010.145

Hallek, M., Wanders, L., Strohmeyer, S., & Emmerich, B. (1992). Thymidine kinase: A
tumor marker with prognostic value for non-hodgkin's lymphoma and a broad
range of potential clinical applications. Annals of Hematology, 65(1), 1-5.

HAMMON, W. M., YOHN, D. S., CASTO, B. C., & ATCHISON, R. W. (1963).
Oncolytic potentials of nonhuman viruses for human cancer. I. effects of twenty-
four viruses on human cancer cell lines. Journal of the National Cancer Institute,
31,329-345.

Harada, H., Fujita, T., Miyamoto, M., Kimura, Y., Maruyama, M., Furia, A., Miyata, T.,
& Taniguchi, T. (1989). Structurally similar but functionally distinct factors, IRF-1
and IRF-2, bind to the same regulatory elements of IFN and [FN-inducible genes.

Cell, 58(4), 729-739.

146



Harada, H., Kitagawa, M., Tanaka, N., Yamamoto, H., Harada, K., Ishihara, M., &
Taniguchi, T. (1993). Anti-oncogenic and oncogenic potentials of interferon
regulatory factors-1 and -2. Science (New York, N.Y.), 259(5097), 971-974.

Harada, H., Kondo, T., Ogawa, S., Tamura, T., Kitagawa, M., Tanaka, N., Lamphier, M.
S., Hirai, H., & Taniguchi, T. (1994). Accelerated exon skipping of IRF-1 mRNA
in human myelodysplasia/leukemia; a possible mechanism of tumor suppressor
inactivation. Oncogene, 9(11), 3313-3320.

Harada, H., Willison, K., Sakakibara, J., Miyamoto, M., Fujita, T., & Taniguchi, T.
(1990). Absence of the type I IFN system in EC cells: Transcriptional activator
(IRF-1) and repressor (IRF-2) genes are developmentally regulated. Cell, 63(2),
303-312.

Harikumar, K. B., Yester, J. W., Surace, M. J., Oyeniran, C., Price, M. M., Huang, W. C.,
Hait, N. C., Allegood, J. C., Yamada, A., Kong, X., Lazear, H. M., Bhardwaj, R.,
Takabe, K., Diamond, M. S., Luo, C., Milstien, S., Spiegel, S., & Kordula, T.
(2014). K63-linked polyubiquitination of transcription factor IRF1 is essential for
IL-1-induced production of chemokines CXCL10 and CCLS5. Nature Immunology,
15(3),231-238. d0i:10.1038/ni.2810; 10.1038/ni.2810

Herbert, T. P., Tee, A. R., & Proud, C. G. (2002). The extracellular signal-regulated
kinase pathway regulates the phosphorylation of 4E-BP1 at multiple sites. The
Journal of Biological Chemistry, 277(13), 11591-11596.
doi:10.1074/jbc.M110367200

Hobart, M., Ramassar, V., Goes, N., Urmson, J., & Halloran, P. F. (1997). IFN regulatory

factor-1 plays a central role in the regulation of the expression of class I and II

147



MHC genes in vivo. Journal of Immunology (Baltimore, Md.: 1950), 158(9), 4260-
4269.
Hoofnagle, J. H., & Seeff, L. B. (2006). Peginterferon and ribavirin for chronic hepatitis
C. The New England Journal of Medicine, 355(23), 2444-2451. doi:355/23/2444
[pii]
Hoshino, K., Sasaki, 1., Sugiyama, T., Yano, T., Yamazaki, C., Yasui, T., Kikutani, H., &
Kaisho, T. (2010). Critical role of IkappaB kinase alpha in TLR7/9-induced type I
IFN production by conventional dendritic cells. Journal of Immunology (Baltimore,
Md.: 1950), 184(7), 3341-3345. doi:10.4049/jimmunol.09016438;
10.4049/jimmunol.0901648
HOSTER, H. A., ZANES, R. P_Jr, & VON HAAM, E. (1949). Studies in hodgkin's
syndrome; the association of viral hepatitis and hodgkin's disease; a preliminary
report. Cancer Research, 9(8), 473-480.
Huber, M., Watson, K. A., Selinka, H. C., Carthy, C. M., Klingel, K., McManus, B. M.,
& Kandolf, R. (1999). Cleavage of RasGAP and phosphorylation of mitogen-
activated protein kinase in the course of coxsackievirus B3 replication. Journal of
Virology, 73(5), 3587-3594.
HUEBNER, R. J., ROWE, W. P., SCHATTEN, W. E., SMITH, R. R., & THOMAS, L.
B. (1956). Studies on the use of viruses in the treatment of carcinoma of the cervix.
Cancer, 9(6), 1211-1218.
Huntzinger, E., & Izaurralde, E. (2011). Gene silencing by microRNAs: Contributions of

translational repression and mRNA decay. Nature Reviews.Genetics, 12(2), 99-110.

doi:10.1038/nrg2936 [doi]

148



lankov, 1., Kurokawa, C., Middha, S., Aderca, 1., Allen, C., Keeney, G., Federspiel, M.,
Maurer, M., Atherton, P., Kalli, K., Hartmann, L., & Galanis, E. (2014). Gene
expression profile of innate immune anti-viral factors in ovarian cancer patients
treated with oncolytic measles virus [Abstract]. Mol Ther, 22((Suppl 1)) S12
(abstract 30).

Ivashkiv, L. B., & Donlin, L. T. (2014). Regulation of type I interferon responses. Nature
Reviews.Immunology, 14(1), 36-49. doi:10.1038/nri3581; 10.1038/nri3581

Jones, S. W., Erikson, E., Blenis, J., Maller, J. L., & Erikson, R. L. (1988). A xenopus
ribosomal protein S6 kinase has two apparent kinase domains that are each similar
to distinct protein kinases. Proceedings of the National Academy of Sciences of the
United States of America, 85(10), 3377-3381.

Joshi, S., & Platanias, L. C. (2014). Mnk kinase pathway: Cellular functions and
biological outcomes. World Journal of Biological Chemistry, 5(3), 321-333.
doi:10.4331/wjbc.v5.13.321; 10.4331/wjbc.v5.13.321

Kanazawa, N., Kurosaki, M., Sakamoto, N., Enomoto, N., Itsui, Y., Yamashiro, T.,
Tanabe, Y., Maekawa, S., Nakagawa, M., Chen, C. H., Kakinuma, S., Oshima, S.,
Nakamura, T., Kato, T., Wakita, T., & Watanabe, M. (2004). Regulation of
hepatitis C virus replication by interferon regulatory factor 1. Journal of Virology,
78(18), 9713-9720. doi:10.1128/JV1.78.18.9713-9720.2004

Kautz, B., Kakar, R., David, E., & Eklund, E. A. (2001). SHP1 protein-tyrosine
phosphatase inhibits gp91PHOX and p67PHOX expression by inhibiting
interaction of PU.1, IRF1, interferon consensus sequence-binding protein, and

CREB-binding protein with homologous cis elements in the CYBB and NCF2

149



genes. The Journal of Biological Chemistry, 276(41), 37868-37878.
do0i:10.1074/jbc.M103381200

Kawai, T., & Akira, S. (2010). The role of pattern-recognition receptors in innate
immunity: Update on toll-like receptors. Nature Immunology, 11(5), 373-384.
do0i:10.1038/ni.1863; 10.1038/ni.1863

Kelly, E., & Russell, S. J. (2007). History of oncolytic viruses: Genesis to genetic
engineering. Molecular Therapy : The Journal of the American Society of Gene
Therapy, 15(4), 651-659. doi:10.1038/sj.mt.6300108

Kim, E. J., Lee, J. M., Namkoong, S. E., Um, S. J., & Park, J. S. (2002). Interferon
regulatory factor-1 mediates interferon-gamma-induced apoptosis in ovarian
carcinoma cells. Journal of Cellular Biochemistry, 85(2), 369-380.

Kim, E. J., Park, J. S., & Um, S. J. (2008). Ubc9-mediated sumoylation leads to
transcriptional repression of IRF-1. Biochemical and Biophysical Research
Communications, 377(3), 952-956. doi:10.1016/j.bbrc.2008.10.092;
10.1016/j.bbrc.2008.10.092

Kimura, T., Nakayama, K., Penninger, J., Kitagawa, M., Harada, H., Matsuyama, T.,
Tanaka, N., Kamijo, R., Vilcek, J., & Mak, T. W. (1994). Involvement of the IRF-1
transcription factor in antiviral responses to interferons. Science (New York, N.Y.),
264(5167), 1921-1924.

Kirchhoff, S., & Hauser, H. (1999). Cooperative activity between HER oncogenes and the
tumor suppressor IRF-1 results in apoptosis. Oncogene, 18(25), 3725-3736.

doi:10.1038/sj.0onc.1202704

150



Klampfer, L., Huang, J., Corner, G., Mariadason, J., Arango, D., Sasazuki, T., Shirasawa,
S., & Augenlicht, L. (2003). Oncogenic ki-ras inhibits the expression of interferon-
responsive genes through inhibition of STAT1 and STAT?2 expression. The Journal
of Biological Chemistry, 278(47), 46278-46287. doi:10.1074/jbc.M304721200

Komander, D. (2009). The emerging complexity of protein ubiquitination. Biochemical
Society Transactions, 37(Pt 5), 937-953. doi:10.1042/BST0370937;
10.1042/BST0370937

Komander, D., & Rape, M. (2012). The ubiquitin code. Annual Review of Biochemistry,
81, 203-229. doi:10.1146/annurev-biochem-060310-170328 [doi]

Kondo, T., Minamino, N., Nagamura-Inoue, T., Matsumoto, M., Taniguchi, T., &
Tanaka, N. (1997). Identification and characterization of
nucleophosmin/B23/numatrin which binds the anti-oncogenic transcription factor
IRF-1 and manifests oncogenic activity. Oncogene, 15(11), 1275-1281.
doi:10.1038/sj.onc.1201286

Kong, X., San Juan, H., Behera, A., Peeples, M. E., Wu, J., Lockey, R. F., & Mohapatra,
S. S. (2004). ERK-1/2 activity is required for efficient RSV infection. FEBS

Letters, 559(1-3), 33-38. doi:10.1016/S0014-5793(04)00002-X [doi]

Kotenko, S. V., Gallagher, G., Baurin, V. V., Lewis-Antes, A., Shen, M., Shah, N. K.,
Langer, J. A., Sheikh, F., Dickensheets, H., & Donnelly, R. P. (2003). IFN-lambdas
mediate antiviral protection through a distinct class II cytokine receptor complex.

Nature Immunology, 4(1), 69-77. doi:10.1038/ni875

151



Kozomara, A., & Griffiths-Jones, S. (2014). miRBase: Annotating high confidence
microRNAs using deep sequencing data. Nucleic Acids Research, 42(Database
issue), D68-73. doi:10.1093/nar/gkt1181; 10.1093/nar/gkt1181

Kroger, A., Dallugge, A., Kirchhoff, S., & Hauser, H. (2003). IRF-1 reverts the
transformed phenotype of oncogenically transformed cells in vitro and in vivo.
Oncogene, 22(7), 1045-1056. doi:10.1038/sj.0onc.1206260

Kubota, T., Matsuoka, M., Chang, T. H., Tailor, P., Sasaki, T., Tashiro, M., Kato, A., &
Ozato, K. (2008). Virus infection triggers SUMOylation of IRF3 and IRF7, leading
to the negative regulation of type I interferon gene expression. The Journal of
Biological Chemistry, 283(37), 25660-25670. doi:10.1074/jbc.M804479200;
10.1074/jbc.M804479200

Kurokawa, C., Iankov, 1., Aderca, L., Petell, C., Middha, S., Giannini, C., Parney, I., &
Galanis, E. (2014). Pre-existing antiviral state can impact oncolytic infection in
glioblastoma patients treated with oncolytic measles virus [Abstract]. Mol Ther,
22(Suppl 1) S248 (abstract 642).

Lallemand, C., Blanchard, B., Palmieri, M., Lebon, P., May, E., & Tovey, M. G. (2007).
Single-stranded RNA viruses inactivate the transcriptional activity of p53 but
induce NOXA-dependent apoptosis via post-translational modifications of IRF-1,
IRF-3 and CREB. Oncogene, 26(3), 328-338. doi:10.1038/sj.0onc.1209795

Landre, V., Pion, E., Narayan, V., Xirodimas, D. P., & Ball, K. L. (2013). DNA-binding
regulates site-specific ubiquitination of IRF-1. The Biochemical Journal, 449(3),

707-717. doi:10.1042/BJ20121076; 10.1042/BJ20121076

152



Lara, R., Mauri, F. A., Taylor, H., Derua, R., Shia, A., Gray, C., Nicols, A., Shiner, R. J.,
Schofield, E., Bates, P. A., Wacelkens, E., Dallman, M., Lamb, J., Zicha, D.,
Downward, J., Seckl, M. J., & Pardo, O. E. (2011). An siRNA screen identifies
RSK1 as a key modulator of lung cancer metastasis. Oncogene, 30(32), 3513-3521.
do0i:10.1038/0onc.2011.61; 10.1038/onc.2011.61

Lewis, B. P., Burge, C. B., & Bartel, D. P. (2005). Conserved seed pairing, often flanked
by adenosines, indicates that thousands of human genes are microRNA targets.
Cell, 120(1), 15-20. doi:S0092867404012607 [pii]

Lichty, B. D., Breitbach, C. J., Stojdl, D. F., & Bell, J. C. (2014). Going viral with cancer
immunotherapy. Nature Reviews.Cancer, 14(8), 559-567. doi:10.1038/nrc3770;
10.1038/nrc3770

Lin, R., & Hiscott, J. (1999). A role for casein kinase II phosphorylation in the regulation
of IRF-1 transcriptional activity. Molecular and Cellular Biochemistry, 191(1-2),
169-180.

Lindenmann, J., & Klein, P. A. (1967). Viral oncolysis: Increased immunogenicity of
host cell antigen associated with influenza virus. The Journal of Experimental
Medicine, 126(1), 93-108.

Liston, P., Fong, W. G., Kelly, N. L., Toji, S., Miyazaki, T., Conte, D., Tamai, K., Craig,
C. G., McBurney, M. W., & Korneluk, R. G. (2001). Identification of XAFI as an
antagonist of XIAP anti-caspase activity. Nature Cell Biology, 3(2), 128-133.
doi:10.1038/35055027

Litvak, V., Ratushny, A. V., Lampano, A. E., Schmitz, F., Huang, A. C., Raman, A.,

Rust, A. G., Bergthaler, A., Aitchison, J. D., & Aderem, A. (2012). A FOXO3-

153



IRF7 gene regulatory circuit limits inflammatory sequelae of antiviral responses.
Nature, 490(7420), 421-425. doi:10.1038/nature11428; 10.1038/nature11428

Liu, B., Liao, J., Rao, X., Kushner, S. A., Chung, C. D., Chang, D. D., & Shuai, K.
(1998). Inhibition of Statl-mediated gene activation by PIAS1. Proceedings of the
National Academy of Sciences of the United States of America, 95(18), 10626-
10631.

Liu, X., Ru, J., Zhang, J., Zhu, L. H., Liu, M., Li, X., & Tang, H. (2013). miR-23a targets
interferon regulatory factor 1 and modulates cellular proliferation and paclitaxel-
induced apoptosis in gastric adenocarcinoma cells. PloS One, 8(6), €64707.
doi:10.1371/journal.pone.0064707; 10.1371/journal.pone.0064707

Long, X., L1, Y., Q1, Y., Xu, J., Wang, Z., Zhang, X., Zhang, D., Zhang, L., & Huang, J.
(2013). XAF1 contributes to dengue virus-induced apoptosis in vascular endothelial
cells. FASEB Journal : Olfficial Publication of the Federation of American Societies
for Experimental Biology, 27(3), 1062-1073. doi:10.1096/1j.12-213967;
10.1096/1j.12-213967

Lopez-Vicente, L., Armengol, G., Pons, B., Coch, L., Argelaguet, E., Lleonart, M.,
Hernandez-Losa, J., de Torres, 1., & Ramon y Cajal, S. (2009). Regulation of
replicative and stress-induced senescence by RSK4, which is down-regulated in
human tumors. Clinical Cancer Research : An Official Journal of the American
Association for Cancer Research, 15(14), 4546-4553. doi:10.1158/1078-
0432.CCR-08-3159; 10.1158/1078-0432.CCR-08-3159

Luo, H., Yanagawa, B., Zhang, J., Luo, Z., Zhang, M., Esfandiarei, M., Carthy, C.,

Wilson, J. E., Yang, D., & McManus, B. M. (2002). Coxsackievirus B3 replication

154



is reduced by inhibition of the extracellular signal-regulated kinase (ERK) signaling
pathway. Journal of Virology, 76(7), 3365-3373.

Malumbres, M., & Barbacid, M. (2003). RAS oncogenes: The first 30 years. Nature
Reviews.Cancer, 3(6), 459-465. d0i:10.1038/nrc1097

Marcato, P., Shmulevitz, M., Pan, D., Stoltz, D., & Lee, P. W. (2007a). Ras
transformation mediates reovirus oncolysis by enhancing virus uncoating, particle
infectivity, and apoptosis-dependent release. Molecular Therapy : The Journal of
the American Society of Gene Therapy, 15(8), 1522-1530.
doi:10.1038/sj.mt.6300179

Marcellin, P., Lau, G. K., Bonino, F., Farci, P., Hadziyannis, S., Jin, R., Lu, Z. M.,
Piratvisuth, T., Germanidis, G., Yurdaydin, C., Diago, M., Gurel, S., Lai, M. Y.,
Button, P., Pluck, N., & Peginterferon Alfa-2a HBeAg-Negative Chronic Hepatitis
B Study Group. (2004). Peginterferon alfa-2a alone, lamivudine alone, and the two
in combination in patients with HBeAg-negative chronic hepatitis B. The New
England Journal of Medicine, 351(12), 1206-1217. doi:10.1056/NEJMo0a040431
[doi]

Marsili, G., Remoli, A. L., Sgarbanti, M., & Battistini, A. (2004). Role of acetylases and
deacetylase inhibitors in IRF-1-mediated HIV-1 long terminal repeat transcription.
Annals of the New York Academy of Sciences, 1030, 636-643.
doi:10.1196/annals.1329.074

Martuza, R. L., Malick, A., Markert, J. M., Ruffner, K. L., & Coen, D. M. (1991).
Experimental therapy of human glioma by means of a genetically engineered virus

mutant. Science (New York, N.Y.), 252(5007), 854-856.

155



Masumi, A., & Ozato, K. (2001). Coactivator p300 acetylates the interferon regulatory
factor-2 in U937 cells following phorbol ester treatment. The Journal of Biological
Chemistry, 276(24), 20973-20980. doi:10.1074/jbc.M101707200

Mathelier, A., Zhao, X., Zhang, A. W., Parcy, F., Worsley-Hunt, R., Arenillas, D. J.,
Buchman, S., Chen, C. Y., Chou, A., lenasescu, H., Lim, J., Shyr, C., Tan, G.,
Zhou, M., Lenhard, B., Sandelin, A., & Wasserman, W. W. (2014). JASPAR 2014:
An extensively expanded and updated open-access database of transcription factor
binding profiles. Nucleic Acids Research, 42(Database issue), D142-7.
doi:10.1093/nar/gkt997; 10.1093/nar/gkt997

Mignone, F., Gissi, C., Liuni, S., & Pesole, G. (2002). Untranslated regions of mRNAs.
Genome Biology, 3(3), REVIEWS0004.

Miyamoto, M., Fujita, T., Kimura, Y., Maruyama, M., Harada, H., Sudo, Y., Miyata, T.,
& Taniguchi, T. (1988). Regulated expression of a gene encoding a nuclear factor,
IRF-1, that specifically binds to IFN-beta gene regulatory elements. Cell, 54(6),
903-913.

Mocellin, S., Pasquali, S., Rossi, C. R., & Nitti, D. (2010). Interferon alpha adjuvant
therapy in patients with high-risk melanoma: A systematic review and meta-
analysis. Journal of the National Cancer Institute, 102(7), 493-501.
doi:10.1093/jnci/djq009 [doi]

Montminy, M. R., & Bilezikjian, L. M. (1987). Binding of a nuclear protein to the cyclic-
AMP response element of the somatostatin gene. Nature, 328(6126), 175-178.

doi:10.1038/328175a0 [doi]

156



MOORE, A. E. (1952). Viruses with oncolytic properties and their adaptation to tumors.
Annals of the New York Academy of Sciences, 54(6), 945-952.

Morita, M., Alain, T., Topisirovic, I. and Sonenberg, N. (2013). Polysome Profiling
Analysis. Bio-protocol 3(14): e833. http://www.bio-protocol.org/e833

Moriyama, Y., Nishiguchi, S., Tamori, A., Koh, N., Yano, Y., Kubo, S., Hirohashi, K., &
Otani, S. (2001). Tumor-suppressor effect of interferon regulatory factor-1 in
human hepatocellular carcinoma. Clinical Cancer Research : An Olfficial Journal of
the American Association for Cancer Research, 7(5), 1293-1298.

Motzer, R. J., & Russo, P. (2000). Systemic therapy for renal cell carcinoma. The Journal
of Urology, 163(2), 408-417. doi:S0022-5347(05)67889-5 [pii]

Muhlethaler-Mottet, A., Di Berardino, W., Otten, L. A., & Mach, B. (1998). Activation of
the MHC class II transactivator CIITA by interferon-gamma requires cooperative
interaction between Statl and USF-1. Immunity, 8(2), 157-166.

Muster, T., Rajtarova, J., Sachet, M., Unger, H., Fleischhacker, R., Romirer, I.,
Grassauer, A., Url, A., Garcia-Sastre, A., Wolff, K., Pehamberger, H., &
Bergmann, M. (2004). Interferon resistance promotes oncolysis by influenza virus
NS1-deletion mutants. /nternational Journal of Cancer.Journal International Du
Cancer, 110(1), 15-21. do0i:10.1002/1jc.20078 [doi]

Myers, A. P., Corson, L. B., Rossant, J., & Baker, J. C. (2004). Characterization of mouse
Rsk4 as an inhibitor of fibroblast growth factor-RAS-extracellular signal-regulated
kinase signaling. Molecular and Cellular Biology, 24(10), 4255-4266.

Nair, S., Michaelsen-Preusse, K., Finsterbusch, K., Stegemann-Koniszewski, S., Bruder,

D., Grashoff, M., Korte, M., Koster, M., Kalinke, U., Hauser, H., & Kroger, A.

157



(2014). Interferon regulatory factor-1 protects from fatal neurotropic infection with
vesicular stomatitis virus by specific inhibition of viral replication in neurons. PLoS
Pathogens, 10(3), €1003999. doi:10.1371/journal.ppat.1003999 [doi]

Nakagawa, K., & Yokosawa, H. (2000). Degradation of transcription factor IRF-1 by the
ubiquitin-proteasome pathway. the C-terminal region governs the protein stability.
European Journal of Biochemistry / FEBS, 267(6), 1680-1686.

Nakagawa, K., & Yokosawa, H. (2002). PIAS3 induces SUMO-1 modification and
transcriptional repression of IRF-1. FEBS Letters, 530(1-3), 204-208.

Narayan, V., Halada, P., Hernychova, L., Chong, Y. P., Zakova, J., Hupp, T. R,
Vojtesek, B., & Ball, K. L. (2011). A multiprotein binding interface in an
intrinsically disordered region of the tumor suppressor protein interferon regulatory
factor-1. The Journal of Biological Chemistry, 286(16), 14291-14303.
do0i:10.1074/jbc.M110.204602; 10.1074/jbc.M110.204602

Narayan, V., Pion, E., Landre, V., Muller, P., & Ball, K. L. (2011). Docking-dependent
ubiquitination of the interferon regulatory factor-1 tumor suppressor protein by the

ubiquitin ligase CHIP. The Journal of Biological Chemistry, 286(1), 607-619.
doi:10.1074/jbc.M110.153122; 10.1074/jbc.M110.153122

Neise, D., Sohn, D., Stefanski, A., Goto, H., Inagaki, M., Wesselborg, S., Budach, W.,
Stuhler, K., & Janicke, R. U. (2013). The p90 ribosomal S6 kinase (RSK) inhibitor
BI-D1870 prevents gamma irradiation-induced apoptosis and mediates senescence
via RSK- and p53-independent accumulation of p21WAF1/CIP1. Cell Death &

Disease, 4, €859. doi:10.1038/cddis.2013.386; 10.1038/cddis.2013.386

158



NEWMAN, W., & SOUTHAM, C. M. (1954). Virus treatment in advanced cancer; a
pathological study of fifty-seven cases. Cancer, 7(1), 106-118.

Nguyen, T. L., Abdelbary, H., Arguello, M., Breitbach, C., Leveille, S., Diallo, J. S.,
Yasmeen, A., Bismar, T. A., Kirn, D., Falls, T., Snoulten, V. E., Vanderhyden, B.
C., Werier, J., Atkins, H., Vaha-Koskela, M. J., Stojdl, D. F., Bell, J. C., & Hiscott,
J. (2008). Chemical targeting of the innate antiviral response by histone deacetylase
inhibitors renders refractory cancers sensitive to viral oncolysis. Proceedings of the
National Academy of Sciences of the United States of America, 105(39), 14981-
14986. doi:10.1073/pnas.0803988105; 10.1073/pnas.0803988105

Ning, S., Campos, A. D., Darnay, B. G., Bentz, G. L., & Pagano, J. S. (2008). TRAF6 and
the three C-terminal lysine sites on IRF7 are required for its ubiquitination-
mediated activation by the tumor necrosis factor receptor family member latent
membrane protein 1. Molecular and Cellular Biology, 28(20), 6536-6546.
doi:10.1128/MCB.00785-08; 10.1128/MCB.00785-08

Norman, K. L., & Lee, P. W. (2005). Not all viruses are bad guys: The case for reovirus
in cancer therapy. Drug Discovery Today, 10(12), 847-855. doi:10.1016/S1359-
6446(05)03483-5

Noser, J. A., Mael, A. A., Sakuma, R., Ohmine, S., Marcato, P., Lee, P. W., & Ikeda, Y.
(2007). The RAS/Rafl/MEK/ERK signaling pathway facilitates VSV-mediated
oncolysis: Implication for the defective interferon response in cancer cells.
Molecular Therapy : The Journal of the American Society of Gene Therapy, 15(8),

1531-1536. doi:10.1038/sj.mt.6300193

159



Nozawa, H., Oda, E., Ueda, S., Tamura, G., Maesawa, C., Muto, T., Taniguchi, T., &
Tanaka, N. (1998). Functionally inactivating point mutation in the tumor-
suppressor IRF-1 gene identified in human gastric cancer. International Journal of
Cancer.Journal International Du Cancer, 77(4), 522-527.

Ogasawara, K., Hida, S., Azimi, N., Tagaya, Y., Sato, T., Yokochi-Fukuda, T.,
Waldmann, T. A., Taniguchi, T., & Taki, S. (1998). Requirement for IRF-1 in the
microenvironment supporting development of natural killer cells. Nature,
391(6668), 700-703. doi:10.1038/35636

Ogasawara, S., Tamura, G., Maesawa, C., Suzuki, Y., Ishida, K., Satoh, N., Uesugi, N.,
Saito, K., & Satodate, R. (1996). Common deleted region on the long arm of
chromosome 5 in esophageal carcinoma. Gastroenterology, 110(1), 52-57.

Olsen, P. H., & Ambros, V. (1999). The lin-4 regulatory RNA controls developmental
timing in caenorhabditis elegans by blocking LIN-14 protein synthesis after the
initiation of translation. Developmental Biology, 216(2), 671-680. doi:S0012-
1606(99)99523-4 [pii]

Orom, U. A., Nielsen, F. C., & Lund, A. H. (2008). MicroRNA-10a binds the 5S'UTR of
ribosomal protein mRNAs and enhances their translation. Molecular Cell, 30(4),
460-471. doi:10.1016/j.molcel.2008.05.001; 10.1016/j.molcel.2008.05.001

Ota, T., Doi, K., Fujimoto, T., Tanaka, Y., Ogawa, M., Matsuzaki, H., Kuroki, M.,
Miyamoto, S., Shirasawa, S., & Tsunoda, T. (2012). KRAS up-regulates the
expression of miR-181a, miR-200c and miR-210 in a three-dimensional-specific

manner in DLD-1 colorectal cancer cells. Anticancer Research, 32(6), 2271-2275.

160



Ozato, K., Tailor, P., & Kubota, T. (2007). The interferon regulatory factor family in host
defense: Mechanism of action. The Journal of Biological Chemistry, 282(28),
20065-20069. doi:R700003200 [pii]

Paludan, S. R., & Bowie, A. G. (2013). Immune sensing of DNA. Immunity, 38(5), 870-
880. doi:10.1016/j.immuni.2013.05.004; 10.1016/j.immuni.2013.05.004

Park, J., Kim, K., Lee, E. J., Seo, Y. J., Lim, S. N, Park, K., Rho, S. B., Lee, S. H., &
Lee, J. H. (2007). Elevated level of SUMOylated IRF-1 in tumor cells interferes
with IRF-1-mediated apoptosis. Proceedings of the National Academy of Sciences
of the United States of America, 104(43), 17028-17033.
doi:10.1073/pnas.0609852104

Park, S. M., Chae, M., Kim, B. K., Seo, T., Jang, . S., Choi, J. S., Kim, L. C., Lee, J. H.,,
& Park, J. (2010). SUMOylated IRF-1 shows oncogenic potential by mimicking

IRF-2. Biochemical and Biophysical Research Communications, 391(1), 926-930.
do0i:10.1016/j.bbrc.2009.11.166; 10.1016/1.bbrc.2009.11.166

Phillips, A., & Blaydes, J. P. (2008). MNK 1 and EIF4E are downstream effectors of
MEKSs in the regulation of the nuclear export of HDM2 mRNA. Oncogene, 27(11),
1645-1649. doi:10.1038/sj.onc.1210785

Pichlmair, A., Schulz, O., Tan, C. P., Naslund, T. I, Liljestrom, P., Weber, F., & Reis e
Sousa, C. (2006). RIG-I-mediated antiviral responses to single-stranded RNA
bearing 5'-phosphates. Science (New York, N.Y.), 314(5801), 997-1001.

doi:10.1126/science.1132998

161



Pine, R. (1992). Constitutive expression of an ISGF2/IRF1 transgene leads to interferon-
independent activation of interferon-inducible genes and resistance to virus
infection. Journal of Virology, 66(7), 4470-4478.

Pion, E., Narayan, V., Eckert, M., & Ball, K. L. (2009). Role of the IRF-1 enhancer
domain in signalling polyubiquitination and degradation. Cellular Signalling,
21(10), 1479-1487. doi:10.1016/j.cellsig.2009.05.004;
10.1016/j.cellsig.2009.05.004

Planz, O., Pleschka, S., & Ludwig, S. (2001). MEK-specific inhibitor U0126 blocks
spread of borna disease virus in cultured cells. Journal of Virology, 75(10), 4871-
4877. doi:10.1128/JV1.75.10.4871-4877.2001 [doi]

Puhlmann, J., Puehler, F., Mumberg, D., Boukamp, P., & Beier, R. (2010). Racl is
required for oncolytic NDV replication in human cancer cells and establishes a link
between tumorigenesis and sensitivity to oncolytic virus. Oncogene, 29(15), 2205-
2216. doi:10.1038/0nc.2009.507; 10.1038/0nc.2009.507

Qi, H., Zhu, H., Lou, M., Fan, Y., Liu, H., Shen, J., Li, Z., Lv, X., Shan, J., Zhu, L., Chin,
Y. E., & Shao, J. (2012). Interferon regulatory factor 1 transactivates expression of
human DNA polymerase eta in response to carcinogen N-methyl-N'-nitro-N-
nitrosoguanidine. The Journal of Biological Chemistry, 287(16), 12622-12633.
doi:10.1074/jbc.M111.313429; 10.1074/jbc.M111.313429

Qiu, W., Zhou, J., Zhu, G., Zhao, D., He, F., Zhang, J., Lu, Y., Yu, T., Liu, L., & Wang,
Y. (2014). Sublytic C5b-9 triggers glomerular mesangial cell apoptosis via XAF1
gene activation mediated by p300-dependent IRF-1 acetylation. Cell Death &

Disease, 5, €1176. doi:10.1038/cddis.2014.153; 10.1038/cddis.2014.153

162



Qureshi, Y. A., Karp, C. L., & Dubovy, S. R. (2009). Intralesional interferon alpha-2b
therapy for adnexal kaposi sarcoma. Cornea, 28(8), 941-943.
doi:10.1097/1CO.0b013e3181967338 [doi]

Rajasekhar, V. K., Viale, A., Socci, N. D., Wiedmann, M., Hu, X., & Holland, E. C.
(2003). Oncogenic ras and akt signaling contribute to glioblastoma formation by
differential recruitment of existing mRNAs to polysomes. Molecular Cell, 12(4),
889-901.

Randall, R. E., & Goodbourn, S. (2008). Interferons and viruses: An interplay between
induction, signalling, antiviral responses and virus countermeasures. The Journal of
General Virology, 89(Pt 1), 1-47. doi:10.1099/vir.0.83391-0

Reis, L. F., Harada, H., Wolchok, J. D., Taniguchi, T., & Vilcek, J. (1992). Critical role
of a common transcription factor, IRF-1, in the regulation of IFN-beta and IFN-
inducible genes. The EMBO Journal, 11(1), 185-193.

Rhoades, M. W., Reinhart, B. J., Lim, L. P., Burge, C. B., Bartel, B., & Bartel, D. P.
(2002). Prediction of plant microRNA targets. Cell, 110(4), 513-520.
doi:50092867402008632 [pii]

Rocks, O., Peyker, A., & Bastiaens, P. I. (2006). Spatio-temporal segregation of ras
signals: One ship, three anchors, many harbors. Current Opinion in Cell Biology,
18(4),351-357. doi:10.1016/j.ceb.2006.06.007

Roux, P. P., & Blenis, J. (2004). ERK and p38 MAPK-activated protein kinases: A family
of protein kinases with diverse biological functions. Microbiology and Molecular
Biology Reviews : MMBR, 68(2), 320-344. doi:10.1128/MMBR.68.2.320-344.2004

[doi]

163



Roux, P. P., Shahbazian, D., Vu, H., Holz, M. K., Cohen, M. S., Taunton, J., Sonenberg,
N., & Blenis, J. (2007). RAS/ERK signaling promotes site-specific ribosomal
protein S6 phosphorylation via RSK and stimulates cap-dependent translation. 7he
Journal of Biological Chemistry, 282(19), 14056-14064. doi:M700906200 [pii]

Rudick, R. A., & Cutter, G. (2007). Interferon-beta for multiple sclerosis: Long-term
benefits? Annals of Neurology, 61(4), 283-285. doi:10.1002/ana.21119 [doi]

Ruiz-Ruiz, C., Ruiz de Almodovar, C., Rodriguez, A., Ortiz-Ferron, G., Redondo, J. M.,
& Lopez-Rivas, A. (2004). The up-regulation of human caspase-8 by interferon-
gamma in breast tumor cells requires the induction and action of the transcription
factor interferon regulatory factor-1. The Journal of Biological Chemistry, 279(19),
19712-19720. doi:10.1074/jbc.M313023200

Russell, S. J., Peng, K. W., & Bell, J. C. (2012). Oncolytic virotherapy. Nature
Biotechnology, 30(7), 658-670. doi:10.1038/nbt.2287; 10.1038/nbt.2287

Sanceau, J., Hiscott, J., Delattre, O., & Wietzerbin, J. (2000). IFN-beta induces serine
phosphorylation of stat-1 in ewing's sarcoma cells and mediates apoptosis via
induction of IRF-1 and activation of caspase-7. Oncogene, 19(30), 3372-3383.
doi:10.1038/sj.0nc.1203670

Santarpia, L., Lippman, S. M., & El-Naggar, A. K. (2012). Targeting the MAPK-RAS-
RAF signaling pathway in cancer therapy. Expert Opinion on Therapeutic Targets,
16(1), 103-119. doi:10.1517/14728222.2011.645805;
10.1517/14728222.2011.645805

Sapkota, G. P., Cummings, L., Newell, F. S., Armstrong, C., Bain, J., Frodin, M.,

Grauert, M., Hoffmann, M., Schnapp, G., Steegmaier, M., Cohen, P., & Alessi, D.

164



R. (2007). BI-D1870 is a specific inhibitor of the p90 RSK (ribosomal S6 kinase)
isoforms in vitro and in vivo. The Biochemical Journal, 401(1), 29-38.
doi:10.1042/BJ20061088

Schaper, F., Kirchhoff, S., Posern, G., Koster, M., Oumard, A., Sharf, R., Levi, B. Z., &
Hauser, H. (1998). Functional domains of interferon regulatory factor I (IRF-1).

The Biochemical Journal, 335 ( Pt 1)(Pt 1), 147-157.

Scheper, G. C., & Proud, C. G. (2002). Does phosphorylation of the cap-binding protein
elF4E play a role in translation initiation? European Journal of Biochemistry /
FEBS, 269(22), 5350-5359.

Schneider, W. M., Chevillotte, M. D., & Rice, C. M. (2014). Interferon-stimulated genes:
A complex web of host defenses. Annual Review of Immunology, 32, 513-545.
doi:10.1146/annurev-immunol-032713-120231; 10.1146/annurev-immunol-
032713-120231

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH image to ImagelJ: 25
years of image analysis. Nature Methods, 9(7), 671-675.

Schoggins, J. W., & Rice, C. M. (2011). Interferon-stimulated genes and their antiviral
effector functions. Current Opinion in Virology, 1(6), 519-525.
doi:10.1016/j.coviro.2011.10.008 [doi]

Schoggins, J. W., Wilson, S. J., Panis, M., Murphy, M. Y., Jones, C. T., Bieniasz, P., &
Rice, C. M. (2011). A diverse range of gene products are effectors of the type I
interferon antiviral response. Nature, 472(7344), 481-485.

doi:10.1038/nature09907 [doi]

165



Serra, V., Eichhorn, P. J., Garcia-Garcia, C., Ibrahim, Y. H., Prudkin, L., Sanchez, G.,
Rodriguez, O., Anton, P., Parra, J. L., Marlow, S., Scaltriti, M., Perez-Garcia, J.,
Prat, A., Arribas, J., Hahn, W. C., Kim, S. Y., & Baselga, J. (2013). RSK3/4
mediate resistance to PI3K pathway inhibitors in breast cancer. The Journal of
Clinical Investigation, 123(6), 2551-2563. doi:10.1172/JC166343;
10.1172/JC166343

Sgarbanti, M., Marsili, G., Remoli, A. L., Stellacci, E., Mai, A., Rotili, D., Perrotti, E.,
Acchioni, C., Orsatti, R., Iraci, N., Ferrari, M., Borsetti, A., Hiscott, J., & Battistini,
A. (2014). IkappaB kinase epsilon targets interferon regulatory factor 1 in activated
T lymphocytes. Molecular and Cellular Biology, 34(6), 1054-1065.
doi:10.1128/MCB.01161-13; 10.1128/MCB.01161-13

Shahbazian, D., Roux, P. P., Mieulet, V., Cohen, M. S., Raught, B., Taunton, J., Hershey,
J. W., Blenis, J., Pende, M., & Sonenberg, N. (2006). The mTOR/PI3K and MAPK
pathways converge on elF4B to control its phosphorylation and activity. The
EMBO Journal, 25(12), 2781-2791. doi: 7601166 [pii]

Sharf, R., Meraro, D., Azriel, A., Thornton, A. M., Ozato, K., Petricoin, E. F., Larner, A.
C., Schaper, F., Hauser, H., & Levi, B. Z. (1997). Phosphorylation events modulate
the ability of interferon consensus sequence binding protein to interact with
interferon regulatory factors and to bind DNA. The Journal of Biological
Chemistry, 272(15), 9785-9792.

Sheppard, P., Kindsvogel, W., Xu, W., Henderson, K., Schlutsmeyer, S., Whitmore, T.
E., Kuestner, R., Garrigues, U., Birks, C., Roraback, J., Ostrander, C., Dong, D.,

Shin, J., Presnell, S., Fox, B., Haldeman, B., Cooper, E., Taft, D., Gilbert, T.,

166



Grant, F. J., Tackett, M., Krivan, W., McKnight, G., Clegg, C., Foster, D., &
Klucher, K. M. (2003). IL-28, IL-29 and their class II cytokine receptor IL-28R.
Nature Immunology, 4(1), 63-68. doi:10.1038/ni873

Shi, F. D., & Van Kaer, L. (2006). Reciprocal regulation between natural killer cells and
autoreactive T cells. Nature Reviews.Immunology, 6(10), 751-760. doi:nri1935 [pii]

Shuai, K., & Liu, B. (2005). Regulation of gene-activation pathways by PIAS proteins in
the immune system. Nature Reviews.Immunology, 5(8), 593-605.
doi:10.1038/nri1667

Shultz, D. B., Rani, M. R., Fuller, J. D., Ransohoff, R. M., & Stark, G. R. (2009). Roles
of IKK-beta, IRF1, and p65 in the activation of chemokine genes by interferon-
gamma. Journal of Interferon & Cytokine Research : The Olfficial Journal of the
International Society for Interferon and Cytokine Research, 29(12), 817-824.
doi:10.1089/}ir.2009.0034; 10.1089/4ir.2009.0034

Soloaga, A., Thomson, S., Wiggin, G. R., Rampersaud, N., Dyson, M. H., Hazzalin, C.
A., Mahadevan, L. C., & Arthur, J. S. (2003). MSK2 and MSK 1 mediate the
mitogen- and stress-induced phosphorylation of histone H3 and HMG-14. The
EMBO Journal, 22(11), 2788-2797. doi:10.1093/emboj/cdg273

SOUTHAM, C. M., & MOORE, A. E. (1951). West nile, ilheus, and bunyamwera virus
infections in man. The American Journal of Tropical Medicine and Hygiene, 31(6),
724-741.

SOUTHAM, C. M., & MOORE, A. E. (1952). Clinical studies of viruses as
antineoplastic agents with particular reference to egypt 101 virus. Cancer, 5(5),

1025-1034.

167



Steel, J. C., Waldmann, T. A., & Mortris, J. C. (2012). Interleukin-15 biology and its
therapeutic implications in cancer. Trends in Pharmacological Sciences, 33(1), 35-
41. doi:10.1016/j.tips.2011.09.004; 10.1016/].tips.2011.09.004

Stirnweiss, A., Ksienzyk, A., Klages, K., Rand, U., Grashoff, M., Hauser, H., & Kroger,
A. (2010). IFN regulatory factor-1 bypasses IFN-mediated antiviral effects through
viperin gene induction. Journal of Immunology (Baltimore, Md.: 1950), 184(9),
5179-5185. do0i:10.4049/jimmunol.0902264 [doi]

Stojdl, D. F., Lichty, B., Knowles, S., Marius, R., Atkins, H., Sonenberg, N., & Bell, J. C.
(2000). Exploiting tumor-specific defects in the interferon pathway with a
previously unknown oncolytic virus. Nature Medicine, 6(7), 821-825.
doi:10.1038/77558

Stojdl, D. F., Lichty, B. D., tenOever, B. R., Paterson, J. M., Power, A. T., Knowles, S.,
Marius, R., Reynard, J., Poliquin, L., Atkins, H., Brown, E. G., Durbin, R. K.,
Durbin, J. E., Hiscott, J., & Bell, J. C. (2003). VSV strains with defects in their
ability to shutdown innate immunity are potent systemic anti-cancer agents. Cancer
Cell, 4(4), 263-275.

Strong, J. E., Coffey, M. C., Tang, D., Sabinin, P., & Lee, P. W. (1998). The molecular
basis of viral oncolysis: Usurpation of the ras signaling pathway by reovirus. The
EMBO Journal, 17(12), 3351-3362. doi:10.1093/emboj/17.12.3351

Strong, J. E., & Lee, P. W. (1996). The v-erbB oncogene confers enhanced cellular

susceptibility to reovirus infection. Journal of Virology, 70(1), 612-616.

168



Strong, J. E., Tang, D., & Lee, P. W. (1993). Evidence that the epidermal growth factor
receptor on host cells confers reovirus infection efficiency. Virology, 197(1), 405-
411. doi:S0042-6822(83)71602-8 [pii]

Strudwick, S., & Borden, K. L. (2002). The emerging roles of translation factor eIF4E in
the nucleus. Differentiation; Research in Biological Diversity, 70(1), 10-22.
doi:S0301-4681(09)60377-7 [pii]

Sun, L., Wu, J., Du, F., Chen, X., & Chen, Z. J. (2013). Cyclic GMP-AMP synthase is a
cytosolic DNA sensor that activates the type I interferon pathway. Science (New
York, N.Y.), 339(6121), 786-791. doi:10.1126/science.1232458;
10.1126/science.1232458

Sun, W. H., Pabon, C., Alsayed, Y., Huang, P. P., Jandeska, S., Uddin, S., Platanias, L.
C., & Rosen, S. T. (1998). Interferon-alpha resistance in a cutaneous T-cell
lymphoma cell line is associated with lack of STAT1 expression. Blood, 91(2),
570-576.

Sutejo, R., Yeo, D. S., Myaing, M. Z., Hui, C., Xia, J., Ko, D., Cheung, P. C., Tan, B. H.,
& Sugrue, R. J. (2012). Activation of type I and III interferon signalling pathways
occurs in lung epithelial cells infected with low pathogenic avian influenza viruses.
PloS One, 7(3), €33732. doi:10.1371/journal.pone.0033732;
10.1371/journal.pone.0033732

Sutherland, C., Leighton, I. A., & Cohen, P. (1993). Inactivation of glycogen synthase
kinase-3 beta by phosphorylation: New kinase connections in insulin and growth-

factor signalling. The Biochemical Journal, 296 ( Pt 1)(Pt 1), 15-19.

169



Tamura, G., Ogasawara, S., Nishizuka, S., Sakata, K., Maesawa, C., Suzuki, Y.,
Terashima, M., Saito, K., & Satodate, R. (1996). Two distinct regions of deletion
on the long arm of chromosome 5 in differentiated adenocarcinomas of the
stomach. Cancer Research, 56(3), 612-615.

Tamura, T., Ishihara, M., Lamphier, M. S., Tanaka, N., Oishi, 1., Aizawa, S., Matsuyama,
T., Mak, T. W., Taki, S., & Taniguchi, T. (1995). An IRF-1-dependent pathway of
DNA damage-induced apoptosis in mitogen-activated T lymphocytes. Nature,
376(6541), 596-599. doi:10.1038/376596a0

Tanaka, N., Ishihara, M., Kitagawa, M., Harada, H., Kimura, T., Matsuyama, T.,
Lamphier, M. S., Aizawa, S., Mak, T. W., & Taniguchi, T. (1994). Cellular
commitment to oncogene-induced transformation or apoptosis is dependent on the

transcription factor IRF-1. Cell, 77(6), 829-839.

Tanaka, N., Ishihara, M., Lamphier, M. S., Nozawa, H., Matsuyama, T., Mak, T. W_,
Aizawa, S., Tokino, T., Oren, M., & Taniguchi, T. (1996). Cooperation of the
tumour suppressors IRF-1 and p53 in response to DNA damage. Nature,
382(6594), 816-818. doi:10.1038/382816a0

Tanaka, N., Ishihara, M., & Taniguchi, T. (1994). Suppression of c-myc or fosB-induced
cell transformation by the transcription factor IRF-1. Cancer Letters, 83(1-2), 191-
196.

Taniguchi, T., Ogasawara, K., Takaoka, A., & Tanaka, N. (2001). IRF family of
transcription factors as regulators of host defense. Annual Review of Immunology,

19, 623-655. doi:10.1146/annurev.immunol.19.1.623

170



Tatham, M. H., Rodriguez, M. S., Xirodimas, D. P., & Hay, R. T. (2009). Detection of
protein SUMOylation in vivo. Nature Protocols, 4(9), 1363-1371.
doi:10.1038/nprot.2009.128 [doi]

Thakur, A., Sun, Y., Bollig, A., Wu, J., Biliran, H., Banerjee, S., Sarkar, F. H., & Liao, D.
J. (2008). Anti-invasive and antimetastatic activities of ribosomal protein S6 kinase
4 in breast cancer cells. Clinical Cancer Research : An Olfficial Journal of the
American Association for Cancer Research, 14(14), 4427-4436. doi:10.1158/1078-
0432.CCR-08-0458; 10.1158/1078-0432.CCR-08-0458

Tomas-Zuber, M., Mary, J. L., Lamour, F., Bur, D., & Lesslauer, W. (2001). C-terminal
elements control location, activation threshold, and p38 docking of ribosomal S6
kinase B (RSKB). The Journal of Biological Chemistry, 276(8), 5892-5899.
doi:10.1074/jbc.M005822200 [doi]

Tomas-Zuber, M., Mary, J. L., & Lesslauer, W. (2000). Control sites of ribosomal S6
kinase B and persistent activation through tumor necrosis factor. The Journal of
Biological Chemistry, 275(31), 23549-23558. doi:10.1074/jbc.M002586200 [doi]

Tomita, Y., Bilim, V., Hara, N., Kasahara, T., & Takahashi, K. (2003). Role of IRF-1 and
caspase-7 in [IFN-gamma enhancement of fas-mediated apoptosis in ACHN renal
cell carcinoma cells. International Journal of Cancer.Journal International Du
Cancer, 104(4), 400-408. doi:10.1002/ijc.10956

Trapp, B. D., Bo, L., Mork, S., & Chang, A. (1999). Pathogenesis of tissue injury in MS

lesions. Journal of Neuroimmunology, 98(1), 49-56. doi:S0165-5728(99)00081-8

[pii]

171



Tsunoda, T., Takashima, Y., Yoshida, Y., Doi, K., Tanaka, Y., Fujimoto, T., Machida, T.,
Ota, T., Koyanagi, M., Kuroki, M., Sasazuki, T., & Shirasawa, S. (2011).
Oncogenic KRAS regulates miR-200c and miR-221/222 in a 3D-specific manner in
colorectal cancer cells. Anticancer Research, 31(7), 2453-2459.

Tzoanopoulos, D., Speletas, M., Arvanitidis, K., Veiopoulou, C., Kyriaki, S.,
Thyphronitis, G., Sideras, P., Kartalis, G., & Ritis, K. (2002). Low expression of
interferon regulatory factor-1 and identification of novel exons skipping in patients
with chronic myeloid leukaemia. British Journal of Haematology, 119(1), 46-53.

van Boxel-Dezaire, A. H., Rani, M. R., & Stark, G. R. (2006). Complex modulation of
cell type-specific signaling in response to type I interferons. Immunity, 25(3), 361-
372. doi:10.1016/j.immuni.2006.08.014

Varghese, S., & Rabkin, S. D. (2002). Oncolytic herpes simplex virus vectors for cancer
virotherapy. Cancer Gene Therapy, 9(12), 967-978. doi:10.1038/sj.cgt. 7700537
[doi]

Vasudevan, S., Tong, Y., & Steitz, J. A. (2007). Switching from repression to activation:
microRNAs can up-regulate translation. Science (New York, N.Y.), 318(5858),
1931-1934. doi:10.1126/science. 1149460

Vermeulen, L., De Wilde, G., Van Damme, P., Vanden Berghe, W., & Haegeman, G.
(2003). Transcriptional activation of the NF-kappaB p65 subunit by mitogen- and
stress-activated protein kinase-1 (MSK1). The EMBO Journal, 22(6), 1313-1324.
doi:10.1093/emboj/cdg139 [doi]

Vermeulen, L., Vanden Berghe, W., Beck, I. M., De Bosscher, K., & Haegeman, G.

(2009). The versatile role of MSKs in transcriptional regulation. Trends in

172



Biochemical Sciences, 34(6), 311-318. doi:10.1016/;.tibs.2009.02.007;
10.1016/j.tibs.2009.02.007

VIRUSES in treatment of cancer. (1957). British Medical Journal, 2(5059), 1481-1482.

Wang, B. X., Rahbar, R., & Fish, E. N. (2011). Interferon: Current status and future
prospects in cancer therapy. Journal of Interferon & Cytokine Research : The
Official Journal of the International Society for Interferon and Cytokine Research,
31(7), 545-552. doi:10.1089/jir.2010.0158; 10.1089/jir.2010.0158

Wang, X., Li, W., Williams, M., Terada, N., Alessi, D. R., & Proud, C. G. (2001).
Regulation of elongation factor 2 kinase by p90(RSK1) and p70 S6 kinase. The
EMBO Journal, 20(16), 4370-4379. doi:10.1093/emboj/20.16.4370 [doi]

Waskiewicz, A. J., Flynn, A., Proud, C. G., & Cooper, J. A. (1997). Mitogen-activated
protein kinases activate the serine/threonine kinases Mnk1 and Mnk2. The EMBO
Journal, 16(8), 1909-1920. doi:10.1093/emboj/16.8.1909

Watanabe, N., Sakakibara, J., Hovanessian, A. G., Taniguchi, T., & Fujita, T. (1991).
Activation of IFN-beta element by IRF-1 requires a posttranslational event in
addition to IRF-1 synthesis. Nucleic Acids Research, 19(16), 4421-4428.

Weinberg, R. A. (1989). Oncogenes, antioncogenes, and the molecular bases of multistep
carcinogenesis. Cancer Research, 49(14),3713-3721.

White, L. C., Wright, K. L., Felix, N. J., Ruffner, H., Reis, L. F., Pine, R., & Ting, J. P.
(1996). Regulation of LMP2 and TAP1 genes by IRF-1 explains the paucity of
CD8+ T cells in IRF-1-/- mice. Immunity, 5(4), 365-376.

Wiggin, G. R., Soloaga, A., Foster, J. M., Murray-Tait, V., Cohen, P., & Arthur, J. S.

(2002). MSK1 and MSK2 are required for the mitogen- and stress-induced

173



phosphorylation of CREB and ATF1 in fibroblasts. Molecular and Cellular
Biology, 22(8), 2871-2881.

Wilkie, G. S., Dickson, K. S., & Gray, N. K. (2003). Regulation of mRNA translation by
5'- and 3'-UTR-binding factors. Trends in Biochemical Sciences, 28(4), 182-188.
doi:10.1016/S0968-0004(03)00051-3

Willman, C. L., Sever, C. E., Pallavicini, M. G., Harada, H., Tanaka, N., Slovak, M. L.,
Yamamoto, H., Harada, K., Meeker, T. C., & List, A. F. (1993). Deletion of IRF-1,
mapping to chromosome 5g31.1, in human leukemia and preleukemic
myelodysplasia. Science (New York, N.Y.), 259(5097), 968-971.

Wimmer, P., Schreiner, S., & Dobner, T. (2012). Human pathogens and the host cell
SUMOylation system. Journal of Virology, 86(2), 642-654.
doi:10.1128/JV1.06227-11 [doi]

Xu, D., & Qu, C. K. (2008). Protein tyrosine phosphatases in the JAK/STAT pathway.
Frontiers in Bioscience : A Journal and Virtual Library, 13,4925-4932. doi:3051
[pii]

Yarilina, A., Park-Min, K. H., Antoniv, T., Hu, X., & Ivashkiv, L. B. (2008). TNF
activates an IRF1-dependent autocrine loop leading to sustained expression of
chemokines and STAT1-dependent type I interferon-response genes. Nature
Immunology, 9(4), 378-387. doi:10.1038/ni1576; 10.1038/ni1576

Yohn, D. S., Hammon, W. M., Atchison, R. W., & Casto, B. C. (1968). Oncolytic
potentials of nonhuman viruses for human cancer. II. effects of five viruses on
heterotransplantable human tumors. Journal of the National Cancer Institute, 41(2),

523-529.

174



Yoneyama, M., Kikuchi, M., Natsukawa, T., Shinobu, N., Imaizumi, T., Miyagishi, M.,
Taira, K., Akira, S., & Fujita, T. (2004). The RNA helicase RIG-I has an essential
function in double-stranded RNA-induced innate antiviral responses. Nature
Immunology, 5(7), 730-737. doi:10.1038/ni11087

Yoon, S., & Seger, R. (2006). The extracellular signal-regulated kinase: Multiple
substrates regulate diverse cellular functions. Growth Factors (Chur, Switzerland),
24(1), 21-44. doi:10.1080/02699050500284218

Yoshimura, A., Naka, T., & Kubo, M. (2007). SOCS proteins, cytokine signalling and
immune regulation. Nature Reviews.Immunology, 7(6), 454-465.
doi:10.1038/nri2093

Zeng, W., Xu, M., Liu, S., Sun, L., & Chen, Z. J. (2009). Key role of Ubc5 and lysine-63
polyubiquitination in viral activation of IRF3. Molecular Cell, 36(2), 315-325.
doi:10.1016/j.molcel.2009.09.037; 10.1016/j.molcel.2009.09.037

Zeuzem, S., Feinman, S. V., Rasenack, J., Heathcote, E. J., Lai, M. Y., Gane, E.,
O'Grady, J., Reichen, J., Diago, M., Lin, A., Hoffman, J., & Brunda, M. J. (2000).
Peginterferon alfa-2a in patients with chronic hepatitis C. The New England
Journal of Medicine, 343(23), 1666-1672. doi:10.1056/NEJM200012073432301
[doi]

Zheng, H., Qian, J., Varghese, B., Baker, D. P., & Fuchs, S. (2011). Ligand-stimulated
downregulation of the alpha interferon receptor: Role of protein kinase D2.

Molecular and Cellular Biology, 31(4), 710-720. doi:10.1128/MCB.01154-10 [doi]

175



APPENDICES

176



Figure 1. IRF1 mRNA sequence and the position of untranslated regions (UTR). The 5’-
and the 3’-UTR sequence of IRF1 were determined from the NIBI database and are

highlighted in yellow. Coding sequences are highlighted in green.

(9]

’---1 ccgetgeggg gectettggt ageccagagt ggeegtegeg cgeacccgeg ageagegecg
61 ggggactcgg atgtccgect gegegeactt ttggeggteg cagettgget cccagcetcett
121 getttcggac gegeagtgtt cggtgeagag gttggctcge tgecttgact ggetggaceg

181 ggtcgtgaac tactgggctt tcgggaggag gtgccacage cacc_
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1201 cttgtgeacce atagtttggg tctctgacce gttettgeee tectgagtga gttaggectt
1261 ggcatcatgg tggctgtgat acaaaaaaag ctagactcct gtgggeccct tgacacatgg
1321 caaagcatag tcccactgeca aacaggggac catcctcctt gggtcagtgg getctcaggg
1381 cttaggaggc agagtctgag ttttcttgtg aggtgaaget ggcectgact cctaggaaga
1441 tggattgggg gotctgaggt gtaaggcaga ggecatggac aggagtcate ttctagettt
1501 ttaaaagcct tgttgcatag agagggtctt atcgetggge tggecctgag gggaatagac
1561 cagcgeccac agaagagceat agecactggece ctagagetgg ctetgtacta ggagacaatt
1621 gcactaaatg agtcctattc ccaaagaact getgeecttc ccaaccgage cetgggatgg
1681 ttcccaagcc agtgaaatgt gaagggaaaa aaaatggggt cetgtgaagg ttggctcect
1741 tagcctcaga gggaatcetge ctcactacct getccagetg tggggetcag gaaaaaaaaa
1801 tggcactttc tetgtggact ttgccacatt tctgatcaga ggtgtacact aacatttete

1861 cccagtctag gectttgceat ttatttatat agtgecttge ctggtgectg ctgtetecte

1921 aggccttgge agtcctcage aggeccaggg aaaagggggg ttgtgagege cttggegtga
1981 ctcttgacta tctattagaa acgccaccta actgctaaat ggtgtttggt catgtggteg
2041 acctgtgtaa atatgtatat ttgtcttttt ataaaaattt aagttgttta caaaaaaaaa

2101 aaaaaa----3°

5’UTR Coding sequence 3’UTR
1 225 1214 2106
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Figure 2. Sequence of the Rig-1 promoter construct. IRF-binding element (IRFE) were
determined using the JASPAR database and highlighted in yellow. Transcription start site
was determined from the NCBI database and highlighted in pink.
CCCACTTGTATTTCTGTAGGGTAGCAACAACTTGAAAATAAGAATTCATGAACAATCCCA
TTTACATTAGTATTAAAGGACATGGAGGAAAGTTAATGTGACGTATAAAAGATTTGTACC
CTTAAAACGGTAAGGTACGGCTGAGAGAAACCAGAGACCTAAATAAATGGAAAGAAATGC
CATGCTCCTGGAGAAGACTGGTCCTCTGACTGCATCTGTGGGCTCAGCGCAGCCCTGATA
AACATCCAGTTGGTAGTTACTTGGTTTTGTTTTTCAATTGACCTGTTGGTATTGGATATG
GAAATGTAAAACCCCCCGGCATGGTTTTACACACTTTATAATGAGAAACAAGTTTGGGGG
ACTCAATACTACCTGATTTCAAGATTTCATTTGCAATCTGCAGTAACCCAGGTGAAGTGG
TTGGTACTGTTATAAATGTCAGGGAGTAGAAACAGTTGGAAGAGAGTCAGAAGCAGATCT
ACACACGTAAAGTCCGTTTTGTCTTTTTCTTTTTCCTGATAAAGGTCCCAAGGCTATCCA
GAAACGGTAGGTTTTCAGCATATGTGAGAGTATACAATCAGAAGTCTGGAAAAAGTTGCT
GTAGTTTTCGTGTTATATCGAAAAGTTAATTTGAAATAACTGTAGAACCAAGAGTAAAAC
TAAACGTATGATCACTCTAAAAGAAGCGTTGGATAACTTCCAGAGCTGGTGTGCTGGGTA
CTTTTAGGTCAATTTGACACAAGCTGAATTCATCATAGAGGAGGGGCCTTCAATTAAGGA
AATCATAAGACTGGCCTGTAGGGCTTTTGTTGTTGTTGTTGTTGTTTTGCTTTTTTTTGT
TGTTGTTGTTTTGTTTTTTTGAGACAGGGTTTCTCTGTATAGCCCTGGCTGTCCTGGAAC
TCACTATGTAGACCAAACTGGCCTCGAACTCAGAAATCCGCCTGCCTCTGGAGTGCTGGG
ATTAAAGGCGTGTGCCACCACACCCGGCTAGGGCATTTTCTTTAAATTTTTTTTTTCACT
TTTTTTTTTAACGTATTCACTTTACATCCCACTCACTGTCCCCTCCCAGTCACTTCATGC
CCCCTCCCCTACTCAGTCACTTCATGCCCCCTCCCCTACTCTGAGCGGTTGGAGGCCCCT

TTGGGTATCAAACAAACACACACACACACACACACACACACACACACACACACACACACA
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CACACACACTGGCATATCAAGTCTCTGTTAGGCTAGGCGCATCCTCTCCCACTGAGGTCA
GACAAGACTGCCCAGCTAGAAGAACATATCCCACGGACAGGCAACAGCTTTTGGGACAGC
CACGCTCCAGTTGTTTGGGACTCATAAAAGACTAAACTCACACCTGCTACAAAAGTGCAG
GGAGGCCTAGGTCCAGCCTGTGTGTGCTCTTTGCTTAGTGGTGTCTCTGAGAGCCCTAAG
GATCAAAGTTTGTTGACTCTGTTGGTCTTCCTGTGGAGTTCCTATCCCCTTCGTCCCCCT
CCCCACCCTGCAATCTTTCCCTCAACTCTTCTTTAGGCCTGGTGGTGGTGGTGTGGTGGC
ATGGAGGAGGTGGTGGAGGGGGTGGGGGTCTTTAATCCCGGTTCTTGTGAGACCGAAGCA
GGGACGATTTCGGAGCTCTGTGAGTTTGAGGCCAGCCTGGTCTATAGATCTAGTTCCAGG
ACAGTCAGAGCTACATAGAGAAACCCTGCCCCGAGGGGGGGGGGGCGCGGGGAATGGTTA
AAGATTATTGCAGGACCCAGCTGATCTGTGGAAGAGGTAACGGGTGTTTATGTTTTTCGA
AACTCATTGAACAATGCACTTCAATTGTGCGCACTTTAGAAATATAAAGCCACCACGCGA
AAAGCTGCGCCCCAACTTAAAGGCAATTTCCAAGGTACTTCTGGGTCCTTGCGGTTCAGT
GGCTGTCTAGGTTCAGAAACGAAACTGGATCCCCGCCCCGLCLCLCLeeeaLeececeeececrece

CCAGCGCCCTGAGGCHEETT
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Figure 3. Sequence of the Ifi47 promoter construct. IRFE sites were determined using the
JASPAR database and highlighted in yellow. Transcription start site was determined from
the NCBI database and highlighted in pink.
ACACAGAGCTGGAAAAAAAAGACACCATTTTAATTAACAGGAGCATGTAATC
TGTTCTTCATATCTGATTACATGTGTTAAAATTACGCAGAAACTCCGGGCGTG
GTGGTACATGCCTTTAATCCCAGCACTCGGGAAGCAGAGGCAGGAAGATTTC
TGAGTTCGAGGCCAGCCTGGTCTACAAAGTAAGTTCCAGGACAGCCAGGGCT
ATACAGAGAAACCCTGTCTCAAAAATACAAAACAACAACAACAACAACAAA
AACCAAACCAAAACAAAACAAAACAAAAAATTATGCAGAAACACTGTCAAT
ATAACCCAAACCATCCATGTTCAGAGACAGACTTCACCAAGGACAGAACATG
TCAGCAACAGCTTCTTTTCCCAACATGGCAGCAAATGTCTTTCCTCCATGGTG
ATAAACGTTAAAACCAACAAAACCTGTGAGGGATTATCTCATTGCATCAAAT
GATGTTTTTGGAAAACCTGTCTTCACTTTGTGCCAGACTACGCTCTCATGAGG
GAATCCTGAGGTAGATAAAATGAGAAAGGAAACTAGGAAGACTCCATTACTC
TCTTTCCTGAGTTGTCTTGGTGGCTCTGGATCCTGTGAGACCCCAGGTTCATG
GGTGCCTTGGGGCTGAAATGAGGTTAGTCAGCCACAGTGTTCCTGAGAAGGA
CAAGGAGGCAGACGCATGGCACAGTCCTTCCCGATGGGCAGTGTGTTTCAGT
CATTCACTGGCGTCTTTGGAAAACCCCTCATCTCTTTCATCCTTGTCCCCAGGA
ATCCTTTGGCTTCAGAGAACTCATTCCCCTGATGTCTTGGCCGAGTGACCCTT

CACAGGCCAAGTGGAAATGTCTTCCTGGCCTTGAATCTTCCAGGCTTCTTTCA

TTCTCTGACCAAGTTAAAGTCCTTTTCTTTTTCCTGGAAATGTTTATGCTGCAG

GGGAAACAAAGAAAGAGCTTTAGTTTCACTTTTGTTTCCTGCAAATATATCTT

TCATIEBETTTCTCTCTGCTAGGGCTCATTGCTTCAGACTTTCCTGAAGGAGGGC
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AGACCCGTGCCGTTGGTGGTGGCTGTGCTGTGGGCTGCAGTGAGAAACAGAC

CCGGTATTTTCTACTTCTTGGATCTGG
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Figure 4. Sequence of the Gbp2 promoter construct. IRFE sites were determined using
the JASPAR database and highlighted in yellow. Transcription start site was determined
from the NCBI database and highlighted in pink.
TCAGATTCACTTTCACTTTCAGTAATTTTTCTTCCTCCCTCCTTCCCTCTCTTTG

TCTCCCCCATCTTTCTCCTTCCTTTCTCTCTCCTTGTCCCTCCAAATTCTCACCT

TTTTCGTTCTATTTTTATTCTTTCACAGTACAGAGAAATGATTTTTAAACGATT

CATGTCCACTTCTGAATTGCACAATTGCTTGCTAACTTTGTGTAACACAGTGG

GGCTGGCAACTTCACAAAACAAACACTAATGGACAAAAAAGGACTGAAACA

TAAGAGAATGATTTCAAAACCACACCCTTTTCACCCTACATTTTGAAACACCC

ACAAGAAATGGCACCATTTATCAATCTCTACCTGAGAAGTCCTGAGACCCTCC

TCCCATGAGCAAACCCCTCATTCCTGCAGTGCTGGTTGAGTCATCCCTCCAAC

CCCACCCCAGTTAGGAACTCTTTTAGTTTCACTTTCACTGTCTTAAGCATAAAT
AAAGAGCGAACTCCTCACAAGTTCTCTGGCABBMBATCTGGAACTTCCCGGGT
TACTACAGGGTCTATGTCACAGTGCCTGTGAGAGAGGACAGAGCACTCTGCA

GCCAGCCTCAGAGGCAA
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Table 1. qPCR primers

Gene name | 5’ primer 3’ primer Amplicon | Efficienc
size y (%)

Gapdh ATGTGTCCGTCGTG | TGCCTGCTTCAC | 79 109
GATCTGA CACCTTCTT

Gbp2 AGGTTAACGGAAA | CACAGTCGCGGC | 100 128
ACCCGTCA TCATTAAAG

Ifi47 TGAGCTTCATCCCC | CCAAGCCAAAAT | 93 126
TTCATGA AGCTTCGGT

Ifitl CCTGGATTCCTGAC | TGGCACATGCAC | 121 101
TGTTGTCG AGCAAGAT

ligp2 TGTGGGTAAGGAT | CAAGCAGGTGGA |92 139
AGGATGGA AGGTGAGT

115 CAGCACAGCTCCA | TCATGTGATCCA | 83 100
TGGATTT AGTGGCTCA

Ptx3 ACGGAGGAGCCCA | ACGCACCGAAGT | 108 145
GTATGTT TTTCAGAC

Rig-1 GGCAGACAAAGAG | CGGACATCGTGG | 150 134
GAGGAGA AAGAAGG

Stat2 TTCGGCTTCTTGAC | CTCAACCACGAA | 150 130
TCTGGT GCTGATGA

Xafl GCCTGCGCTTCATA | GGTGCACAACTT | 83 108
GTCCTTT CCATGTGCT

Irfl TCTTGCCCTCCTGA | GGGACTATGCTT | 102 113
GTGAGT TGCCATGT

ChIP Gbp2 | CCCACCCCAGTTAG | TAACCCGGGAAG | 109 107
GAACTC TTCCAGAT

ChIP Ifi47 | TGCAGGGGAAACA | GAAGCAATGAGC | 108 100
AAGAAAG CCTAGCAG
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Table 2. Semiquantitative PCR primers.

Gene S’ primer 3’ primer Annealing Cycles | Amplico

name Temperature n size

Gbp2 GCTGGCAACTT | TGCCAGAGAA | 66 34 295

IRFE CACAAAACA CTTGTGAGGA

Gbp2 TGATTTCCCAG | AGGGTGAAAA | 66 34 337

distal CATTTGACA GGGTGTGGTT

control

Ifi47 CAGGCCAAGTG | CTGAAGCAAT | 66 34 193

IRFE GAAATGTCT GAGCCCTAGC

Ifi47 GGTATTCACAA | TCTCCACAGTC | 61 34 198

distal AGCCCTCCA CCAACATCA

control

Irfl TCTTGCCCTCCT | TCTAGGGCCA | 66 35 363
GAGTGAGT GTGCTATGCT

Gapdh | GGGTGGAGCCA | GGAGTTGCTG | 58-66 28 531
AACGGGTCA TTGAAGTCGC

A

Mnkl | AGGTCTTTAGG | TTTCTGGAGCT | 66 33 336
GACGAGGCT TGCCCTTGT

Mnk2 | CTGACAAGGAC | AGCTGTTCCTC | 66 35 174
TGGTCCCAC TGCAGAACC

Msk1 GAGCGACTGTT | ATGGACCAGC | 58 34 486
TCAGGGCTA CATGTCCAAG

Msk2 | CTTTCATGGCGT | GGAGGGGAGG | 66 33 323
TCAACCGAG GCAATTCCTA

Rskl GAGAGACATCC | TGCCTAGCTTC | 60 34 473
TCGCTGACG GCCTTCAAA

Rsk3 CTCCCAAGGGG | CACGGGTGCT | 66 34 441
TTGTCCATC TCAACACTTG

Rsk4 GTTGGCTGGCT | ATATGGTGCT | 66 34 280
ACACTCCAT GCCACTGCTT

huGAP | CCATCACCATC | CCTGCTTCACC | 55.5 33 600

DH TTCCAGGAG ACCTTCTTG

huRSK | GCTGGCAGGAT | CACGGGTGTT | 66 35 201

3 TTACCCCTT TGAGCACTTG

huRSK | ATGTTTCTCGG | GGAGTGTAGC | 66 35 324

4 AACGGGAGG CAGCCAACAT
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Table 3. Primary and secondary antibody conditions for Western blot

Antibody Primary antibody condition | Secondary antibody
condition

Acetylated 1:1000 in 5 % BSA 1:5000 Anti-rabbit IgG in

Lysine (#9441) TBST

p-ERK (#9101)

1:1000 in TBST

1:5000 Anti-rabbit IgG in
TBST

t-ERK (K-23) 1:30,000 in TBST 1:5000 Anti-rabbit IgG in
TBST

GAPDH (6C5) 1:60,000 in TBST (1 hour) 1:5000 Anti-mouse IgG in
TBST

HA (3F10) 1:1000 in 1 % BSA (1 hour) 1:5000 Anti-rat IgG in 1 %
BSA

Human IRF1 1:2000 in TBST 1:5000 Anti-mouse IgG in 5 %

(BD) milk

Mouse IRF1 1:2000 in 5 % milk 1:5000 Anti-rabbit IgG in 5 %

(M-20) milk

Phopshoserine 1:1000 in 3 % BSA 1:5000 Anti-mouse IgG in

(PSR-45) TBST

Phosphotyrosine | 1:1000 in 3 % BSA 1:5000 Anti-mouse IgG in

(4G10) TBST

RSK1 (#9333)

1:1000 in 5 % BSA

1:5000 Anti-rabbit IgG in 5 %
BSA

RSK2 (E-1) 1:1000 in 5 % milk 1:5000 Anti-mouse IgG in 5 %
milk
RSK3 (A-16) 1:1000 in TBST 1:5000 Anti-goat IgG in 5 %

milk

RSK4 (JS-31)

1:1000 in TBST

1:5000 Anti-mouse IgG in 5 %
milk

SUMO (FL-101)

1:500 in TBST

1:5000 Anti-rabbit IgG in
TBST

VSV-G
(VSV11-M)

1:10,000 in 5 % milk

1:5000 Anti-mouse IgG in 5 %
milk
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