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Abstract

Viruses are obligate parasites that have evolved strategies to recruit the
translational machinery and inhibit antiviral defences. A relatively abundant family of
positive-sense, monopartitate single stranded RNA viruses, dicistrovirus, remains
relatively uncharacterized. Dicistroviruses are infectious to arthopods and have
impacted a number of agricultural industries. Dicistroviruses, as indicated by their name,
contain two open reading frames (ORFs). The 5'-untranslated internal ribosome entry
site (5'-UTR IRES) directs translation of ORF1 which encodes non-structural proteins
and the intergenic (IGR) IRES directs translation of ORF2 which encodes structural
proteins. How dicistroviruses affect the host is not completely understood. My thesis
focuses on several host pathways that are modulated during cricket paralysis virus
(CrPV) infection, a model dicistrovirus. During CrPV infection, | discovered stress
granule (SG) formation is inhibited but granules containing poly(A)* mRNAs form.
Furthermore, | discovered a viral protein, CrPV 1A, that inhibits the SG pathway. Upon
further characterization of CrPV 1A, | discovered the viral protein also stimulates 5'-
dependent translation and 5'IRES dependent translation. Finally, | found IGR IRES-
dependent translation is delayed compared to 5'-UTR IRES-dependent translation, thus
providing a viral strategy of expressing non-structural proteins such as the replicase and
protease prior to the synthesis of structural proteins for viral packaging. This thesis
provides insights into the key strategies of dicistrovirus infection, its viral life cycle and

the innate immune responses in insect cells.
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Chapter 1 Introduction

1.1 Overview

Despite a compact genome that encodes relatively few proteins, RNA viruses
have evolved mechanisms to subvert the host translational machinery, dampen antiviral
host responses and replicate their own genomes (Flint et al., 2009). All RNA viruses
must rely on the host translational machinery to promote viral protein synthesis. Thus,
RNA viruses have evolved many strategies to usurp the translational machinery. My
thesis is focused on cricket paralysis virus (CrPV) as a model to study the interplay
between the virus and host with a particular focus on how the virus hijacks the
ribosome. In this Chapter, | provide a review of eukaryotic cap-dependent translation
initiation, internal ribosome entry site (IRES) dependent translation, translational
regulation, stress granules (SGs) and dicistroviruses. In addition, relevant examples of

viruses targeting translation and affecting SGs are described.

1.2 Eukaryotic cap-dependent translation initiation

Most messenger RNAs (mMRNAS) in eukaryotes are translated by a cap-
dependent mechanism (reviewed in Hinnebusch and Lorsch, 2012; Jackson et al.,
2010). Eukaryotic translation initiation can be further divided into a number of sub-
steps: (i) elF4F binding to the 5'-7-methylguanosine (m’G) cap on the mRNA, (ii)
recruitment of the 43S preinitation complex (PIC) to the mRNA, (iii) PIC scanning along
the 5-UTR to locate the start codon, and (iv) recruitment of the 60S subunit to form the
80S ribosome. Only translation initiation is described in depth as this is the focus of my

thesis.



Cap-dependent translation begins when elF4F (a complex including elF4E,
elF4G, and elF4A) binds to the m’G cap on the mRNA (reviewed in Hinnebusch and
Lorsch, 2012; Jackson et al., 2010). The m’G cap is a modified guanine nucleotide that
is linked through a 5'-5'-triphosphate bond to the first nucleotide (Meyer and Jaffrey,
2014). The cap binding protein elF4E recognizes and binds to the m’G cap. This
interaction is enhanced by an elF4E interacting partner, the scaffold protein elF4G.
elF4G also interacts with elF4A, poly(A) binding protein (PABP), and elF3. The
interaction of elF4G and PABP promotes a stable closed loop structure that effectively
circularizes the mRNA and subsequently synergizes translation (Figure 1.1) by
enhancing recruitment of the PIC (Figure 1.1).

Another elF4F component, elF4A, is a DEAD-box RNA helicase that can be in an
inactive 'open’ or active 'closed' state (Hilbert et al., 2011; Nielsen et al., 2011; Oberer et
al., 2005; Ozes et al., 2011; Schutz et al., 2008). elF4G anchors elF4A to the mRNA
and promotes an active 'closed’ state. Facilitated by ATP, elF4B, and elF4H, elF4A
unwinds secondary structures in the 5'-UTR to create a single stranded "landing pad"
where the PIC can bind to the mRNA (Figure 1.1).

The mRNA is now primed to recruit the 43S PIC (Figure 1.1) (reviewed
in Hinnebusch and Lorsch, 2012; Jackson et al., 2010). elF4G binds to elF3, a large
protein complex consisting of 13 subunits (a-m). elF3 is part of the 43S PIC which
includes the 40S ribosomal subunit, elF1, elF1A and the ternary complex (TC). The TC
is composed of the GTP-bound form of elF2 and the initiator methionyl-tRNA (Figure

1.1).



After recruitment to the cap, the 43S PIC complex scans along the 5'-UTR for the
start codon. Scanning is an ATP driven process that is facilitated by elF1 and elF1A.
Specifically, elF1 and elF1A promote an "open" conformation within the PIC which is
conducive for base-by-base inspection during scanning (Figure 1.1) (Passmore et al.,
2007; Pestova and Kolupaeva, 2002). Supporting this model is a recent cryo-EM
structure of a partial 43S complex in which the initiator Met-tRNAi is ~7 A away from the
ribosomal P site (Hashem et al., 2013). Unless the 5'-UTR is short and unstructured,
scanning is also dependent on elF4A or other helicases. For highly structured RNAs,
DHX29, DeXH box protein 29, or DDX3, DEAD box protein 3, facilitate scanning
(Berthelot et al., 2004; Pisareva et al., 2008).

Start codon recognition is mediated by elF1, elF1A, elF2, and helix 44 of the 18S
ribosomal RNA (rRNA) (Cheung et al., 2007; Fekete et al., 2007; Pisarev et al., 2006).
For efficient translation initiation, the AUG start codon with an optimal context, Kozak
consensus, is recognized by the PIC. Optimal context includes a purine at the -3
position and a guanosine at the +4 position relative to the adenosine (+1) of the AUG
(Kozak, 1984, 1986). Recent cyro-EM structures suggest that the -3 position and +4
nucleotide are "sensed" by elF2 and elF1A (Hussain et al., 2014).

Following the identification of an AUG codon in a preferred context, the PIC
undergoes a rearrangement driven by elF5 (Maag et al., 2005). In this process, elF1 is
ejected from the complex and GTP bound to elF2 is hyrolyzed (Algire et al., 2005; Kapp
and Lorsch, 2004). After elF1 ejection, the PIC assumes a "closed" conformation and
the methionyl-tRNA is fully engaged within the P site of the 40S ribosome (Figure 1.1)

(Hussain et al., 2014; Passmore et al., 2007). Once the PIC is in a "closed"
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Figure 1.1 Schematic of cap-dependent translation initiation in eukaryotes. Cap-
dependent translation initiation can be grouped into three distinct steps: formation of
43S-mRNA complex, scanning, and recognition of authentic AUG codon and 60S
subunit joining. The formation of 43S-mRNA complex occurs when the 40S ribosome,
ternary complex (met-tRNAI and elF2-GTP), elF1, elF1A, elF5, and elF3, bind to
MRNASs containing elF3, PABP, elF4B, elF4G, elF4E, and elF4A. Upon complex
formation, guided by elF1 and elF1A, scanning occurs until the PIC finds an authentic
AUG codon. Once an AUG codon is found, hydrolysis of elF2-GTP occurs and elF5
ejects elF1 and promotes a "closed" conformation where the initiator met-tRNA is fully
engaged within the P-site of the 40S ribosome. Structural rearrangements within the
40S and elF5B-GTP joining facilitate 60S joining. Finally, elF5B-GTP hydrolysis triggers
structural rearrangements that alter the 80S from initiation to elongation mode. Adapted
from Hinnebusch, A.G., and Lorsch, J.R. (2012).

confirmation, elF2-GDP and other initiation factors within the PIC dissociate and the
60S subunit joins. Specifically, elF5B-GTP binds to the 40S complex via elF1A and
facilitates 60S subunit joining and formation of the 80S ribosome (Pestova et al., 2000).
Subsequently, energy provided by GTP hydrolysis from elF5B alters the 80S structure
from an initiation to an elongation mode (Figure 1.1)(reviewed in Aitken and Lorsch,
2012; Hinnebusch, 2011; Lorsch and Dever, 2011; Parsyan, 2011, Hinnebusch and
Lorsch, 2012). At this stage, the ribosome is ready for the delivery of the next

aminoacyl-tRNA and elongation begins.

1.3 Cap-independent translation initiation by internal ribosome entry

sites

An alternative mechanism of translation initiation is through internal ribosome
entry sites (IRES) (reviewed in Kieft, 2008; Komar and Hatzoglou, 2011). IRESs, which

5



are found in a subset of viral and cellular mMRNAs, are generally highly structured, can
recruit ribosomes independently of the m’G cap and require fewer translation initiation
factors than cap-dependent translation. Because of the decreased factor requirements,
translation of mMRNAs containing IRES elements is generally resistant or enhanced
during cellular stress or viral infection.

The first IRESes were discovered in poliovirus (PV) and encephalomyocarditis
virus (EMCV) (Jang et al., 1988; Pelletier and Sonenberg, 1988). The standard test for
an IRES is the bicistronic assay. Specifically, the 5'-untranslated region (5'-UTR) of PV
and EMCV RNA is inserted between two ORFs. Translation of the second ORF is only
permitted if ribosomes can be recruited internally within the mRNA (Jang et al., 1988;
Pelletier and Sonenberg, 1988). After the discovery of these two IRESs, many IRESs
were found in other viruses and in a subset of cellular mMRNAs (reviewed in Kieft, 2008).
Since my thesis is focused on the CrPV IRESs (Chapter 4), | will place a greater
emphasis on describing viral IRESSs.

Viral IRESs can be distributed into four groups based on their translation initiation
factor requirements and phylogenetic similarities. PV, hepatitis A virus, and rhinovirus
IRESs are examples of Group IV IRESs (Borman and Jackson, 1992; Glass and
Summers, 1992; Pelletier and Sonenberg, 1988). Group IV IRESSs require the initiator
met-tRNAi, most canonical translation initiation factors and IRES trans-acting factors
(ITAFs). ITAFs are factors that normally do not participate in translation but are
recruited to viral IRESs to promote recruitment of translation initiation factors and
ribosomes (Yu et al., 2011). For Group IV IRESSs, a 43S PIC is recruited to the IRES

and then scans a short distance to the AUG initiation codon. Alternatively, foot and



mouth disease virus (FMDV) and EMCV IRESs are examples of the Group Ill IRESs
(Jang et al., 1988; Kuhn et al., 1990). Group Il IRESs exhibit similar factor requirements
as Group IV IRESs but Group Il IRESs can recruit the ribosome directly to the initiation
codon. On the other hand, Group Il IRESs require minimal factors: initiator met-tRNA,
elF2, and elF3. Examples of Group Il IRESs are hepatitis C virus (HCV) and classical
swine fever virus (CSFV) (Rijnbrand et al., 1997; Tsukiyama-Kohara et al., 1992).
Lastly, the Group | IRESs use the most streamlined mechanism. These IRESs can
directly recruit the ribosome without the aid of any translation factors. Examples include
the intergenic (IGR) IRES in CrPV and plautia stali intestine virus (PSIV)(Sasaki and
Nakashima, 1999; Wilson et al., 2000). (Figure 1.2). A detailed overview of the CrPV
IGR IRES will be described in Section 1.5.

DNA based-bicistronic reporters are the classic tools used by many researchers
to investigate if a viral or a cellular RNA contains an IRES. Nevertheless, there are
some controversies with using these reporters in vivo. For example, researchers
discovered some potential IRES elements have cryptic promoters or cryptic splice sites
(reviewed in Kozak, 2003, 2005). Specifically, a cryptic promoter or a cryptic splice can
generate a shorter separate monocistronic RNA that contains the second cistron (Riley
et al., 2010), thus leading to expression of the second cistron through a cap-dependent
mechanism. There are a number of control experiments that can eliminate the
possibility of cryptic promoter or cryptic splice sites. For instance, qRT-PCR can be
performed with appropriate primer sets that measure the levels of first and second
cistron independently (reviewed in Thompson, 2012). If there are no cryptic promoters

or cryptic splice sites, the levels of each cistron should be the same. Another control



experiment that can be performed is by utilizing siRNAs (Van Eden et al., 2004).
Specifically, siRNAs are introduced into cells to target the first or second cistron. qRT-
PCR is performed to measure the levels of each cistron independently. Both cistrons
should be affected similarily if there are only intact bicistronic reporters. To avoid these
labor intensive experiments, one can use RNA-based bicistronic reporters instead of
DNA-based bicistronic reporters (reviewed in Thompson, 2012). A caveat with this
approach is some IRES elements require a "nuclear experience" because the IRES
element is only active if one or more nucleotides are modified or associated with a
nuclear factor (Semler and Waterman, 2008; Stoneley et al., 2000). Nevertheless, |

used RNA-based bicistronic reporters solely in my experiments (Chapters 3 and 4).

1.4 Translational control

Regulation of translation is critical for maintaining cellular homeostasis (reviewed
in Sonenberg and Hinnebusch, 2009). Under acute stress, overall protein synthesis is
strongly repressed in order to conserve energy and to provide time for the cell to adapt
or in some cases when the stress is acute, induce apoptosis. Translation is controlled
by many mechanisms. Most involve signaling pathways that sense and respond to a
cellular stress and eventually lead to inhibition of one or more translation initiation
factors. Several major translation controls act at the level of initiation. This makes sense
as it is more efficient for the cell to regulate translation prior to spending energy and
resources for protein synthesis. However, there are also mechanisms that control

translation at the level of elongation and termination.



Two major pathways can impact cellular translation globally and these pathways
are commonly targeted by a number of viruses (reviewed in Sonenberg and

Hinnebusch, 2009). Therefore, | will provide a brief overview of these pathways.
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Figure 1.2 Cap-dependent translation versus four different viral IRES groups.
There are four different viral IRES groups. Examples of group four are PV and HAV.
Group four IRESs require some canonical initiation factors, initiator methionine tRNA,
and IRES transacting factors (ITAFs). Additionally, 40S ribosome scanning is required
in group four IRESs. In contrast, group three IRESs require no scanning and can recruit

the ribosome directly to the start codon. Examples of group three IRESs are FMDV and



EMCV. Group two IRESSs require fewer initiation factors. Examples include HCV and
CSFV. Lastly, group one IRESs are the most streamlined IRESs. They require no
translational initiation factors for ribosome assembly. CrPV and PSIV are examples of
this group. Adapted from Kieft, J.S. (2008).
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Figure 1.3 Control of translation by disrupting recycling of elF2. During cellular
stress, elF2 recycling is disrupted and overall translation is inhibited. Specifically,
disruption is triggered upon activation of elF2a kinases that senses ER-stress (PERK),
nutrient starvation (GCN2), the presence of long double-stranded RNA (PKR), or heme
deficiency (HRI). Activated elF2a kinases phosphorylate elF2a and the phospho- form
of elF2a impedes elF2B, a guanine exchange factor that recycles elF2-GDP to elF2-
GTP. Ininsects, only PERK and GCN2 are present. Adapted from Hinnebusch, A.G.,
and Lorsch, J.R. (2012).

The first pathway involves elF2a phosphorylation, which is a key global
translational control mechanism that responds to cellular stress and viral infection.
elF2a is part of a three subunit complex of elF2 consisting of alpha, beta and gamma
subunits (reviewed in Sonenberg and Hinnebusch, 2009). elF2 forms a ternary complex
consisting of GTP and the initiator Met-tRNA. During translation initiation, after PIC

complexes recognize the AUG codon, elF2-GTP is hydrolyzed, leading to release of the
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initiator Met-tRNAi and dissociation of elF2 (section 1.1). elF2-GDP is recycled back to
elF2-GTP by elF2B, a guanine exchange factor. Under cellular stress or viral infection,
the alpha subunit of elF2 is phosphorylated at Ser51, which impedes recycling of elF2-
GDP to the GTP form. The phospho-form of elF2 is a competitive inhibitor of elF2B.
Since elF2B is in limiting quantities, a small increase in phospho-elF2a can sequester
elF2B, leading to the inhibition of overall translation initiation (Rowlands et al., 1988). In
mammalian cells, there are four known kinases specific for elF2a: protein kinase RNA-
like endoplasmic reticulum kinase (PERK), general control nonderepressible 2 (GCN2),
heme-regulated inhibitor kinase (HRI) and protein kinase R (PKR). Each kinase is
activated upon sensing a specific stress. PERK is a type | membrane protein that
resides on the ER membrane and senses misfolded proteins. Amino acid starvation is
sensed by GCN2 kinase through binding to uncharged transfer tRNA, which
accumulates during amino acid starvation. Normally inactive in the presence of heme,
HRI kinase is activated upon sensing heme deficiency. PKR kinase is activated by the
presence of double stranded RNA which is normally present during viral replication.
While mammals encode four such kinases, insects only express PERK and GCN2
(Figure 1.3).

Another well-studied global translation control mechanism is the regulation of the
elF4E-binding protein (4E-BP) (reviewed in Sonenberg and Hinnebusch, 2009). 4E-BP
can interact with the cap-binding protein, elF4E, and sequester it from the scaffold
protein elF4G. Biochemical and structural studies show that 4E-BP and elF4G contain a
common motif that binds to and competes for the same site on elF4E (Mader et al.,

1995). The phosphorylation status of 4E-BP controls its affinity for elF4E. Specifically,
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MTORCL1, a conserved serine/threonine kinase, enhances translation by
hyperphosphorylating 4E-BP and lowering 4E-BP's affinity for elF4E. Conversely,
inhibition of MTORC1 signaling leads to hypophosphorylation of 4E-BP, enhanced
binding of 4E-BP to elF4E, and inhibition of translation. mMTORC1 is at a nexus of
signaling pathways that includes the PI3K/AKT pathway which integrates four major
signals in the cell: amino acid availability, oxygen levels, the presence of growth

hormones and energy status.

1.5 Viruses targeting the host translational machinery

My thesis focuses on cricket paralysis virus (CrPV) infection in Drosophila
melanogaster tissue culture cells (S2 cells). This model has been attractive because
studying virus-host interactions in lower organisms can lead to better understanding of
antiviral mechanisms in general. Moreover, given that many pathways are conserved
between Drosophila and higher organisms, studies in Drosophila have paved the way to
our fundamental understanding of key innate immune response pathways. For example,
the Toll receptor, which was first discovered in Drosophila, is involved in innate
immunity (Lemaitre et al., 1996). This finding led to the discovery of the Toll-like
receptors, which are the mammalian versions of insect Toll (Medzhitov et al., 1997).
These findings significantly altered the field of innate immunity and provided insights
into how cells sense bacteria and viruses. A Nobel prize was awarded for this work in
2011 (reviewed in O'Neill et al., 2013). Therefore, a greater understanding between
viral-host interactions in insects can provide insights into fundamental viral host

mechanisms in mammals. Since my thesis focuses on viral translation strategies, | will
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mention briefly some well studied examples of RNA viruses that target host translation.
This is not an exhaustive list but to illustrate the diversity of translational targets.

| will briefly describe three different mechanisms, (i) viral elements that hijack
translation initiation factors to facilitate viral translation, (ii) viral proteins that impair cap-
dependent translation in order to increase the pool of ribosomes and translation factors
available for viral translation, and (iii) viral proteins that block specific cell-induced cap-
dependent translation repression. These mechanisms are not necessarily exclusive of
each other and in many cases viruses have evolved multiple mechanisms to ensure
optimal viral protein synthesis.

There are numerous examples of viral elements "hijacking” translation initiation
factors to facilitate viral translation (reviewed in Walsh and Mohr, 2011). Viral IRESs are
one example, which is explored in section 1.2. Another example is the 3'-cap
independent translation element (CITE), which is found in the 3'UTR of plant RNA
viruses. For example, Turnip crinckle virus (TCV) contains a CITE that binds translation
factors elF4E, elF4G and the 60S ribosome in order to deliver them to the 5'end of the
viral genome (Miller et al., 2007; Zuo et al., 2010) (Figure 1.4). Besides cis-acting RNA
elements, viruses can use viral proteins to bind translation factors. The NS1 viral protein
from influenza is a well-studied example. This protein can recruit elF4G, deliver it to
viral RNAs and promote viral translation (Burgui et al., 2007). This is beneficial because
influenza virus can avoid relying on the cap-binding protein elF4E which is a major
target for translational regulation in the cell (Section 1.4).

Besides "hijacking" translation initiation factors to facilitate virus infection, a

number of viruses inhibit cap-dependent translation to dampen host antiviral responses
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and also increase the pool of available ribosomes for virus dependent translation. This
strategy is adopted by viruses that require fewer initiation factors for viral translation as
described earlier (IRESs, CITEs, viral proteins that interact with translation factors). |
will highlight some of the strategies that viruses use to affect host translation. The PA
subunit, an endonuclease, of influenza RNA polymerase, inhibits cellular translation by
cleaving 10-15 nucleotides downsteam from the 5' cap of cellular mRNAs (Dias et al.,
2009; Plotch et al., 1981). In addition, Vaccinia virus (VacV) also targets the 5' cap by
expressing viral decapping enzymes that remove the m’G cap from host mRNAs
(Parrish and Moss, 2007; Parrish et al., 2007; Shuman, 1990). Besides the cap, viruses
also target a number of translation factors to inhibit cap-dependent translation. For
example, rabies and measles virus express elF3 binding proteins that prevent elF3 from
facilitating cap-dependent translation (Komarova et al., 2007; Sato et al., 2007). In
addition, FMDV inhibits host translation by degrading elF3a and b subunits during
infection (Rodriguez Pulido et al., 2007). Interestingly, PV inhibits cellular translation by
cleaving elF4G and PABP with viral proteases (Figure 1.4). Furthermore, EMCV,
another enterovirus, activates 4E-BP1 in order to sequester elF4E during infection
(Gingras et al., 1996). Thus, within enteroviruses, several different mechanisms are
observed. 4E-BP appears to be another common target for viruses. The M protein of
vesicular stomatis virus (VSV) promotes 4E-BP hypophosphorylation by inhibiting the
Akt signaling pathway (Connor and Lyles, 2002). In contrast, SV40 virus promotes 4E-
BP hypophosphorylation by inhibiting the phosphatase that is responsible for regulating

4E-BP hypophosphorylation (Dunn and Connor, 2011) (Figure 1.4).
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Figure 1.4 Viruses "hijacking" translation initiation factors and inhibiting cap-
dependent translation. A number of translation initiation factors are required to form
the PIC on the m’G cap of mRNA. Viruses hijack some of these key factors to facilitate
translation of viral RNA (light yellow). Examples listed in this illustration include VPg
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from calicivirus that binds to elF4E and elF3. elF3 is also hijacked by the VPg from
norovirus and by a number of viral IRESs including HCV human immunodeficiency
virus (HIV), and CSFV. CITE from TCV hijacks elF4E and elF4G. Besides "hijacking"
translation factors, a number of viruses also inhibit cap-dependent translation (light
blue). The M protein from VCYV inhibits Akt signaling. Inhibition of this pathway will lead
to 4E-BP binding to elF4E and impairment of cellular translation. Similarily, SV40
infection suppresses the hyperphosphorylation of 4E-BP. The hypophosphorylated form
strongly interacts with elF4E and inhibits translation. The m’G cap is targeted by a
number of viruses. Influenza virus encodes an endonuclease that cleaves cellular
MRNAs 10-15 nucleotides downstream of the m’G cap and impairs cap-dependent
translation. Vaccinia virus (VacV) encodes enzymes (D9, D10) that remove the m’G cap
from cellular mMRNAs. On the other hand, 3C protease inhibits cap-dependent
translation by cleaving translational initiation factors like elF4G and PABP. In addition,
rabies virus and measles virus inhibit cap-dependent translation by expressing elF3
binding proteins which bind to elF3. Finally, FMDV inhibits translation by degrading two
subunits within elF3. Adapted from Walsh, D., and Mohr, I. (2011).

Viruses have also evolved mechanisms to counteract translation repression
induced by the host which can block viral translation. For example, replication
intermediates or viral RNA structural elements such as IRES are sensed by the PKR
kinase and are then activated to inhibit elF2 (Section 1.3). Since a number of viruses
require elF2 for their translation, some express viral decoys that impede PKR activation.
For example adenoviral VA RNA, Epstein-Barr virus EBERSs, and influenza virus NS1
bind tightly to PKR and prevent its activation (Ghadge et al., 1994; Lu et al., 1995;
Sharp et al., 1993). Other viruses can sequester dsRNAs from PKR. For example, E3L
protein in VacV binds to dsRNA to prevent PKR recognition and activation (Chang and
Jacobs, 1993). These examples illustrate the importance of subverting host-dependent

translational repression during some viral infections.
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Some viruses, on the other hand, thrive in conditions when elF2a is
phosphorylated. Examples include sindbis virus and HCV. These viruses do not rely on
elF2 for viral-dependent translation in vivo and may benefit from repression of cellular
translation. In vitro experiments indicate that HCV IRES and Sindbis genomic RNA
require elF2 (section 1.2) for translation. However, elF2a is phosphorylated during
these viral infections but viral translation still occurs (Rivas-Estilla et al., 2002; Ventoso
et al., 2006). It is possible that Sindbis RNA and HCV IRES use a number of
mechanisms to ensure translation of viral proteins. For instance, ligatin or MCT1-DENR
can be used instead of elF2 to deliver initiator Met-tRNAI to viral RNA (Skabkin et al.,
2010).

As described in this subchapter, there are diverse viral mechanisms that target
host translation in order to promote viral replication and translation. My thesis explores

how CrPV, an insect virus, hijacks the translation machinery.

1.6 Stress granules

My thesis also explores how CrPV interacts with stress granules (SGs). A review
of what SGs are and examples of RNA viruses interacting with SGs are provided in the
next two subchapters.

SGs are cytoplasmic foci containing stalled translation initiation complexes
whose formation is triggered upon global translational repression by stresses like
oxidative stress and heat shock. SGs are not required for global translational repression
(Buchan et al., 2008; Kwon et al., 2007; Loschi et al., 2009; Mokas et al., 2009; Ohn et

al., 2008) or regulation of global mMRNA stability (Buchan et al., 2008; Hilgers et al.,
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2006) but are thought to be sites where the increased local concentration of proteins
and mRNA allows for remodeling and redistribution of messenger ribonucleoproteins
(mRNPs) (reviewed in Buchan and Parker, 2009). In addition, specific proteins can be
selectively sequestered to or away from SGs, thus affecting biochemical processes in
the cell. For example, RACK1, an apoptotic factor, is recruited to SGs during mild stress
and prevents premature activation of the apoptotic pathway (Arimoto et al., 2008).

One of the better described pathways for SG induction is elF2a phosphorylation
(Kedersha et al., 2002; Kedersha et al., 1999). For example, viral infection can activate
PKR and trigger elF2a phosphorylation (sections 1.2,1.3) and SG formation.
Additionally, SGs can be induced in an elF2-independent manner. For instance,
treatment of cells with hippuristanol or pateamine A (PatA), which alter the activity of the
helicase, elF4A, also induces SG formation (Dang et al., 2006; Mazroui et al., 2006). In
general, inhibition of translation will trigger SG assembly. However, there are
exceptions. In one study, preventing 60S subunit joining with the 40S subunit does not
lead to SG assembly, suggesting that translational repression can be uncoupled from
SG induction (Mokas et al., 2009). Thus, SGs may form only through the inhibition of
specific translation factors or within a defined window during translation initiation
(reviewed in Buchan and Parker, 2009) (Figure 1.5).

SGs are nonmembranous dense complexes composed of several proteins and
RNA. In addition to stalled initiation complexes composed of translation initiation factors
such as elF4E, elF2, elF3, PABP and the small 40S ribosomal subunit, SGs contain

hallmark protein markers such as T cell intracellular antigen 1 (TIA-1), TIA-1-related
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Figure 1.5 Stress granule induction. Stress granules (SGs) are formed during
inhibition of protein synthesis when cells limit the availability of translation initiation
factors for mRNA translation in response to some environmental stress (elF2a
phosphorylation) or when cells are treated with drugs (PatA) that disrupt the action of
specific translation initiation factors (elF4A). These instances of translational repression
promote accumulation and aggregation of 48S complexes (40S subunit, translation
initation factors and mRNAS) in the cell. The aggregation is facilitated by RNA binding
proteins like TIA-1 and G3BP and by the microtubule network.

protein (TIAR), and GTPase (Src homology 3 [SH3] domain) binding protein (G3BP)
(Kedersha et al., 2000; Tourriere et al., 2003). TIA-1 and TIAR are closely related
proteins that contain RNA recognition motifs and are implicated in RNA metabolism
(Tian et al., 1991). G3BP, a member of the Ras signaling pathway, was discovered by

its ability to bind to the SH3 domain of RasGAP and has since been implicated in a
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number of biological processes including RNA metabolism (reviewed in Irvine et al.,
2004). All three proteins contain domains that are important for the aggregation and
formation of SGs. For example, TIA-1 and TIAR lacking the QN-rich prion-like domain,
which allows for self-aggregation, can no longer form SGs (Gilks et al., 2004). Currently
more than 50 proteins are associated with SGs (reviewed in Anderson and Kedersha,
2009; Buchan and Parker, 2009). Furthermore, a small interfering RNA (siRNA) screen
identified more than 100 genes involved in promoting the assembly and disassembly of
SGs (Ohn et al., 2008).

SG assembly is reversible. Under stress, stalled initiation complexes are shuttled
to SGs (Kedersha et al., 2002; Kedersha et al., 1999; Kimball et al., 2003). Upon
recovery from the stress, SGs disassemble, and stalled initiation complexes can now re-
enter the translation cycle and assemble onto polyribosomes. Inhibiting mRNA release
from translating ribosomes by treating cells with translation elongation inhibitors such as
emetine or cycloheximide block aggregating RNA-binding proteins from binding to non-
translating mMRNAs and forming SGs (Kedersha et al., 2000). Moreover, fluorescence
recovery after photobleaching (FRAP) studies have shown that proteins shuttle in and
out of SGs rapidly (Fujimura et al., 2008; Guil et al., 2006; Kedersha et al., 2000;
Kedersha et al., 2005; Mollet et al., 2008). Thus, SG assembly and disassembly are in
equilibrium with translating polysomes, and this process is likely regulated. Interestingly,
a study reported that dynein and kinesin motors are required for SG assembly and
disassembly, indicating that RNPs are delivered to SGs on microtubule tracks (Loschi et

al., 2009).
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The mechanism that drives mMRNP aggregation into SGs has not been well
understood until recently. A leading theory is SGs and other RNA granules form through
a process called "phase seperation” where RNA molecules and proteins above a certain
concentration condense to form a liquid droplet. (Han et al., 2012; Li et al., 2012;
Weber and Brangwynne, 2012). Specific ribonucleoproteins (RNP) in the cell can
promote this liquid phase transition into liquid-like droplets. The main feature of these
RNPs that promotes liquid-like droplets is their propensity to promote weak multivalent
interactions with other proteins. Typically, these RNP, contain SH3 domains, proline-rich
motifs and other low complexity amino acid sequences. Examples of RNPs with this
propensity include the classical SG markers G3BP and TIA-1. This insight demonstrates
that SGs and other RNA granules form through similar processes.

Currently, the most common method to study SGs is observation via
immunofluorescence with confocal microscopy. For example, antibodies that recognize
key SG markers like TIA-1 and G3BP can be detected by indirect immunofluorescence.
Another approach is to express recombinant SG markers that are tagged with
fluorescent markers such as GFP. To confirm that the observed granules are indeed
SGs, a number of other markers are examined in conjuction with TIA-1 or G3BP. These
include translation initiation factors and mRNAs (reviewed in Anderson and Kedersha,
2009; Buchan and Parker, 2009). In general, visualization of SGs is the main approach
to studying SG assembly because their biochemical isolation is difficult (Souquere et al.,

2009).
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1.7 Viruses targeting stress granules

Since viruses target many aspects of RNA biology including translation (section
1.3), it is not surprisingly that a number of viruses also perturb SGs (reviewed in Lloyd,
2013; Reineke and Lloyd, 2013). In general, viruses inhibit SG formation (Figure 1.6
and 1.7). However it is not clear from many studies describing virus-SG interactions
except for recent work in influenza and enteroviruses that the inhibition of SG itself is
important for virus life cycle (Khaperskyy et al., 2012; Onomoto et al., 2012)(Reineke
and Lloyd, 2015). Viruses perturb SGs in a number of different ways but can be
grouped into common mechanisms: (i) viral proteases cleave essential SG proteins to
inhibit SG formation, ii) viruses inhibit signaling pathways that lead to SG induction, and
i) viruses compete for essential SG markers like G3BP and TIA-1.

Poliovirus is one of the first virus that describes the relationship between SGs
and virus infection. Poliovirus infection stimulates G3BP1-containing SG formation early
in infection. Later in infection, G3BP1- containing SGs dissociate. The dissociation is
caused by viral 3C protease-mediated cleavage of G3BP1. SG formation can be
rescued during infection by overexpressing a recombinant cleavage-resistant form of
G3BP1, in which the cleavage site was mutated. Furthermore, poliovirus-infected cells
expressing this cleavage-resistant mutant form of G3BP1 exhibited decreased viral yield
(White et al., 2007). These results suggest that cleaving G3BP is important for the
poliovirus life cycle. However, in an alternate study, it was shown that TIA-1-containing
SGs form during poliovirus infection and do not dissociate later in the infection unlike
G3BP1-containing SGs. The authors suggest that these TIA-1 containing SGs are

compositionally unique compared to canonical SGs (Piotrowska et al., 2010). A later
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study claims that these TIA-1-containing granules are not classical SGs because they
lack translation factors elF3, elF4G, elF4E and poly(A) mRNA (White and Lloyd, 2011).
These studies emphasize the importance of testing for a number of canonical SG
markers (Figure 1.6). Moreover, these studies suggest that multiple classes of granules
differing in composition can occur depending on the stress.

Influenza infection exemplifies another common SG disruption strategy, which is
to block its induction. Influenza virus encodes three viral proteins that disrupt SG
assembly via different mechanisms. NS1 blocks PKR-mediated SG induction
(Khaperskyy et al., 2012). Infection by a mutant influenza deleted for NS1 leads to SG
induction and lower viral yield. The same authors discovered two other viral proteins,
NP and PA-X,that also disrupt SG formation (Khaperskyy et al., 2014). NP inhibits SG
formation independent of elF2a phosphorylation. On the other hand, PA-X is
responsible for the repression of host translation during influenza infection. This protein
is produced by a ribosomal frameshift from the PA gene and inhibits SG accumulation
by degrading a significant portion of cytoplasmic poly(A) mRNAs. Mutations that disrupt
PA's ability to interfere with host translation also inhibit its ability to disrupt SG induction
(Khaperskyy et al., 2014). These studies demonstrate that influenza adopts a multi-
pronged approach to disrupt SG formation (Figure 1.6).

Some viruses inhibit SG formation by competing for key SG components since
SG proteins may contribute directly to viral replication. Alphaviruses like Semliki Forest
virus (SFV), Chikungunga virus (CHICKV) and Sindbis virus (SBV) induce SGs early in
infection but then disrupt them later in infection. Specifically, non-structural viral proteins

sequester G3BP1, thereby disrupting SGs, and recruit it to replication complexes. How
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G3BP1 facilitates viral replication is unclear but virus replication is reduced when
viruses express a mutant form of nsp3 that cannot bind to G3BP1 (Cristea et al., 2010;
Fros et al., 2012; Panas et al., 2012). The SG markers TIA-1 and TIAR are also
"hijacked" by a number of viruses such as West Nile virus (WNV) and Dengue virus

(DENV). Like GEBP, TIA-1 and TIAR are co-opted to the viral replication machinery. It

Inhibition of PKR activation
elF2a and elF2a phosphorylation

stalled NS1

48S mRNPs

Host mRNA
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Figure 1.6 Three viral influenza proteins block stress granule formation. NS1
inhibits PKR-mediated SG induction. Alternatively, NP, the structural protein, and PA-X
blocks SG induction in an elF2a phosphorylation-independent manner. PA-X encodes
a ribonuclease that degrades cytoplasmic RNA and inhibits host translation. This
domain is crucial for blocking SG formation. Adapted from Khaperskyy, D.A., et al.
(2014).
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is currently unclear how these proteins facilitate viral replication but it is known that the
3' stem loop of the viral RNA, which is the promoter for minus strand RNA synthesis
binds to TIA1 and TIAR (Emara and Brinton, 2007). Another example of SG factors
hijacked by viruses occurs during Junin virus infection. Junin N protein inhibits SGs by
binding to G3BP1, elF4A, and elF4G and sequestering them to replication complexes
(Baird et al., 2012; Linero et al., 2011) (Figure 1.7). HCV is another example of a virus
that sequesters G3BP to replication compartments (Ariumi et al., 2011; Garaigorta et
al., 2012; Pager et al., 2013; Ruggieri et al., 2012). These studies showed that HCV
infection affects SGs quite differently than other virus infections; HCV infection induces
a dynamic assembly/disassembly of SGs. The SG assembly/disassembly is dependent
on phosphorylation and dephosphorylation of elF2a respectively. During phases when
SGs are diassembled, cellular translation is restored and viral translation is enabled.
This oscillation supports chronic infection in HCV. Nevertheless, like the other viruses, it
remains to be determined how G3BP1 facilitates HCV RNA replication (Figure 1.7).
These examples suggest that sequestration of SG components to viral replication
factories disrupts SGs.

Despite all these diverse strategies of disrupting SGs, it's not well understood if
disrupting SGs is important for viruses in general. Recent exciting work from a number
of labs suggest SG disruption is important. New insights are starting to show that SGs
are important in innate immunity. When cells are infected with a mutant influenza virus
that is unable to inhibit SGs, retinoic acid-inducible gene 1 (RIG-I)-like receptors and
PKR can bind to viral RNA and enter SGs (Khaperskyy et al., 2012; Onomoto et al.,

2012). Depletion of G3BP disrupted these granules and resulted in diminished
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Figure 1.7 G3BP1 is targeted by a number of viruses. SGs are inhibited by a
number of viruses "hijacking” G3BP1. Examples include DENV, WNV, SFV, CHICKYV,
SBV, and Junin Virus. HCV also "hijacks" G3BP1 but SGs do form during infection.
G3BP1 is recruited to the replication complex of all the viruses noted. How G3BP1

facilitates viral replication is unknown. Adapted from Lloyd, R.E. (2013).

interferon production and higher viral yield. The authors called these granules antiviral
SGs (avSGs). A recent publication shows that this strategy is not influenza-specific.
Reineke and Lloyd (2015) demonstrated that G3BP is required for recruiting PKR and
innate response factors like 2'-5'-oligoadenylate synthase 2 (OAS2) and RNase L to
SGs in several enterovirus infections. Furthermore, they showed that G3BP-1 induced

SGs are associated with NF-kB-dependent activation of innate immune response
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(Reineke and Lloyd, 2015). These results suggest that SGs are intimately linked to the

innate immune response and disruption of SGs may facilitate virus infection.

1.8 Thesis

Dicistroviruses are positive-sense, single-stranded RNA viruses. They are
classified in the order Picornavirales which includes notable virus families including
Comoviridae, Iflavirus, Picornaviridae, Potyviridae, and Sequiviridae. Isolated from
Austrialian field crickets by Carl Reinganum, CrPV was the first dicistrovirus discovered
at the Victorian Plant Research Institute in 1970 (Reinganum, 1975). Key characteristics
of CrPV infection in crickets are paralysis and significant mortality (>95%). Since its
discovery, 15 other dicistroviruses have been identified (Table 1.1)(reviewed in Bonning
and Miller, 2010; Guo et al., 2013). Notable dicistroviruses include Taura syndrome
virus (TSV) which has devastated Shrimp farms in America and Taiwan and Israeli
acute paralysis virus (IAPV) which has been associated with colony collapse disorder in
honey bees (Cox-Foster et al., 2007; Lightner, 1996; Lightner et al., 1997). In addition,
recent metagonomic surveys suggest that Dicistroviruses are ubiquitous and prevalent
in many ecosystems (Culley et al., 2006; Ng et al., 2012; Victoria et al., 2009).

The Dicistroviruses were classified initially as insect "picornaviruses" but detailed
genome analysis determined that they comprise a new family (reviewed in Bonning and
Miller, 2010). While a picornavirus contains a single open reading frame, a dicistrovirus
contains two open reading frames. Another key difference is the arrangement of
structural and nonstructural proteins: the structural proteins are encoded at the 3' end of

the Dicistrovirus genome whereas they are found at the 5' end of picornaviruses.
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However, comparison between the two families suggests significant similiarites at the
protein sequence level. Specifically, there are significant similarities in sequence of the
supergroup type | RNA-dependent RNA polymerase (RdRp) and chymotrypsin-like
cysteine protease for processing viral proteins (3C). In addition, the arrangement of
non-structural proteins within the dicistrovirus and picorniavirus genomes is the same:
from the N- to the C-terminus, a superfamily 3 helicase (2C), VPg for priming RNA

replication, the 3C protease and the RdRp replicase (Figure 1.8)
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Figure 1.8 Dicistrovirus genomic organization. Dicistroviruses are single-stranded,
positive sense RNA viruses. Approximately nine kilobases in length, there are two
ORFs. Each ORF is translated by a distinct internal ribosome entry site (IRES). The 5'
IRES is responsible for the translation of the ORF1 and the IGR IRES is responsible for
the translation of the ORF2. ORF1 encodes non-structural proteins and ORF2 encodes
structural proteins. 3C is the chymotrypsin-like cysteine protease responsible for
processing viral proteins and RdRp is the RNA-dependent RNA polymerase responsible

for viral replication.

Translation of the non-structural proteins (open reading frame 1 (ORF1)) and
structural proteins (ORF2) is directed by independent IRESs. The intergenic (IGR) IRES
has been extensively studied and is quite remarkable compared to other IRES

(Costantino et al., 2008; Jan, 2006; Jan and Sarnow, 2002; Spahn et al., 2004). The
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IGR IRES directly recruits the ribosome without the aid of any translation initiation factor
and initiates translation at a non-AUG codon (Deniz et al., 2009; Jan and Sarnow, 2002,
Wilson et al., 2000) (Figure 1.9). Biochemical and structural studies have revealed that
the IGR IRES adopts structural domains that occupy regions of the ribosome normally
bound by tRNAs (Costantino et al., 2008; Jang et al., 2009; Pfingsten et al., 2006;
Schuler et al., 2006; Spahn et al., 2004). In fact, the pseudoknot | domain (PKI) of the
IGR IRES structurally mimics the anticodon loop of a tRNA (Costantino et al., 2008;
Fernandez et al., 2014; Jan, 2006; Jan and Sarnow, 2002; Koh et al., 2014)(Figure
1.10). In contrast, studies on the 5-UTR IRES have been limited; Reconstitution
experiments have shown that the 5-UTR IRES of rhapdopsilum padi virus (RhPV)
requires elF1, elF2 and elF3 for translation initiation and is stimulated by elF1A, elF4F,

and elF4A (Terenin et al., 2013).
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Figure 1.9 Secondary structure of CrPV IGR IRES. Shown is a predicated secondary
structure of the CrPV IGR IRES. There are three pseudoknots (PK) which is a structure
where the loop of one stem is base pairing with another section of the RNA. Chemical
probing was used to deduce the secondary structure of the IGR IRES. The sequences
underlined indicate the first two codons of ORF2. Adapted from Jang, C. and Jan, E.
(2010).

P site tRNA
CrPV PK I + mRNA

>

Figure 1.10 CrPV pseudoknot 1 (PK1) mimics authentic tRNA-mRNA interactions.
The left two images are the structure of PK1 of CrPV. The right two images are the
structure of initiator tRNA anticodon (rainbow coloured) engaged in anticodon-mRNA
(cyan) interaction in the P site of the ribosome. Adapted from Costantino, D.A., et al.
(2008).

There are two genera within dicistroviruses: cripaviruses and aparaviruses
(reviewed in Bonning and Miller, 2010). Phylogenetic distance between dicistrovirus
genomes and distinct structural differences in the IGR IRES are used to distinguish
members of each genus (reviewed in Bonning and Miller, 2010). Specifically,
cripaviruses contain a conserved bulge sequence (UGAUCU and UGC) in the IGR

IRES and aparaviruses contain an extra stem-loop in the 3'-proximal region of the IGR
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IRES (Figure 1.9). CrPV is an example of a cripavirus and IAPV is an example of an
aparavirus (Table 1.1).

The crystal structure of CrPV virion was solved by John Tate et al. (1999). Sixty
copies of VP1, VP2, and VP3 are used to form the capsid. The structure is 30 nm in
diameter and exhibits pseudo-T3 symmetry. Each viral structural protein contains a
beta-barrel arrangement of eight beta-sheets forming a jelly roll structure. VP1, VP2,
VP3, and VP4 form a pentamer and 60 pentamers are used to form the capsid (Figure
1.11). VP4, encoded between VP2 and 3, is packaged as a fusion with the N terminus
of VP3 before it is cleaved to form the mature VP3 (Tate et al., 1999). The receptor
used by CrPV to gain access into the cell is not known. However, it has been shown
that CrPV viral entry depends on clathrin-mediated endocytosis (Cherry and Perrimon,

2004).

Fivefold

depression
Absence of

Fivefold canyon
crown

fivefold axis 5
N terminus

of VP2
Figure 1.11 A pentamer of the CrPV virion. VP1, VP2, VP3, and VP4 are blue, green,
red, and yellow respectively. 60 pentamers are used to form the CrPV virion. Adapted
from Tate, J., et al. (1999).

Most studies on the molecular mechanisms of the Dicistrovirus life cycle have

used CrPV and Drosophila C Viruses (DCV) as models (Garrey et al., 2010; Khong and
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Jan, 2011; Nayak et al., 2010; van Rij et al., 2006). Infection of Drosophila S2 cells with
CrPV or DCV leads to a rapid repression of host translation concomitant with an
increase in viral protein synthesis (Garrey et al., 2010; Moore et al., 1980; Wilson et al.,
2000). A correlation was observed between cap-dependent translational repression
during CrPV infection and dissociation of elF4G from elF4E in Garrey et al. (2010), thus
suggesting that elF4G dissociation may contribute to translational repression.
Phosphorylation of elF2a is observed during infection but Garrey et al. (2010)
demonstrated that this phosphorylation is not important for CrPV-dependent repression

of host translation.

1.9 Thesis investigation

Despite significant research into the IGR IRES, little is known about the viral life
cycle of dicistroviruses. Moreover, the function of each viral protein in this family is not
well understood. | speculate that one or more viral proteins affects host processes to
facilitate virus infection. First, | hypothesize that one or more viral proteins are
responsible for host cap-dependent repression during CrPV infection. Second, |
hypothesize that the SG pathway is disrupted to aid in virus infection and one or more
viral proteins are responsible for this disruption (section 1.7). These hypotheses form
the basis of my thesis. Chapter 2 explores how CrPV affect SGs. In Chapter 3, |
identified a viral protein that stimulates reporter RNA translation and blocks SGs.
Finally, in Chapter 4, | explored the relevance of dicistroviruses possessing two distinct
IRESs in vivo. In summary, my thesis characterizes different aspects of CrPV-host

interaction.
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Table 1.1 Dicistroviruses and natural hosts

Dicistroviruses Acronym  Orders of natural hosts
Genus: Cripavirus
Aphid lethal paralysis virus ALPV Hemiptera
Black queen cell virus BQCV Hymenoptera
Cricket paralysis virus CrPV Diptera, Hemiptera,
Hymenoptera, Lepidoptera,
Orthopetra
Drosophila C virus DCV Diptera
Himetobi P virus HiPV Hemiptera
Homalodisca coagulata virus-1 HoCV-1 Hemiptera
Plautia stali intestine virus PSIV Hemiptera
Rhopalosiphum padi virus RhPV Hemiptera
Triatoma virus TrvV Hemiptera
Genus: Aparavirus
Acute bee paralysis virus ABPV Hymenoptera
Israeli acute paralysis virus IAPV Hymenoptera
Kashmir bee virus KBV Hymenoptera
Mud crab dicistrovirus MCDV Decapoda
Solenopsis invicta virus-1 SINV-1 Hymenoptera
Taura syndrome virus TSV Decapoda
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Chapter 2: Stress granules and Dicistroviruses
2.1 Introduction

The importance of SGs has been highlighted by observations that several viruses
from diverse taxonomies inhibit the formation of these aggregates (Lloyd, 2013). In
addition, recent publications suggest that formation of SGs reprograms the cell to an
anti-viral state (Khaperskyy et al., 2012; Onomoto et al., 2012; Reineke et al., 2012;
Reineke et al., 2015; Reineke and Lloyd, 2015). Nevertheless, the mechanisms that
lead to this reprogramming are still not well described. Furthermore, since the
reprogramming is partly dependent on PKR which is not present in insects, it is not
known if insect-induced SGs are anti-viral. | used CrPV as a model to investigate if
insect viruses disrupt SGs in insect cells. | demonstrate that SGs are inhibited in both
CrPV- and DCV infected cells, suggesting that disruption of these RNA granules is
important for virus replication. | also show that the CrPV 3C protease is sequestered in
SGs under cellular stress but becomes dispersed during viral infection. | propose that
CrPV inhibits SG formation to keep viral proteins and RNA available for viral replication

and translation.

2.2 Materials and methods

2.2.1 Cell culture and virus

S2 cells (Drosophila Schneider 2) were maintained and passaged in Shields and
Sang medium containing 10% fetal bovine serum. CrPV and DCV production in
Drosophila S2 cells has been previously described. A total of 3 X 10° cells was infected

with 1 mL of virus suspension for 30 min at an MOI of 10. S2 cells were subsequently
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incubated in 60 mL medium for 14 h at 25°C. The cells were pelleted, resuspended in
PBS, and subjected to four freeze-thaw cycles. Viral titers and yields were determined
as described (Garrey et al., 2010). UV-irradiated CrPV was produced as described
(Garrey et al., 2010). The lack of replication of the UV-irradiated CrPV was confirmed by

infecting S2 cells and probing for the viral RNA by Northern blot analysis.

2.2.2 Plasmids and transfection

pAc5.1 GFP-PABP and pAc5.1 V5-elF3 S9 were generously provided by Dr.
Pam Silver (Harvard, Cambridge). GFP-DCP1a and GFP-GW182 were gifts from Dr.
Elisa Izaurralde (Max Planck, Munich). GFP-Agol and RFP-Ago2 were gifts from Dr.
Andrew Simmonds (University of Alberta, Edmonton). Full-length Rox8, FMR1, and
CrPV viral proteins were RT-PCR-amplified from RNA extracted from S2 cells infected
with CrPV. Full-length Rin (Rasputin) cDNA was PCR-amplified from a clone obtained
from the Drosophila Genomics Resource Center. Rox8 and Rin were fused with GFP by
PCR amplification and ligated into pAc5.1 cleaved with Kpnl and Xbal to produce
Rox8-GFP and Rin-GFP. FMR1 and the viral 3C protein were PCR amplified and
ligated into pAc5.1 fused in-frame with the V5 tag to produce FMR1-V5 and 3C-V5. For
transient transfections, 1 X 107 cells were transfected with 20 pg of plasmid DNA using
Lipofectamine 2000™ (Invitrogen) according to the manufacturer’s protocol. Cells were
incubated for 18 hours at 25°C. S2 cells were infected with CrPV or DCV at a MOI
greater or equal to 10. In detail, S2 cells were centrifuged and washed once with PBS.
Cells were infected with virus for 30 min followed by adding medium. Cells were treated

with 50 nM PatA (generous gift of Dr. Jerry Pelletier, McGill University, Montreal), 500
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MM arsenite, or incubated at 42°C to induce SGs. In preparation for microscopy, a total
of 1 X 10% S2 cells was plated on coverslips pre-coated with concanavalin A 0.5 mg/mi
(Calbiochem) for 1 h. Cells were subsequently fixed with 3% paraformaldehyde in PBS

and permeablized in 0.5% Tween in PBS.

2.2.3 In situ hybridization

In preparation for in situ hybridization, S2 cells were incubated in hybridization
buffer (2X SSC, 20% formamide, 0.2% BSA, 1ug/uL yeast tRNA) for 15 min at 37°C.
Subsequently, S2 cells were hybridized with 1 mg/mL DNA probes, oligo(dT)(40)
conjugated to Cy-3 or Cy-5, antisense CrPV RNA conjugated to Cy-5, or antisense 18S
rRNA conjugated to Cy-3 overnight at 46°C in hybridization buffer (IDT). The next day,
S2 cells were washed with 2X SSC with 20% formamide twice for 5 min each at 37°C,
2X SSC twice for 5 min each at 37°C, and 1X SSC once for 5 min. If needed, cells were
co-stained by indirect immunofluorescence.

18S rRNA probe sequence: 5'-GTCCTAGATACTACCACAAAAGTTGATAG

Antisense CrPV RNA probe sequence: 5-ACTAAATAAAATATACAATAAAT

2.2.4 Indirect immunofluoresence assays

After in situ hybridization, S2 cells were washed with 2 mL PBS and incubated
with antibodies in 50 pL PBS containing 5% horse serum for one hour at 25°C. The
antibodies included 1:200 rabbit-anti-delF4E (generous gift from Dr. Paul Lasko, McGill
University, Montreal), 1:500 rabbit anti-V5 IgG (Sigma), 1:200 anti-dsRNA (English &

Scientific Consulting limited liability corporation), and 1:500 mouse anti-O-GIcNAc IgG
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(Covance). Cells were subsequently washed with 2 mL PBS 3 times and incubated with
50 pL PBS containing secondary antibodies for one hour at 25°C: 1:300 goat anti-rabbit
Texas Red 1gG (Invitrogen) and 1:500 goat anti-mouse Alexa Fluor 568 1gG

(Invitrogen). Cells were then washed 3 times with 2 mL PBS. Coverslips were mounted
on slides with Prolong Gold Antifade Reagent (Invitrogen). Images were acquired by a
confocal microscope (Olympus FV1000 using Olympus Fluoview Ver.2.0a) with a 60X
oil immersion lens. Images shown are a representative single Z-section. Photoshop
CS2 software was used to process the images. Quantitation of percent cells with SGs or
P-bodies (PBs) was measured by manually counting the number of cells with =3 or 210

visible foci per cell.

2.2.5 Western blots

5 x 10° S2 cells were lysed in 50 pL lysis buffer (20mM HEPES, 150 mM NacCl,
1% Triton X-100, 10% glycerol, 1ImM EDTA, 10mM tetrapyrophosphate, 100mM NaF,
17.5 mM B-glycerophosphate, and a protease inhibitor cocktail (Roche)). Equal masses
(in micrograms) of lysates were loaded and separated on a 10-15% acrylamide SDS-
PAGE gel and then transferred to a polyvinylidene difluoride Immunobilon-FL
membrane (Millipore). The membrane was blocked for 30 min in 20 mL of 5% skim milk
in TBST (20mM Tris, 150mM NacCl, 0.1% Tween) and incubated at 4°C overnight with
the following antibodies: 1:1,000 mouse anti-GFP (Roche), 1:5,000 rabbit anti-V5
(Sigma), and 1:1000 rabbit-anti-delF4E (generous gift from Paul Lasko, McGill
University) in 5mL of 5% skim milk in TBST. Membranes were washed with 20 mL

TBST three times and incubated with IRDye 800CW goat-anti-rabbit IgG (LI-COR

37



biosciences) or IRDye 680CW goat anti-mouse 1:10,000 for one hour at room
temperature in 5 mL of 5% skim milk in TBST. The membranes were washed 3 times
with 20 mL of TBST, and scanned on an Odyssey imager (LI-COR Biosciences). In
some experiments, a 1:30,000 dilution of donkey anti-rabbit IgG-horseradish peroxidase
(Amersham) or a 1:10,000 dilution of goat anti-mouse IgG-horseradish peroxidase
(Santa Cruz Biotechnology) was also used to detect proteins by chemiluminescence

(Millipore).

2.3 Results
2.3.1 Induction of stress granules in Drosophila S2 cells

Previous reports demonstrated that SGs can be induced in Drosophila S2 cells
under oxidative or heat shock stress, conditions that inhibit translation initiation in an
elF2a phosphorylation-dependent or -independent manner, respectively (Farny et al.,
2009; Loschi et al. 2009). To further provide a comprehensive analysis of SG formation
in Drosophila cells, | monitored the formation of mMRNA granules by in situ hybridization
using an oligo(dT)-Cy3 probe in S2 cells treated with arsenite (oxidative stress), heat
shock (42°C), or pateamine A (PatA). PatA inhibits translation initiation by sequestering
elF4A from the cap-binding complex, which results in the assembly of SGs in
mammalian cells (Dang et al., 2006; Mazroui et al., 2006). In untreated S2 cells, the
poly(A)" RNA was diffusely distributed in the cytoplasm. Treatment of cells with arsenite
or heat shock for one hour induced poly(A)* RNA granules in ~100% of cells (Figure
2.1). Similarly, treatment of cells with PatA also induced poly(A)* RNA granules (~100%

of cells), demonstrating that the induction of RNA granules when elF4A activity is
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inhibited is a conserved process from Drosophila to mammals (Figure 2.1). To
determine whether these poly(A)* RNA granules are SGs, | monitored the subcellular
localization of a panel of SG protein markers. Because antibodies to several Drosophila
SG markers are not yet available, | transiently transfected expression vectors containing
SG markers fused with either GFP or V5. As observed previously with some of the
markers (Farny et al., 2009), expression of the fusion SG markers was cytoplasmically
diffuse in untreated cells (Figure 2.1). In contrast, in all stressed cells tested,
exogenously expressed Rox8-GFP, GFP-PABP, FMR1-V5, and Rin-GFP were recruited
to granules that colocalized with poly(A)* RNA granules (Figure 2.1A to C and E). Rox8
and Rasputin (Rin) are the Drosophila homologues of the mammalian TIA-1 and G3BP,
respectively, which are classic markers of SGs (Kedersha et al., 2000; Tourriere et al.,
2003). Other signature SG markers include translation initiation factors and the small
ribosomal subunit (Kedersha et al., 2002; Kedersha et al., 1999; Kimball et al., 2003). |
monitored the subcellular localization of a subunit of the translation factor elF3 (fusion
V5-elF3 S9) and the endogenous cap binding protein, elF4E, by indirect
immunofluorescence. | also detected the small ribosomal subunit by fluorescent in situ
hybridization using probes that hybridize to the 18S rRNA. Under all stress conditions,
V5-elF3 S9, endogenous elF4E, and the 18S rRNA colocalized with poly(A)* RNA
granules, consistent with previous reports that stalled translation complexes are
recruited to SGs (Figure 2.1D, F, and G). In addition, it has been shown that a subset of
O-linked N- acetylglucosamine (O-GIlcNAc)-modified proteins colocalizes with SG
markers (Ohn et al., 2008). In untreated cells, O-GIcNAc staining by

immunofluorescence showed punctate foci that did not colocalize with poly(A) granules.
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Figure 2.1 Stress granule markers colocalize with poly(A)* RNA granules in
stressed Drosophila S2 cells. S2 cells were transiently transfected with expression
vectors containing Rox8-GFP (A), Rin-GFP (B), GFP-PABP (C), V5-elF3 S9 (D), or
FMR1-V5 (E) as described in section 2.2.2. A day later, S2 cells were either left
untreated (control) or were treated with 50 nM PatA or 500 uM arsenite or heat-shocked
at 42°C for one hour. Poly(A)* RNA was detected by fluorescence in situ hybridization
using Cy3- or Cy5-oligo d(T)40 (red fluorescence) as described in section 2.2.3. S2
cells were subsequently costained with antibodies to V5 (D and E), elF4E(F), or O-
GIcNAc (H) or cohybridized with Cy3-antisense 18S rRNA (G) as described in 2.2.3 and
2.2.4. All SG markers except for poly(A)* RNA are shown in the green channel.

Enlarged views of the boxed areas highlight different channels and merged views.
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In PatA-treated cells, a small fraction of O-GIcNAc staining colocalized with the poly(A)*
RNA granules, suggesting that, as in the mammalian cells, the GIcNAc modification
may be important for assembly of SGs in Drosophila cells (Figure 2.1H). In summary, |
had established that SGs can be induced in Drosophila cells under a number of

stresses using a comprehensive panel of SG protein markers.

2.3.2 Modulation of stress granules during cricket paralysis virus infection

In CrPV-infected S2 cells, significant repression of host translation occurs by
three to four hours post infection, concomitant with phosphorylation of elF2a; thus, |
would predict that SGs would form during this time (Garrey et al., 2010). For this
analysis, cells with three or more visible foci were counted as SG-containing cells. |
found that this approach provided a reproducible and stringent assessment of a cell
containing SGs. In uninfected cells, only ~3 to 11% of transfected cells exhibited
punctate foci containing Rox8-GFP, Rin-GFP, or PABP-GFP (Figure 2.2A to C).
Although significant host translation repression occurs by four hours post infection (hpi),
only ~15 to 20% of transfected cells at four and six hpi showed recruitment of Rox8-
GFP and Rin-GFP to SGs, compared to ~ 9 to 11% of mock-infected cells (Figure 2.2A
and B). Similarly, staining of V5-elF3 S9 and FMR1-V5 by indirect immunofluorescence
was primarily diffuse in both mock-infected cells and at 6 hpi (Figure 2.2D and F). Also,
no change in O-GIcNAc staining was observed in mock and CrPV-infected cells, and
there was a lack of colocalization between O-GIcNAc staining and poly(A)* granules at
6 hpi (Figure 2.2E). In summary, these results indicate that SG assembly as defined by

these SG protein markers is inhibited during CrPV infection. However, unlike results for
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the SG markers above, the number of transfected cells exhibiting foci that contain GFP-
PABP increased to 21% and 43% by four and six hpi, respectively, compared to ~ 3% in
mock-infected and at two hpi (Figure 2.2C). This suggests that the assembly of SGs
composed of GFP-PABP during CrPV infection is distinct from that of other SG markers.
Interestingly, the percentage of cells containing three or more poly(A)* RNA granules
increased during CrPV infection from ~20% of mock-infected cells to ~90% of cells by
eight hpi (Figure 2.2G). By using a more stringent analysis, the number of cells
exhibiting 10 or more foci containing poly(A)* RNA granules also increased from ~20%
in mock-infected cells to ~70% in CrPV-infected cells by eight hpi (Figure 2.2G). In
general, | found that the poly(A)* RNA granules appeared smaller and more numerous
than those observed in cells treated with PatA, heat shock, or arsenite. In every case,
all SG markers (Rox8- GFP, Rin-GFP, V5-elF3, FMR1-V5, and O-GIcNAc staining)
except for GFP-PABP failed to colocalize with poly(A)* RNA granules (Figure 2.2A, B,
and D to F). Although primarily diffuse, a fraction of GFP-PABP colocalized with the
poly(A)* RNA granules during infection (Figure 2.2C). Thus, CrPV infection inhibits SG
formation but not GFP-PABP-containing SGs or poly(A)* RNA granule formation in S2
cells.

In poliovirus-infected cells, the inhibition of G3BP-containing SGs late in infection
is due to cleavage of G3BP by the viral 3C protease(White et al., 2007). To rule out the
possibility that the diffuse localization of SG proteins in CrPV-infected cells may be due
to degradation or cleavage, | monitored the status of these proteins by Western blot
analysis. The SG markers, Rin-GFP, elF4E, Rox8-GFP, FMR1-V5 and V5-elF3 S9,

remained intact and stable in mock- and CrPV-infected cells at six hpi (Figure 2.2H).
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Figure 2.2 Granules containing PABP and poly(A)* RNA but not Rox8-GFP or Rin-
GFP are formed in CrPV-infected cells. As described in section 2.2.2, S2 cells
transiently transfected with expression vectors containing Rox8-GFP (A), Rin-GFP (B),
GFP-PABP (C), FMR1-V5 (D), or V5-elF3 S9 (F) were mock infected or infected for two,
four, or six hours with CrPV at an MOI of 10. The V5 fusion proteins and O-GIcNAc-
modified proteins (E) were detected by staining using anti-V5 and anti-GIcNAc
antibodies, respectively, as described in section 2.2.4. (G) Quantitation of the
percentage of cells containing poly(A)* granules as described in section 2.2.4. (H)
Western blot analysis of the indicated SG protein markers in mock- and CrPV-infected
cells at 6 hpi as described in section 2.2.5. (1) Inhibition of SGs in Drosophila C virus-
infected cells. S2 cells transiently transfected with the expression vector containing
Rox8-GFP were mock-infected or infected for twelve hours with DCV at an MOI of 10.
Poly(A)* RNA was detected by in situ hybridization using Cy3-oligo d(T)40 (red
fluorescence) as described in section 2.2.3. Percentages represent the proportion of
transfected cells containing at least three granules expressing GFP or staining with V5
or O-GIcNAc. Enlarged views of the boxed areas highlight different channels and
merged views. More than 100 cells were analyzed in multiple fields for each experiment.

The average of three independent experiments is shown.

Similarly, it has been shown that PABP is not cleaved or degraded during CrPV
infection (Garrey et al., 2010). Thus, the lack of SG induction in CrPV-infected cells is
not due to loss of these SG markers.

To determine whether SG assembly is actively inhibited during CrPV infection,
cells were challenged with PatA treatment for one hour prior to fixation at different times
of infection. PatA treatment of cells, either mock-infected or two hpi, induced SGs, as
demonstrated by colocalization of poly(A)* RNA granules with Rox8-GFP, Rin-GFP, and
GFP-PABP (Figure 2.3A to C), indicating that the pathway leading to SG assembly is

intact during the first two hours of infection (83 to 100% of cells contained SGs). By four
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and six hpi, only 9 to 15% of PatA-treated cells showed foci containing Rox8-GFP and
Rin-GFP while the rest of the cells exhibited diffuse GFP expression (Figure 2.3A and
B). In contrast, close to ~100% of infected cells at four and six hpi exhibited 3 or more
poly(A)* RNA granules per cell (Figure 2.3). Moreover, as was observated during CrPV
infection alone, these poly(A)* RNA granules did not colocalize with Rox8-GFP and Rin-
GFP (Figure 2.3A and B). In the case of GFP-PABP, only a fraction of GFP-PABP
colocalized with poly(A)* RNA granules in PatA-treated cells at 4 and 6 hpi, which is
also similar to observations in CrPV-infected cells (Figure 2.2C and 3C). To determine
whether CrPV infection can inhibit other SG assembly pathways, | challenged infected
cells with arsenite and heat shock. As was seen in PatA-treated cells, Rox8-GFP
remained diffuse and did not colocalize with poly(A)* RNA granules late in infection
(Figure 2.3D and E). In summary, these results demonstrate that the assembly of Rox8-
GFP and Rin-GFP SGs but not poly(A)* RNA granules is inhibited in CrPV-infected

cells.

2.3.3 Drosophila C virus infection inhibits stress granule formation

| next asked whether the related Dicistrovirus, DCV, also inhibits SG formation.
Like CrPV infection, DCV infection also leads to host translation repression but at a later
time point than in CrPV-infected cells (Cherry et al., 2005). At twelve hpi in DCV
infected cells, poly(A)* RNA granules accumulated in visible foci which did not contain
Rox8-GFP (Figure 2.21). The Rox8-GFP remained cytoplasmically diffuse. When
challenged with PatA for one hr at twelve hpi, DCV-infected cells still displayed diffuse

Rox8-GFP which did not colocalize with poly(A)* RNA granules (Figure 2.2l). Given that
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Figure 2.3 CrPV infection inhibits stress granule formation in response to PatA,
arsenite, and heat shock treatment. S2 cells transiently transfected with expression
vectors containing Rox8-GFP (A), Rin-GFP (B), or GFP-PABP (C) were either mock
infected or CrPV infected (MOI of 10) for two, four, or six hours and treated with 50nM
PatA (A to C) or 500uM arsenite (D) or heat shocked at 42°C (E) for one hour prior to
fixation as described in section 2.2.2. Poly(A)* RNA was detected by in situ
hybridization using Cy3-oligo d(T)40 (red fluorescence) as described in section 2.2.3.
Enlarged views of boxed areas highlight different channels and merged views.
Percentages of transfected cells containing at least three GFP-containing granules are
shown. More than 100 cells were analyzed in multiple fields for each experiment. The

average of three independent experiments is shown.
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Figure 2.4 UV-inactivated CrPV does not inhibit stress granule formation.
Transiently transfected S2 cells expressing Rox8-GFP as described in section 2.2.2
were mock infected or infected with UV-inactivated CrPV. Where indicated, cells were
treated with PatA for one hour prior to fixation. Poly(A)* RNA was detected by in situ
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hybridization using a Cy3-oligo d(T)40 (red fluorescence) as described in section 2.233.

Enlarged views of boxed areas highlight different channels and merged views.

both CrPV and DCV infection lead to inhibition of Rox8-containing SGs and induce
poly(A)* RNA granules, this may suggest a general property of dicistrovirus infections in

general.

2.3.4 CrPV replication is required for modulation of stress granules

To determine whether CrPV replication is required for the inhibition of SGs, S2
cells were infected with UV-inactivated CrPV. UV-inactivated CrPV was replication-
defective and did not produce viral proteins in S2 cells (data not shown). UV-inactivated
CrPV failed to induce foci containing Rox8-GFP or poly(A)* granules at four hpi, a time
when poly(A)* granules are normally detected in CrPV-infected cells (Figure 2.4). When
challenged with PatA for one hour at four hpi, cells infected with UV-inactivated CrPV
exhibited foci that contained both Rox8-GFP and poly(A)* granules (Figure 2.4), thus
demonstrating that viral replication is necessary for inhibition of SG formation during

CrPV infection.

2.3.5 Stress granules are not maintained in CrPV-infected cells

Our experiments indicate that the formation of SGs containing markers such as
Rox8 and Rin is inhibited after four hpi in CrPV-infected cells (Figure 2.2 and 2.3). It is
possible that CrPV infection may not only inhibit the assembly of SGs but also promote
their disassembly. To address this, after SGs were induced by the addition of PatA to

infected cells at one hpi, Rox8-GFP-containing SGs were monitored at two or four hpi.
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The four hpi time point was chosen because this is when Rox8-containing SGs are
inhibited during CrPV infection (Figure 2.3). Whereas PatA treatment for one hour at 2
hpi led to punctate Rox8-GFP granules that colocalized with poly(A)* RNA (Figure
2.5C), PatA treatment for 3 hour at 4 hpi resulted in diffuse Rox8-GFP and poly(A)*
RNA granules (Figure 2.5D). The lack of Rox8-GFP-containing SGs is not due to the
dynamic property of SGs as uninfected cells treated with PatA for 1 or 3 hours still
displayed foci containing Rox8-GFP that colocalized with poly(A)* RNA granules (Figure
2.5A and B). These results indicate that Rox8-GFP-containing SGs cannot be

maintained during the course of infection.
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Figure 2.5 CrPV infection leads to disassembly of stress granules. Transiently
transfected cells expressing Rox8-GFP as described in section 2.2.2 were infected with
CrPV for two hours or four hours (C,D). At one hpi, 50nM PatA was added. As controls,
uninfected cells were treated with 50nM PatA for one hour or three hours (A,B). Cells
were subsequently fixed, and poly(A)* RNA was detected by in situ hybridization using a
Cy3-oligo d(T)40 (red fluorescence) as described in section 2.2.3. Enlarged views of

boxed areas highlight different channels and merged views.
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2.3.6 Characterization of poly(A)* RNA granules in CrPV-infected cells

The lack of colocalization of several SG markers with poly(A)* RNA granules in
CrPV-infected cells suggests that the poly(A)* RNA granules may represent atypical
RNA granules. One possibility is that these poly(A)* RNA granules are P-bodies (PBSs).
To monitor PBs, cells were transfected with plasmids expressing GFP-GW182 (glycine-
tryptophan protein of 182kDa), GFP-DCP1 (decapping protein 1), GFP-Agol (argonaute
1), or RFP-Ago2 (argonaute 2). Expression of these reporter proteins resulted in distinct
punctate GFP or RFP expression, indicative of basal PB formation (Figure 2.6A). PBs
containing GFP-DCP1 or GFP-GW182 were present in 100% of transfected cells,
whereas those containing GFP-AGO1 or RFP-AGO2 were present in ~ 50% of cells
(cells with > 3 foci per cell were counted as PB-containing cells). As shown in this study,
at four and six hpi, poly(A)* RNA granules were induced in CrPV-infected cells.
However, these granules did not colocalize with the GFP-GW 182, GFP-DCP1, GFP-
AGO1, or RFP-AGO2 foci, indicating that these poly(A)* RNA granules are not PBs.
Interestingly, the number of cells that contained GFP-GW182 and GFP-DCP1 PBs
moderately decreased at late times of infection (Figure 2.6A). Compared to mock-
infected cells (100% of transfected cells), only ~ 60% of CrPV-infected cells at six hpi
displayed > 3 foci containing GFP-GW182 or GFP-DCP1 (Figure 2.6A). This decrease
was not due to degradation or cleavage of the PB markers (Figure 2.6B). In contrast,
the percentage of cells with PBs containing GFP-AGO1 or RFP-AGO2 remained
constant throughout infection (Figure 2.6A). Thus, these results demonstrate that
formation of PBs containing GFP-GW182 or GFP-DCP1 but not GFP-AGO1 or RFP-

AGO?2 is inhibited in CrPV-infected cells. Since the CrPV viral RNA genome has a
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poly(A)* tail (Eaton and Steacie, 1980), we next investigated the possibility that the
poly(A)* RNA granules contain CrPV RNA or viral replicative RNA intermediates. By in
situ hybridization using a probe specific to the sense strand of CrPV RNA, fluorescence
increased during the course of CrPV infection, strongly indicating that the increase in
viral RNAs was specifically detected (Figure 2.7). As a control, a probe containing a
randomized sequence did not result in fluorescence signal over background (data not
shown). Despite the increase in viral RNA, the detectable fluorescence signal did not
colocalize with the poly(A)* RNA granules (Figure 2.7). To determine whether the
poly(A)* RNA granules may be sites of replicative intermediates, | used an antibody that
specifically recognizes double-stranded RNA (dsRNA) (62). Whereas mock-infected
cells displayed basal immunofluorescence, the dsRNA staining increased over time in
CrPV-infected cells, consistent with an increase in replicative viral intermediates (Figure
2.7). The dsRNA staining was punctate, indicating that CrPV replication is localized.
However, the dsRNA staining did not colocalize with the poly(A)* RNA granules in
CrPV-infected cells (Figure 2.7, compare green and red channels). From these results, |
concluded that the virally induced poly(A)* RNA granules are not PBs and do not

contain viral RNA.

2.3.7 The CrPV 3C protease is sequestered to stress granules

Our results suggest that CrPV replication is required for the inhibition of SG
formation (Figure 2.4). One possibility is that a CrPV protein may be mediating this
effect. To begin testing this hypothesis, | subcloned individual CrPV non-structural and

structural proteins. Of the CrPV proteins tested so far, none can inhibit the formation of
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Figure 2.6 Virus-induced poly(A)* RNA granules do not contain P body markers.
(A) S2 cells transiently transfected with expression vectors containing GFP-AGO1,
RFP-AGO2, GFP-DCP1, or GFP-GW182 as described in section 2.2.2 were either
mock or CrPV infected for two, four, or six hours with CrPV at an MOI of 10. PB markers
are shown in green. Poly(A)* RNA was detected by in situ hybridization using Cy3-oligo
d(T)40 (red fluorescence) as described in section 2.2.3. Percentages represent the
proportion of transfected cells containing at least three GFP- or RFP-containing
granules. Enlarged views of boxed areas highlight different channels and merged views.
(B) Western blot analysis of the indicated PB protein markers in mock- and CrPV-

infected cells at six hpi as described in section 2.2.5.

Rox8-GFP-containing SGs in cells treated with PatA. However, through our analysis, |
noticed that in cells expressing the V5- tagged 3C protease, the staining of V5 by
indirect immunofluorescence colocalized with SGs containing Rox8-GFP and poly(A)*
RNA under PatA treatment (Figure 2.8, middle panel). | next tested whether the tagged
3C protease may be colocalizing with the poly(A)* RNA granules that are induced in
CrPV-infected cells. As shown previously in CrPV-infected cells, the Rox8-GFP
remained diffuse, and poly(A)* RNA granules assembled in CrPV-infected cells (Figure
2.8, right panel). However, the tagged 3C protease was not recruited to the poly(A)*
granules during CrPV infection and remained cytoplasmically diffuse. Because the viral
3C protease may be being sequestered to SGs, one possible outcome of inhibiting SG
assembly during CrPV infection is that the 3C protease remains available for viral

processing.
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Figure 2.7 Virus-induced poly(A)* RNA granules do not contain CrPV RNA. S2
cells were mock or CrPV infected (MOI of 10) for two, four, or six hours and then
processed for in situ hybridization. Poly(A)* RNA was detected by in situ hybridization
using a Cy5- or Cy3-oligo d(T)40 (red) as described in section 2.2.3. Viral dsRNA
intermediates were detected by indirect immunofluorescence using an anti-dsRNA
antibody (green) as described in section 2.2.4. CrPV RNA was detected by using a Cy5-
conjugated antisense probe that hybridized to the sense strand of CrPV RNA (green) as
described in section 2.2.3. Enlarged views of boxed areas highlight different channels

and merged views.
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Figure 2.8 The CrPV 3C-like protease is sequestered to SGs under cellular stress.
S2 cells transiently cotransfected with expression vectors containing Rox8-GFP and
CrPV 3C protease-V5 as described in section 2.2.2 were left untreated (control), treated
with 50nM PatA for one hour, or infected with CrPV for six hours. Fusion V5 viral
proteins were detected by costaining with anti-V5 antibody (gray) as described in
section 2.2.4, and poly(A)* RNA was detected by in situ hybridization using Cy5-oligo
d(T)40 (red) as described in section 2.2.3. Expression of Rox8-GFP is shown in green.

Enlarged views of boxed areas highlight different channels and merged views.

2.4 Discussion

Viruses have evolved unique mechanisms to evade the host antiviral response
and to usurp host factors for viral translation and replication. There is increasing

evidence that viruses can modulate SG and PB formation, suggesting that they can
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impact virus infection and yield (Lloyd, 2013). Here, | have demonstrated that infection
by the dicistroviruses CrPV and DCV inhibits the assembly of SGs, as defined by a set
of SG protein markers, but not of granules containing poly(A)* RNA. My results suggest
that the inhibition of SG formation may keep viral 3C protein available for CrPV
polypeptide processing.

This Chapter expands on previous reports on SGs in Drosophila cells, and | have
now demonstrated several SG markers that aggregate and colocalize with poly(A)* RNA
under a number of cellular stress conditions (Farny et al., 2009; Loschi et al., 2009).
SGs are induced in cells treated with heat shock, arsenite, and PatA, indicating that SG
assembly is conserved in Drosophila and that these SGs are compositionally similar to
those in mammalian cells (Figure 2.1). Using this panel of SG markers, | explored the
relationship of SG formation during dicistrovirus infection. In CrPV- and DCV-infected
cells, despite a rapid loss of host protein synthesis, the majority of the classic SG
markers do not aggregate and remain dispersed (Figure 2.2). This was surprising as |
monitored signature SG markers such as Rox8, Rin, and elF3. Only the SG marker
PABP patrtially aggregated and colocalized with poly(A)* RNA granules. My results
showed that infected cells challenged with potent SG inducers such as heat shock,
arsenite, or PatA could not induce aggregation of SG markers after four hpi but could at
earlier times of infection (Figure 2.3). This suggests that the inhibition of SG formation in
CrPV-infected cells likely targets a general pathway of SG formation at late times of
infection. My results also indicate that Rox8-containing SGs are not maintained during
CrPV infection when SGs are induced early in infection (Figure 2.4). Taken together,

these results indicate that CrPV infection promotes the disassembly of SGs at late times
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of infection. Despite the lack of aggregation of most SG markers, poly(A)* RNA
granules were still induced in CrPV-infected cells (Figure 2.5). This observation
highlights the importance of monitoring both SG protein markers and poly(A)* RNA and
serves as an example that distinct SGs and RNA granules may be differentially
regulated under specific cellular conditions. Moreover, given that there is more evidence
that compositionally distinct SGs exist and may be differentially regulated, as | have
observed in our studies, it is imperative to monitor as many SG markers as possible
during a given cellular stress (Piotrowska et al., 2010; Stoecklin et al., 2004).

The percentage of cells containing poly(A)* RNA granules increased during
infection, which correlated with viral replication (Figure 2.1). To my surprise, using two
approaches to detect viral RNA by in situ hybridization and by indirect
immunofluorescence using an anti-dsRNA antibody, | found that these poly(A)* RNA
granules do not contain viral RNA (Figure 2.7). | also showed that these poly(A)" RNA
granules do not colocalize with PB markers (Figure 2.6). Currently, | do not know if
these poly(A)* RNA granules represent novel RNA granules or are distinct SGs that do
not colocalize with known classic SG markers but, rather, with a yet to be discovered
aggregating protein complex. A report showed that in poliovirus-infected cells, the
induction of poly(A)* RNA granules requires ongoing host transcription (Piotrowska et
al., 2010). In CrPV-infected cells, addition of actinomycin D did not affect the induction
of poly(A)* RNA granules or lead to the inhibition of SG marker aggregation (data not
shown). In CrPV-infected cells, overall translation is shut off by four hpi, which is
approximately the same time when poly(A)* RNA granules are induced (Garrey et al.,

2010). It is likely that these poly(A)* RNA granules represent inactive mRNAs that are
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released from polysomes during infection. An outstanding question is whether a subset
of mMRNAs or all nontranslating mRNAs are localized to these poly(A)* RNA granules in
infected cells.

What is dissociating SGs during CrPV infection? UV-inactivated CrPV does not
mediate the inhibition of SG assembly, indicating that CrPV replication is required
(Figure 2.4). Furthermore, the inhibition of SG formation occurred after four hpi,
suggesting that a viral protein may be mediating this effect (Figure 2.2 and 2.3). SGs
can assemble through the action of aggregating proteins such as TIA-1 and G3BP
(Kedersha et al., 2002; van Rij et al., 2006). However, during CrPV and DCV infection,
these and other SG proteins tested in this study do not aggregate and are not cleaved
or degraded (Figure 2.2). Another possibility is one or more of the SG proteins are
recruited by CrPV and DCV and the loss of this protein destabilizes SGs during
infection. There are many examples of this in other viruses (section 1.7). However, the
viruses that do interact with SG markers require these proteins for viral replication.
Besides "hijacking" SG factors, CrPV infection might affect a posttranslational
modification pathway and that might affect SG assembly. For example, it has been
reported that the deacetylase activity of histone deacetylase (HDAC) is required for SG
assembly (Kwon et al., 2007). Moreover, a siRNA screen identified several genes
(>100) involved in the assembly and disassembly of SGs, suggesting that multiple
factors may mediate SG assembly (Ohn et al., 2008). One interesting outcome from this
previous study was the discovery that the O-GIcNAc modification of proteins may be
important for the assembly of SGs (Ohn et al., 2008). In my experiments, the staining of

O-GIcNAc by immunofluorescence was localized to SGs under cellular stress but not
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during CrPV infection, suggesting that CrPV infection does not affect this pathway of SG
assembly. My data suggest that SGs may be actively disrupted during CrPV infection
(Figure 2.5). The factors Staufen 1 and elF5A have been shown to disrupt SGs by
maintaining ribosomes bound to MRNAs, thus preventing initiation complexes from
shuttling to SGs (Li et al., 2009; Thomas et al., 2009). It is unlikely that these factors are
responsible for the inhibition of SGs during CrPV infection since host translation is shut
off, and the majority of polysomes is disassembled (Garrey et al., 2010).

My results demonstrated that PBs containing GW182 and DCP1 disassemble
late during CrPV infection (Figure 2.6). PBs are thought to be sites to which
translationally stalled mRNPs are shuttled either for degradation or for reorganization of
MRNPs. Moreover, PBs are normally found adjacent to SGs during cellular stress, and
proteins and mRNAs may be exchanged between PBs and SGs (Kedersha et al.,
2005). In general, GW182, DCP1, Agol, and Ago2 interact with each other to form
cytoplasmic PB foci containing mRNA and miRNAs (Behm-Ansmant et al., 2006;
Eystathioy et al., 2002; Ingelfinger et al., 2002; Schneider et al., 2006). However, not all
PBs contain the full complement of PB markers, and many PB markers are in other
types of RNA granules. For instance, PBs containing DCP1 and Ago2 do not colocalize
under certain cellular stress conditions (Leung et al., 2006). In addition, some classical
PB markers like GW182 and AGO2 are also in other granules that is different from the
DCP1-containing P bodies (Gibbings et al., 2009). Supporting this, CrPV infection
affects only granules containing DCP1 and GW182 but not Agol and Ago2 (Figure 2.6).
During CrPV infection, the virus may inhibit DCP1- and GW182-containing PBs

specifically in order to keep viral RNAs from being degraded. Alternatively, given that
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GW182 is a key component in miRNA-dependent translational control, it is possible that
a miRNA that is normally shuttled to PBs may be required for CrPV infection (Eulalio et
al., 2007; Liu et al., 2005; Rehwinkel et al., 2005). It has been shown that Ago2-deficient
flies are hypersensitive to CrPV and DCV infection, indicating that Ago2 is an antiviral
factor in Drosophila (van Rij et al., 2006). Moreover, the CrPV silencing suppressor 1A
protein targets and inhibits Ago2 activity, thereby antagonizing RNA interference (Nayak
et al., 2010). Because Ago2 remains punctate during CrPV infection, it remains to be
seen whether this process may contribute to the suppression of Ago2 activity and affect
viral yield. | observed that the V5-tagged 3C protease colocalized with Rox8-GFP and
poly(A)* RNA granules under PatA-induced stress, suggesting that this viral protein has
a tendency to be sequestered to SGs (Figure 2.7). Under viral infection, the 3C
protease remained disperse and did not colocalize with the poly(A)* RNA granules.
Thus, | propose that one purpose of inhibiting SG formation during infection is to keep
the CrPV 3C protease available and free for viral protein processing. Alternatively, given
that SGs may sequester specific proteins to regulate apoptosis (Arimoto et al., 2008), it
is possible that the inhibition of SGs in CrPV-infected cells affects other cellular
processes.

Even though SGs are disrupted to prevent viral proteins from being "trapped,”
there may be other potential reasons why dicistroviruses would want to disrupt SGs.
Recently, new evidence has emerged that suggests that SGs activate the innate
immune response (Reineke and Lloyd, 2015). For example, PKR activation can be
triggered in SGs by overexpressing G3BP. Specifically, Reineke and Lloyd (2015)

showed that G3BP can recruit inactive PKR to SGs and by some undetermined
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mechanism, PKR becomes activated and leaves SGs. This novel activation is
dependent on G3BP interacting protein Caprin 1 (Reineke et al., 2015). Since activation
of PKR leads to interferon (IFN) production, G3BP overexpression in cells inhibited
enterovirus replication. This novel link between SGs and innate immunity is likely not
present in Drosophila because Drosophila lacks PKR and IFN. Nevertheless, it will be
interesting to test if G3BP overexpression activates an innate immune response in
Drosophila.

Another enticing reason why dicistrovirus might benefit from disrupting SGs is to
recruit cellular factors that would have been "trapped” in SGs. For example, a recent
paper by Majzoub et al. (2014) demonstrates that RACKL1, a protein that is normally
enriched in SGs during cellular stress, interacts with CrPV and DCV 5'-UTR IRES. In
addition, RACK1 is important for 5-'UTR IRES translation because depletion of this
factor led to 10-fold decrease in IRES activity (Majzoub et al., 2014). More experiments
will be needed to determine whether there is a link between SG disassembly and

recruitment of RACK1 by the 5'-UTR IRES.
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Chapter 3: CrPV-1A stimulates 5'-dependent translation and
inhibits the stress granule pathway

3.1 Introduction

Viruses have evolved several strategies to manipulate the host cell to facilitate
viral replication and translation. In CrPV-infected S2 cells, a number of cellular
processes are affected including repression of cellular transcription (Chapter 4) and
translation (Garrey et al., 2010), inhibition of the RNAi silencing pathway (Nayak et al.,
2010) and inhibition of the SG pathway (Chapter 2)(Khong and Jan, 2011). How some
of these pathways are perturbed by CrPV infection and contribute to the life cycle of the
virus is not well understood. | hypothesize that one or more viral non-structural and
structural proteins are responsible for the disruptions in these cellular processes. Since
a least 13 viral proteins are produced during CrPV infection, | subcloned and expressed
each viral protein in Drosophila S2 cells and monitored cell viability and the effects on
reporter gene expression (Appendix)(Figure 3.1C)(Moore et al., 1980). | identified one
candidate, viral protein CrPV 1A, that inhibited gene expression and induced cell death.
This Chapter focuses on the role of CrPV 1A on specific cellular processes.

To counteract the RNAI antiviral response, a number of viruses have evolved
RNAI suppressors that inhibit specific steps of the RNAIi pathway (Bronkhorst et al.,
2014; Lu et al., 2005; Schnettler et al., 2012; Sullivan and Ganem, 2005; van Mierlo et
al., 2014; van Rijj et al., 2006). Briefly, the Drosophila RNAIi pathway is activated upon
recognition of long dsRNA, which is typically generated as a viral intermediate during
viral replication. Dicer2, an RNase llI-like enzyme, 'dices' the dsRNA into 21-23 bp

SiRNAs (reviewed in Sabin et al., 2010). siRNAs are then loaded into the RNA-induced
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silencing complex (RISC), which contains a second RNase llI-like enzyme, Ago2. One
strand of the siRNA guides the RISC complex to viral genomic RNA by perfect
complementary base pairing and Ago2 cleaves the viral RNA (Figure 3.1). lllustrating
the importance of this pathway, Ago-2-deficient flies are hypersensitive to viruses like
DCV and CrPV and succumb earlier than wild-type flies (van Rij et al., 2006; Wang et
al., 2006). Furthermore, a number of viruses block this pathway (Bronkhorst et al., 2014;
Lu et al., 2005; Schnettler et al., 2012; Sullivan and Ganem, 2005; van Mierlo et al.,
2014; van Rij et al., 2006). For example, Flock house virus (FHV) encodes a viral
protein called B2 that binds to dsRNA with high affinity and inhibits Dicer2 processing
(Lu et al., 2005; Sullivan and Ganem, 2005). Dicistroviruses have also evolved
mechanisms to also inhibit RNAI. The 1A protein of CrPV suppresses the RNAI
response by interacting with Ago2 and inhibiting the cleavage of target RNA directly
(Nayak et al., 2010). Interestingly, protein 1A of DCV, which is related to CrPV,
suppresses the RNAIi pathway by binding to dsRNA and sequestering the viral RNA
from the RNAiI machinery (van Rij et al., 2006) (Figure 3.1). The fact that dicistroviruses
have evolved multiple mechanisms to inhibit RNAI further demonstrates the significance
of these pathways in antiviral responses in Drosophila.

Besides suppressing RNAI, a recent paper by Besnard-Guerin et al. (2015)
discovered that 1A also affects microRNA (miRNA) silencing. Unlike siRNAs, miRNAs
are small endogenously encoded RNAs that mediate silencing by binding imperfectly to
target RNAs (reviewed in Ameres and Zamore, 2013). The authors found that CrPV-1A
inhibits Ago2-dependent miRNA-mediated silencing in S2 cells and in flies (Besnard-

Guerin et al., 2015).
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Figure 3.1 CrPV-1A, DCV-1A, and FHV-B2 suppress the RNAIi pathway in insects.
RNAi silencing is a major insect immunity pathway. Specifically, long dsRNAs from viral
replication intermediates or structured RNA are recognized and processed by Dicer2, a
RNase-Illl enzyme, into siRNAs. Once loaded into the RISC complex, one strand of the
siRNAs guide the RISC complex to viral genomes by complementary base pairing.
Ago2, an RNase Il enzyme, within the RISC complex cleaves the viral RNA which
marks it for further degradation. CrPV, DCV, and FHV encode RNAI suppressors. DCV-
1A and FHV-B2 impede RNAI silencing by binding to long dsRNA and siRNA. CrPV-1A
blocks RNAI silencing by binding to Ago2. Adapted from Nayak et al. (2010)

In this Chapter, | discovered that CrPV 1A has other functions besides
suppressing siRNAs and miRNAs. Notably, 1A stimulates 5'-end-dependent translation
in an Ago2-dependent manner. | showed that deletion of the C-terminal domain of 1A
disrupted this activity and that amino acid residue (R146) within 1A is important
specifically for this activity but not for RNAi suppression. Lastly, expression of 1A in
cells can suppress SG induction by PatA and arsenite. Together, these results suggest

that CrPV-1A exhibits multiple functions to facilitate virus infection.
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3.2 Materials and methods

3.2.1 Cell culture and virus infection

Drosophila S2 cells were maintained as described in section 2.2.1.

3.2.2 Plasmids

CrPV 1A (NC_003924, nt:709-1200), KBV 1A (NC_004807, nt:609-1127), ABPV
1A (NC_002548, nt:605-1096), and CrPV 1AA128 (NC_003924, nt:709-1092) were
cloned into the pAct5.1-HA expression plasmid. pAc5.1-HA was constructed by
inserting the 3xHA oligo (synthesized by IDT) using restriction sites Xbal and Apal.
The 3xHA oligo sequence is 5'-TCTAGATACCCGTACGACGTCCCGGACTACGCTGG
CTATCCCTATGATTGCCCGATTATGCGTATCCTTACGATGTTCCAGATTATGCCTAA
TGAGGGCCC-3'. The following steps were used to generate the pAct-CrPV-1A-HA
expression plasmid. 1) RNA was extracted from CrPV-infected S2 cells with Trizol
(invitrogen). 2) cDNA was generated from the RNA by reverse transcriptase with an
oligo dT(20) primer. 3) Primers with Kpnl and Xbal (5-ACTG GGTACC
ATGTCTTTTCAACAAACAAACAACAACG-3' and 5'-ACTG TCTAGA
ATTAGATTCGACATCACCACTCATCAAA-3') flanking sequences respectively were
used to amplify 1A from the cDNA. 4) The PCR-derived 1A was then digested with
Kpnl and Xbal and inserted into pAct5.1-HA plasmid lineard with Kpnl and Xbal. 5)
Following transformation of ligation products, bacterial colonies were picked and
plasmids were extracted and purified by miniprep. 6) Finally, ligation was confirmed by

sequencing the plasmids. pAct-KBV-1A-HA, pAct-ABPV-1A-HA, pAc5-CrPV-1AA128
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were constructed similarily except the PCR-derived KBV-1A, ABPV-1A, and
CrPV1AA128 were generated from full length genomic KBV or ABPV (synthesized by
IDT), and pAct-CrPV-1A-HA respectively.

The CrPV minigenome reporter was constructed stepwise using the pGEM3
plasmid as a backbone. 1) The CrPV IGR IRES including a short region of ORF2
(AF218039, nt:6217 to 6373) was PCR-amplified and ligated between the EcoR1 and
Ncol sites of pPGEMS3. 2) The firefly luciferase gene was PCR-amplified and ligated
between the Ncol and Xbal sites. 3) The 3'UTR of CrPV (synthesized by IDT) was
ligated between Xbal and BamH1 sites. 4) Finally, the 5'-UTR CrPV and Renilla
luciferase gene, generated by overlapping pcr, were inserted between the Hindlll and
EcoR1 sites.

The GAPDH bicistronic reporter was constructed using the CrPV minigenome
reporter described above as a backbone by Gibson Assembly (NEB), a single
isothermal reaction that combines an 5' exonuclease, a DNA polymerase, and a DNA
ligase for the joining of multiple overlapping DNA fragments. The following steps were
used to create this construct. 1) RNA was extracted from S2 cells with Trizol
(invitrogen). 2) cDNA was generated from the RNA by reverse transcriptase with oligo
dT(20) primer. 3) Primers with overlaps were used to amplify GAPDH from the cDNA
(5-ACGACTCACTATAGGGTTTTTAAGGCGCTTATATAATCAAACC-3' and 5'-
CATAAACTTTCGAAGTCATGGCTGAGTTCCTGCTGTC-3). 4) Overlapping reverse
complement primers were used to amplify the entire CrPV minigenome reporter minus
the 5-UTR IRES. 5) After cleanup by phenol chloroform extraction and ethanol

precipitation, the PCR-derived 5'-UTR GAPDH DNA (NM_080369, nt:1-260) was
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incubated with the PCR-derived CrPV minigenome lacking the 5-UTR IRES in a 3:1
molar ratio with 1X Gibson assembly mix for one hour. 6) After assembly, 2 uL was
used for transformation. 7) Several bacterial colonies were picked, purified, and
sequenced to confirm that the 5'-UTR of GAPDH had replaced the 5-UTR IRES in the
minigenome construct. The CrPV minigenome and the GAPDH bicistronic plasmids

were linearized with BamHI before proceeding to RNA synthesis by in vitro transcription.

3.2.3 DNA transfection, luciferase assay, and trypan blue assay

DNA transfections (Figure 3.2) were performed using Xtreme-GENE HP DNA
transfection reagent (Roche). 1ug of pAct expression plasmid (CrPV-1A-HA, KBV-1A-
HA, ABPV-1A-HA, or dsRED) were cotransfected with 1ug of pAct firefly luciferase
construct into S2 cells (1.5 X 108 cells per mL; 6-well plates) as described by the
manufacturer (Roche). Cells were harvested with passive lysis buffer (Promega) forty
eight hours after transfection and assayed for luciferase activity (Promega) using a
microplate luminometer (Berthold Technologies, Centro LB 960). Trypan blue assay

was performed as described by the manufacturer (Thermo Fisher).

3.2.4 Scanning alanine mutagenesis
Site-directed mutagenesis was performed on pAct-CrPV-1A-HA at specific
nucleotide positions to introduce an alanine at specific amino acids within CrPV 1A. The

constructs were verified by sequencing.
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3.2.5 In vitro transcription

1A-HA, 1AA128-HA, 1Amutants-HA, dsRED, and GFP were PCR amplified from
reporter plasmids (Section 3.2) by using a reverse primer and a forward primer with a
T7 promoter.

In vitro transcription reactions using T7 RNA polymerase were performed as
described previously (Wang and Jan, 2014). RNA were capped and polyadenylated
(CellScript), purified (RNeasy kit, Qiagen) and the integrity of the RNA was determined
by visualization on an agarose gel. The quantity of the RNA was determined by

Nanodrop (Thermo Scientific).

3.2.6 dsRNA-mediated knockdown

~400-500bp PCR products of GFP, firefly luciferase and dAgo2 were amplified
using primers that contain the T7 promoter at both ends. The PCR products were used
as templates in in vitro transcription reactions using T7 RNA polymerase. dsRNA was
purified and its integrity was verified by denaturing gel analysis. dsRNA (13 pg/million
cells) was incubated with S2 cells in serum-free SSM3 media for one hour, followed by
the addition of complete SSM3 media. S2 cells were incubated with firefly luciferase and

Ago2 dsRNAs for two and five days respectively.

3.2.7 RNA transfection and luciferase assay
Luciferase reporter RNAs (0.5 ug) were co-transfected with indicated RNAs (0.5
ug) (lipofectamine 2000, Invitrogen) into S2 cells (1.5 X 10° cells per mL; 12-well plates)

as described by the manufacturer (Invitrogen). All RNAs were capped and
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polyadenylated. Cells were harvested with passive lysis buffer (Promega) four hours
after transfection and assayed for luciferase activity (Promega) using a microplate

luminometer (Berthold Technologies, Centro LB 960).

3.2.8 Western blot analysis with Ago2, HA and Tubulin

The westerns were performed as described in section 2.2.5. In this Chapter, the
primary antibodies used were a-Ago2 (1:500 dilution, Andrew Simmonds from the
University of Alberta), a-Tubulin (1:1000 dilution, Santa Cruz), and a-HA (1:500 dilution,

Covance)

3.2.9 Immunoprecipitation with conjugated HA-antibody

100 pg of lysates from S2 cells transfected with CrPV 1A-HA, CrPV 1AA128-HA,
CrPV 1A R146A-HA, and dsRED RNA (control) were immunoprecipitated with 50 pL of
Anti-HA Affinity Matrix as described by the manufacturer (Roche). Immunoprecipitates
were mixed with 100 pL 2X SDS loading dye at 95°C for 10 min, centrifuged and the
supernatant was loaded on an SDS-PAGE for immunoblotting analysis using anti-HA

antibody (Section 3.7).

3.2.10 [**S]-pulse-labelling in cells
As described previously (Garrey et al., 2010), cells were pulse labeled with [3°S]-
Met/Cys (Perkin-Elmer) for 20 min, washed with cold PBS twice and harvested with

lysis buffer. Equal amounts of lysates were resolved on a SDS-PAGE and the SDS-
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PAGE gel was dried. Radioactive bands were imaged with a phosphorimager

(Amersham Pharmacia Biotech).

3.2.11 Confocal analysis of stress granules

Rox8-GFP RNAs (1 ug) were co-transfected with the indicated RNAs (1 ug)
(lipofectamine 2000, Invitrogen) into S2 cells (3.0 X 108 cells per mL; 6-well plates) as
described by the manufacturer (Invitrogen). All RNAs were capped and polyadenylated.
In preparation for microscopy, a total of 1 X 10® S2 cells was plated for one hour on
coverslips pre-coated with concanavalin A 0.5 mg/ml (Calbiochem). Cells were
subsequently fixed with 3% paraformaldehyde in PBS and permeabilized in 0.5%
Tween in PBS. Coverslips were mounted on slides with Prolong Gold Antifade Reagent
(Invitrogen). Images were acquired with a confocal microscope (Olympus FV1000 using
Olympus Fluoview Ver.2.0a) with a 60X oil immersion lens. Images shown are a
representative single Z-section. Photoshop CS2 software was used to process the
images. SGs was measured by manually counting the number of Rox8 positive
granules for each cell (>100 cells counted for each condition). The results are displayed

as a box plot (Figure 3.7).

3.2.12 Northern blot analysis

Total RNA from cells was purified using TRIzol (Invitrogen). 5 pug of each sample
was loaded onto a 1% denaturing agarose gel (1X MOPS and 20% formaldehyde v/v).
RNA was transferred and crosslinked to Zeta-probe membrane (Bio-Rad, UV

Stratalinker 1800TM by Strategene). Transfer of RNA was confirmed by methylene-blue
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staining. The membrane was pre-hybridized with 5 mL hybridization buffer (0.5 M
Na2HPO4 (pH 7.2), 1 mM EDTA (pH 8.0), 7% SDS w/v) at 65°C for at least 30 min. [a-
32P] dATP-labeled DNA probes were generated using the Radprimer kit (Invitrogen)
and subsequently purified using the QIAquick Nucleotide Removal Kit (Qiagen). Probes
were heated at 95C before adding to the pre-hybridized membranes. After incubating
overnight at 65°C, the membranes were washed three times with 15 mL of Wash Buffer
(0.1% SDS wl/v, 0.1X SSC) at 50°C. The members were analyzed by phosphoryimager

analysis (Typhoon, GE Healthcare).

3.3 Results

3.3.1 Expression of CrPV-1A-HA in Drosophila S2 cells induces cell death and
inhibits transcription

To explore if CrPV-1A has other roles besides inhibiting RNAI, | transiently
transfected an expression plasmid that contains a C-terminal hemagglutitin (HA)-tagged
CrPV-1A (CrPV-1A-HA) under the control of the actin promoter into Drosophila S2 cells
and monitored its effects on gene expression by co-transfecting a firefly luciferase
expression plasmid that is also under the control of the actin promoter. Expression of
CrPV-1A-HA in transfected cells was detected by Western blot analysis using a-HA
antibody (Figure 3.1A). Although two bands were detected in transfected cells, the
slower migrating band matches the predicted molecular weight of CrPV 1A-HA at
22.8kDa. Currently, we do not know the origin of the faster migrating band, however,
this band was also detected by Nayak et al. (2010). We also co-transfected 1A-HA from

other Dicistroviruses, Kashmir Bee Virus (KBV) and Acute Bee Paralysis Virus (ABPV)
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and a control plasmid that expresses dsRED (Figure 3.1A) with the firefly luciferase
expression plasmid. Fourty-eight hours after transfection, S2 cells were harvested,
lysed and the lysates were assayed for luciferase activity. In cells expressing CrPV-1A-
HA, luciferase activity was 10-fold less compared to cells transfected with expression
plasmids expressing KBV 1A, ABPV 1A or dsRED (Figure 3.1B). The loss of luciferase
activity can be attributed to inhibition of cellular transcription and/or translation. To
distinguish among these possibilities, | isolated total RNA and measured the steady-
state reporter RNA levels by Northern blot analysis. Firefly luciferase mRNA levels were
dramatically lower in cells expressing 1A compared to cells expressing dsRED (Figure
3.1C). These results suggest that the lower luciferase activities observed in CrPV-1A-
HA expressing cells are due to inhibition of transcription or an increase in degradation
rates of reporter RNAs.

| next addressed whether expression of CrPV-1A-HA is toxic in S2 cells. (Figure
3.1B, C). | performed a trypan blue exclusion assay 48 hours after transfection. Trypan
blue is a large molecule that is impermeable to living cells but is permeable to cells that
are undergoing apoptosis or necrosis (Strober, 2001). 26.5% of cells transfected with
the CrPV 1A-HA plasmid were permeable. This is ~ two fold higher compared to cells
transfected with KBV 1A, ABPV 1A or dsRED expression plasmids (Figure 3.1D). These
results indicate that expression of CrPV-1A-HA induces cell death, which may explain

the decrease in steady-state reporter RNA levels.

72



1A-HA 1A-HA
> >
> >
3 3 5 e 8 o
o 2 < kDa o ¥ < 4o _—
] 250 2 1o =
7385 =l 2 o]
100 — = g 199
70 — 70— E&os]
55 — 55 — 3 806/
< . e © 2 |
T 35— 35 - g 04
[ S 021
25 -~ —_— 25 — = 0 — .
. a _ control CrPV 1A KBV 1A  ABPV 1A
" 15—
short exposure long exposure

(2]
o
N
o

s O
o S8&§ 2]
55%%mmm>8 154

[ B E 2 =
Gapct

# of trypan blue cells

normalized to control
o
o w -

control CrPV 1A KBV 1A  ABPV 1A

Figure 3.2 CrPV-1A induces cell death and inhibits transcription. (A) a-HA western
blot analysis as described in section 3.2.8 and (B) firefly luciferase activities from cells
transfected for two days with HA-tagged CrPV-1A, KBV-1A or ABPV-1A plasmid as
described in section 3.2.3. (C) Northern blot analysis of Firefly luciferase and GAPDH
RNA as described in section 3.2.12. (D) Trypan blue staining of cells as described in
section of 3.2.3. The results are normalized to the cells expressing dsRED. Data from b
and d are averages and standard deviation from three independent experiments.

Western and Northern blots are representative from two independent experiments.

3.3.2 CrPV-1A stimulates 5'-dependent translation

| decided to characterize 1A further. Explicity, | wanted to test if 1A stimulates
viral translation. Since 1A is toxic to cells, as defined by trypan blue assay, and inhibits
the transcription of DNA luciferase reporters, | examined viral and cellular translation by

transfecting RNA luciferase reporters instead. Specifically, | co-transfected in vitro
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transcribed 5'-capped and polyadenylated RNAs encoding 1A-HA with an in vitro
transcribed polyadenylated CrPV minigenome reporter RNA (minigenome). The reporter
RNA resembles the CrPV genome except that ORF1 and ORF2 are replaced with
Renilla and firefly luciferase genes, respectively (Figure 3.3A). As a control, | also co-
transfected in vitro transcribed 5'-capped and polyadenylated dsRED RNAs (control). |
first monitored Renilla and firefly luciferase activities after transfection of the CrPV
minigenome RNA. Both luciferase activities increased linearly over time from zero to six
hours after transfection (Figure 4.3A and 4.3B), thus demonstrating that this reporter
MRNA is engaged in translation during this time. | chose four hours after transfection for
further analysis (Figure 3.2B). To confirm that CrPV-1A-HA is expressed (Figure 3.5C), |
immunoprecipitated CrPV-1A with an a-HA antibody. 1A-HA was readily detected by
immunoblotting using a-HA antibody in the HA-immunoprecipitates demonstrating that
1A-HA is expressed at this time point after transfection (Figure 3.5C). Interestingly,
Renilla but not firefly luciferase activity was increased in cells transfected with 1A-HA
RNA as compared to that of cells transfected with the control RNA (dsRED) (Figure
3.2B). Nayak et al. (2010) demonstrated that the C-terminal region (amino acids H129-
V167) of 1A is important for its RNAI suppressor activity. To address if this region has
an effect on the translation of the CrPV minigenome RNA, | generated in vitro
transcribed RNAs encoding a mutant 1A where the C-terminal is truncated down to
D128 (1AA128). In contrast to the effects of the wild-type 1A-HA, transfection of
1AA128 RNA did not affect Renilla or firefly luciferase activities (Figure 3.2B), thus
suggesting that expression of full-length 1A stimulates the 5-UTR IRES but not IGR

IRES translation.
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The results suggest 1A may have an effect on 5-UTR IRES translation. To test
whether this is specific, | co-transfected the 1A-HA RNA with a bicistronic RNA that
monitors cap-dependent translation and IGR IRES-dependent translation or a
monocistronic firefly luciferase RNA (monocistronic) (Figure 3.3A). The bicistronic RNA
is similar to the minigenome except the 5'-UTR IRES is replaced with the 5-UTR from
Drosophila GAPDH (GAPDH bicistronic). All reporters are capped and polyadenylated.
Transfection of the 1A-HA RNA but not 1AA128-HA RNA stimulated Renilla luciferase
activity of the GAPDH bicistronic RNA and the firefly luciferase activity of the
monocistronic RNA (Figure 3.2C and D), suggesting that the stimulatory effects of 1A
expression are 5'-end dependent. The increase in firefly luciferase activity is similar to
the stimulation observed in 5'-UTR-IRES dependent translation and like the minigenome

reporter, IGR IRES activity was not stimulated in the GAPDH bicistronic reporter.

3.3.3 CrPV-1A stimulation of 5'-dependent translation is dependent on AgoZ2.
Since Ago2 interacts with CrPV 1A (Nayak et al., 2010), | tested if Ago2 is
important for the 1A-mediated stimulation of 5'-dependent translation by depleting Ago2
from S2 cells. Specifically, | pretreated S2 cells for five days with double-stranded RNAs

(dsRNAs) targeting GFP RNA (dsGFP) or with dsRNAs targeting Ago2 RNA (dsAgo2).

Two independent experiments confirmed that Ago2 is depleted when treated with
dsAgo2 (10.7% and 6.3% compared to cells pretreated with dsGFP) (Figure 3.4D).
After treating the cells with the dsRNAs, | co-transfected minigenome RNA with control
RNA (dsRED), 1A-HA RNA or 1AA128 RNA into S2 cells. As shown in Figure 3.4, 5'-

dependent translation but not IGR IRES translation was stimulated in dsGFP-treated
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Figure 3.3 CrPV-1A stimulates 5'-dependent translation. (A) Experimental flowchart.
CrPV minigenome RNA reporter (B), GAPDH bicistronic RNA reporter (C), or
monocistronic RNA reporter (D) were cotransfected with dsRED RNA (control), 1A-HA

RNA, or 1AA128-HA RNA into S2 cells. Firefly and Renilla luciferase activities were

collected and the results are normalized against firefly and Renilla luciferase activities

respectively from S2 cells cotransfected with control RNA. Cells were harvested at four

hours post transfection and assayed for luciferase activities as described in section
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3.2.7. Data in b, ¢, and d indicate averages and standard deviations from three

independent experiments.

cells transfected with wild-type 1A but not with control or 1AA128 (Figure 3.4A). In
contrast, the 5'-dependent stimulation by 1A was partially decreased in cells pretreated
with dsAgo2 (Figure 3.4A). | also monitored these effects by using the GAPDH
bicistronic RNA and monocistronic RNA (Figure 3.4B, C). | observed similar effects by
depleting Ago2, indicating that Ago2 is required for the 1A-mediated 5'-dependent

translation of reporter RNAs.

3.3.4 Scanning alanine mutagenesis identifies R146 as important for 5'-dependent
stimulation

Our results indicate that the expression of the mutant 1AA128 protein does not
stimulate 5'-dependent translation, suggesting that the C-terminal 40 amino acid domain
may be required for its activity. To pinpoint which amino acids may be important, |
performed scanning alanine mutagenesis by generating mutations within the 1A-HA
expression plasmid replacing each amino acid residue with alanine from residue 129 to
146. | co-transfected in vitro transcribed capped and polyadenylated RNA containing the
scanning alanine 1A-HA mutants with the minigenome reporter RNA. As shown in
Figure 3.2-3.3, co-transfection with wild-type 1A but not deletion mutant 1AA128
resulted in an approximate 2.5-fold stimulation of the 5-UTR IRES translation (Figure
3.4A). Of all the scanning alanine mutants, mutant R146A, Q134A and N124A failed to
stimulate 5'-UTR IRES translation (Figure 3.5A). Q134A and N142A mutations are not

as statistically significant (P>0.05 and P=0.044 respectively) compared to R146A
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Figure 3.4 Stimulation of 5'-dependent translation by CrPV-1A is dependent on
Ago2. Renilla and firefly and luciferase activities from S2 cells cotransfected with
minigenome RNA (A) , GAPDH bicistronic RNA (B), or monocistronic RNA(C) with
dsRED RNA (control), 1A-HA RNA, or 1AA128-HA RNA as described in section 3.2.7.
S2 cells were pretreated for 5 days with dsGFP or dsAGO2 as described in section
3.2.6. Cells were harvested at four hours post transfection and assayed for luciferase
activities as described in section 3.2.7. (D) Representative a-Ago2 and a-Tubulin blot
from S2 cells pretreated with dsGFP or dsAGO2 for 5 days as described in section
3.2.8. Data in a, b, and c indicate averages and standard deviations from three

independent experiments. The data represented in Figure 3.3 b, ¢, d are identical to the
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data represented in figure 3.4 a, b, and c respectively except in figure 3.4, S2 cells

pretreated with dsAgo2 RNA were included.

(P=0.0006). Mutant 1A R146A-HA was detected by immunoblotting for HA from HA
immunoprecipitates indicating that it was expressed (Figure 3.5C). Thus, | identified a
single point mutant (R146A) within 1A that substantially inactivated its ability to
stimulate 5'-dependent translation.

Since the 1A R146A mutant does not stimulate 5'-dependent translation of
reporter RNAs, | next tested whether this mutant could inhibit 1A's ability to suppress
the RNAI silencing pathway. To address this, | pre-treated S2 cells for two days with
dsRNAs targeting either firefly luciferase RNA (dsFL) or dsGFP and then subsequently
co-transfected 1A-HA RNA, 1A R146A RNA, or control RNA with monocistronic RNA. |
expected that cells pretreated with dsFL would significantly lower the expression of
firefly luciferase activity. Indeed, pretreating cells with dsFL but not dsGFP RNA
significantly inhibited firefly luciferase activity (~20 fold) in cells transfected with control
RNA (compare cells expressing control RNA), demonstrating that suppression of firefly
luciferase was due to silencing by dsFL (Figure 3.5B). In contrast, pretreating with dsFL
resulted in only a slight decrease in luciferase activity (~2 fold) in cells transfected with
1A-HA RNA or 1A R146A RNA (compare to cells pretreated with dsGFP) (Figure 3.5B).
Thus, these results indicate that R146 is required for 5'-end-dependent stimulation of

reporter RNAs but not for 1A’'s ability to suppress RNA..
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3.3.5 CrPV infection stimulates reporter RNA translation

Our results suggest that expression of 1A stimulates 5'-dependent translation. To
determine if this phenomenon occurs during infection, | monitored the translation of
transfected reporter mRNAs in CrPV-infected cells. Briefly, | infected S2 cells with CrPV
followed by transfecting a bicistronic RNA (Wang and Jan, 2014) that monitors cap-
dependent and IGR-IRES mediated translation via Renilla and firefly luciferase
activities, respectively. | harvested the cells at different time points after infection and
monitored luciferase activities. As shown previously (Wang and Jan, 2014), luciferase
activities increased linearly from two to six hours after transfection indicating that the
reporter RNAs are engaged in translation during these times. Interestingly, CrPV
infection at an MOI of 10 resulted in a significant increase in Renilla luciferase activity
as compared to mock-infected cells (>12 fold) (Figure 3.6A). As expected, IGR IRES
translation also increased significantly in infected cells (Figure 3.6A). Surprisingly, in
CrPV-infected cells at a high MOI of 50, Renilla luciferase activity was still stimulated
(1.5 fold) (Figure 3.6A). To confirm that host protein synthesis is repressed during
infection, cells were pulse-labeled with [3>S]-methionine at six hours post infection
(Figure 3.6B). As expected, host translation was repressed at an MOI equal or greater
than 10 (Figure 3.6B). Therefore, the increase in Renilla luciferase activity observed in
CrPV-infected cells transfected with the bicistronic RNA suggests that existing
endogenous mRNAs are differentially regulated from transfected exogenous reporter
RNAs. In other words, endogenous mRNAs are subject to translational repression

whereas the transfected exogenous mRNAs can bypass this translational block.
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Figure 3.5 Scanning alanine mutagenesis determined residue R146 is critical for
1A dependent stimulation of 5'-UTR translation but not inhibition of RNAI. (A)
Each of the amino acid residues in 1A from 128-146 was mutated to alanine as
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described in section 3.2.4. Renilla and firefly luciferase activities from S2 cells
cotransfected with minigenome RNA and 1A-HA RNA, 1AA128 RNA, or 1Amutant RNA.
Cells were harvested at four hours post transfection and assayed for luciferase activity
as described in section 3.2.7. (B) Firefly luciferase activities from S2 cells pretreated
with dsGFP or dsFL for two days as described in section 3.2.6 and cotransfected with
1A RNA, 1A R146A RNA or control RNA (dsRED). Cells were harvested at four hours
post transfection and assayed for luciferase activity as described in section 3.2.7. Data
in a and b indicate averages and standard deviation from three independent
experiments. (C) Representative a-HA western blotting from 100ug HA-
immunoprecipitated lysates collected from experiment A as described in section 3.2.9.
10% of the input was immunoblotted against tubulin as shown below as described in
section 3.2.8.

To explore this effect more carefully, | examined whether inhibition of host
translation via another pathway other than infection can induce cap-dependent
translation of reporter RNAs. PatA is a potent compound that inhibits cap-dependent
translation by disrupting the helicase activity of elF4A (Bordeleau et al., 2005). In
Chapter 4, PatA treatment of S2 cells resulted in a >95% inhibition of overall cap-
dependent translation as measured by [3*S]-methionine pulse labeling (Figure 4.6B). In
contrast to that observed in CrPV-infected cells, firefly luciferase activity of transfected
monocistronic RNA was dramatically inhibited in PatA treated cells (Figure 3.6C). This
result suggests that the monocistronic RNA is still responsive to pathways that inhibit
cap-dependent translation. Interestingly, when CrPV-infected cells were treated with
PatA, firefly luciferase activity of the transfected reporter RNA increased compared to

cells treated with PatA alone but not as much as in the absence in the absence of PatA
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Figure 3.6 CrPV infection stimulates reporter RNA translation. (A) A bicistronic
RNA (Wang and Jan, 2014) that monitors cap-dependent translation and IAPV IGR-
IRES-mediated translation via Renilla and firefly luciferase activities respectively was
transfected into S2 cells for two hours prior to mock- or CrPV infection at an MOI of 0.1,
1, 3, 10, 25, and 50 as described in section 3.2.7. Six hours after infection, S2 cells
were lysed and luciferase assays were performed. Renilla and firefly luciferase activities
for each MOI were normalized to mock infected cells. (B) Autoradiography of pulse-
labelled protein lysates from S2 cells either mock- or CrPV-infected (MOI 0.1, 1, 3, 10,
25, and 50) resolved on a 12% SDS- PAGE gel. The protein lysates were collected from
S2 cells at six hours post infection (hpi) and metabolically labeled with [3°S]-Met/Cys for
20 min as described in section 3.2.10. (C) Monocistronic RNA were transfected into S2
cells two hours prior to mock, CrPV infection (MOI 10), 50nM PatA treatment, or CrPV
infection and 50nM PatA treatment. S2 cells were harvested at the indicated time
points after treatment and/or infection and assayed for Firefly luciferase activity as

described in section 3.2.7.
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(Figure 3.6C). These results suggest that the transfected RNA is behaving differently

than host mRNAs and is preferentially translated during CrPV infection.

3.3.6 CrPV 1A inhibits the stress granule pathway

In Chapter 2, | showed that the canonical SG pathway is inhibited during CrPV
infection. To determine if 1A is involved, | transfected a Rox8-GFP RNA, which monitors
SG formation, with control RNA encoding dsRED, 1A RNA, or 1AA128 RNA. 9 hours
later, | followed Rox8-containing SG formation in cells that were treated with PatA or
arsenite for one hour. Cells were then fixed and examined for GFP expression by
confocal imaging analysis (Figure 3.7A). For each experimental condition, the number
of visible GFP granules per cell was counted and the results are displayed as a box plot
(Figure 3.7B). As shown previously, visible Rox8-GFP SGs were detected in PatA or
arsenite-treated cells that were co-transfected with a control mRNAs (Median = 4 SGs).
In contrast, a statistically significant decrease in Rox8-GFP SGs per cell was observed
in cells transfected with 1A RNA (Median = 1 SG). Furthermore, co-transfection of the
mutant 1AA128 RNA did not lead to inhibition of SGs mediated by PatA or arsenite
(Median = 4SGs). These results suggest that 1A can inhibit the SG pathway, a

phenomenon that is observed during CrPV infection.

3.4 Discussion

Prior to these experimental results, 1A was known as a RNAI suppressor (Nayak
et al., 2010) and inhibitor of Ago2-dependent microRNA silencing (Besnard-Guerin et
al., 2015). However, my experimental results suggest that 1A has other functions.

Reporter assays suggest that 1A specifically stimulates 5'-dependent translation of
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Figure 3.7 CrPV 1A inhibits the stress granule pathway. (A) Single cell images from
cells treated with 50nM PatA or 100uM arsenite (ars) and cotransfected with control
RNA(dsRED), 1A RNA, or 1AA128 RNA with Rox8-GFP RNA as described in section

3.2.7. The cells were fixed and examined by confocal microscopy as described in

section 3.2.11. Three representative cells are shown for each experimental condition.

(B) Box plot graph showing number of Rox8 positive granules in each cell for each

experimental condition. At least 100 cells were counted for each experiment. An

unpaired t test was performed on relevant comparitive samples. The following sets pass
the t test (p < 0.05): mock 1AA128 vs PatA 1AA128, mock 1AA128 vs ars 1AA128,
mock control vs PatA control, mock control vs ars control, PatA 1A vs PatA 1AA128, ars

1A vs ars 1AA128, PatA 1A vs PatA control, and ars 1A vs

ars control.
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transfected reporter RNAs in an Ago2-dependent manner. This effect appears to be
specific to 1A as | discovered that R146 is required for 1A's ability to stimulate 5'-end
translation. Furthermore, this requirement of R146 is specific for translation and does
not affect 1A's ability to suppress the RNAI pathway. Finally, | discovered that 1A
represses PatA and arsenite-induced SG formation. All these results suggest 1A has
other roles besides suppressing the RNAI pathway.

The robust translational stimulation observed with RNA luciferase reporters
during CrPV infection is unexpected. | tested whether CrPV infection stimulates
translation of uncapped monocistronic reporter RNAs and discovered the activity is
enhanced similarly (data not shown). In addition, | determined that this stimulation is not
dependent on the transfection reagent or electroporation (data not shown). These
results are unexpected because CrPV infection inhibits host translation between three
and four hours post infection in S2 cells (Wilson et al., 2000). How RNA reporters
escape translational repression during infection may be explained by a number of
scenarios. One scenario is nuclear history. Cellular mMRNAs are commonly modified by
methylation and exist as a mMRNP immediately after being transcribed in the nucleus
(reviewed in Lee et al., 2014). The fate of these mRNAs may be different from the in
vitro transcribed naked RNAs introduced exogenously into cells under CrPV infection.
Another scenario is RNA localization. It is possible that transfected RNAs are localized
at specific sites that are permissive for translation during infection and that endogenous
RNAs are not at these "permitted"” translation sites (see poly(A)* granules in Chapter 2).
Supporting this exciting latter hypothesis is the discovery that 1A is responsible for the

inhibition of SG induction observed under CrPV infection (Chapter 2). For instance,
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CrPV infection may affect where specific mRNAs are localized and translated by
disrupting SGs and inducing poly(A) granules. It will be interesting to test if the R146A
mutant is inactive in suppressing SGs. If the mutant is inactive, it will strongly suggest
the SG disruption is linked to the translational stimulation observed with transfected
reporters. In other words, these results, although speculative, suggest that disruption of
SGs releases translation factors that enhance reporter translation.

My studies also indicate that Ago2 contributes to the 1A-dependent 5'-dependent
translation. One possibility is that AgoZ2 is required to repress translation of the
transfected reporter RNA and that 1A interacts with and antagonizes AgoZ2, thus
relieving the Ago2-dependent repression and resulting in an increase in reporter RNA
translation. Alternatively, it is possible that 1A and AgoZ2 together contribute to the
stimulation of 5'-end-dependent translation of reporter RNAs. If the first scenario is true,
depletion of Ago2 should lead to a stimulation of 5'-dependent translation; however, this
was not observed (Figure 3.4, compare cells treated with dsAgo2 and dsGFP
expressing dsRED or 1AA128). Therefore, the second scenario is more likely. One
outstanding question is the effect of the R146A mutant. It will be interesting to see if
R146A can interact with Ago2 and whether Ago2 knockdown affects the effects of
R146A on 5'-end-dependent translation.

In general, Ago2 is a repressor of gene expression given its interactions with
siRNA and miRNA to repress translation/stability of target mRNAs. However, there is
increasing evidence that Ago2 can also lead to increases in translation. Vasudevan et
al. (2007) demonstrated that during resting phase (G0) in mammalian cells, specific

microRNAs such as miR369-3p bind to tumor necrosis factor alpha(TNFa) RNA with the
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aid of Ago2 and FXR-iso-a to stimulate TNFa translation (Vasudevan et al., 2007).
Another classical example is the translational stimulation of Hepatitis C Virus, HCV, by
miR-122. miR-122 complexed with Ago2 binds to two sites within the HCV 5'-UTR to
stimulate translation, albeit the increase is only ~1.5 fold (Henke et al., 2008).
Furthermore, the authors showed that miR-122 promotes 48S recruitment to the mRNA
(Henke et al., 2008; Niepmann, 2009). Although the examples described are in
mammalian cells, Ago2 may also stimulate translation in Drosophila melanogaster.
Iwasaki and Tomari (2009) discovered Ago2 stimulates translation of reporters lacking a
poly(A) tail in S2 translation extracts when target microRNAs are added. This was only
specific to Ago2 as Agol was repressive towards reporters with or without a poly(A) tail
(Iwasaki and Tomari, 2009). It is possible CrPV 1A binds to Ago2 and promotes
interaction with FXR-iso-a during CrPV infection to stimulate translation. However, the
underlying mechanism of Ago2 is that a miRNA or siRNA guides Ago2 to the target
MRNA (Henke et al., 2008; Iwasaki and Tomari, 2009; Niepmann, 2009; Vasudevan et
al., 2007). Because | showed that different reporter RNAs encoding different genes all
were stimulated in a 1A-dependent manner, it is unlikely that a common miRNA is
involved in guiding Ago2. To formally rule out this possibility, | can deplete miRNAs and
siRNAs by depleting Dicerl and Dicer2 respectively and test if 1A-dependent
stimulation is affected. Alternatively, it is possible that 1A binds to RNA non-specifically
and recruits Ago2 to stimulate translation. Although 1A does not bind to dsRNA in an
EMSA assay (Nayak et al., 2010), it may still bind to the single-stranded reporter RNA.
In summary, these results suggest that 1A manipulates the host cell in a number

of ways through Ago2. Future investigation into how 1A accomplishes this may yield
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interesting discoveries on how CrPV facilitate viral infection and may provide us a better

understanding on SGs, translation, and the RNAI response in insects.
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Chapter 4 Temporal regulation of distinct internal ribosome
entry sites of the Dicistroviridae cricket paralysis virus

4.1 Introduction

Dicistroviruses are a unigue model for characterizing viral protein synthesis
because they possess two distinct IRESs that drive the translation of non-structural and
structural protein synthesis independently. Unlike picornaviruses that encode a single
ORF and express a single polyprotein, dicistroviruses have the potential to regulate the
translation of their two ORFs independently. The significance of this strategy is not well
understood. | hypothesize that the timing of structural and non-structural protein
synthesis is regulated during infection. Many RNA viruses control the timing of viral
protein expression in order to facilitate viral replication early in infection and viral
packaging later in infection (Miller and Koev, 2000). For example, Alphaviruses translate
one of their ORFs (ORF1) that encodes non-structural proteins early in infection and
activate translation of another ORF that encodes structural proteins later in infection
(Miller and Koev, 2000).

The dicistroviral structural proteins encoded within ORF2 are expressed in
supramolar excess over non-structural proteins, which suggests differences in
translation activity between the 5-UTR IRES and the IGR IRES during CrPV infection
(Garrey et al., 2010; Moore et al., 1980; Wilson et al., 2000). Indeed, it has been shown
that the 5-UTR IRES directs lower translation than the IGR IRES (Wilson et al., 2000).
However, the temporal regulation of these IRESs has not been examined in detail

during infection.
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In this Chapter, | monitored and compared 5'-UTR and IGR IRES activities during
infection by using a combination of metabolic [**S]-pulse-labeling and luciferase reporter
assays. My results suggest viral protein synthesis is temporally regulated during
infection. Specifically, viral structural protein synthesis increases significantly at later
time points during infection relative to viral non-structural protein synthesis. This
regulation can be described by two broad hypothesis: a passive form of regulation
where a combination of cellular translational repression, differing IRES affinities for
ribosomes, differing requirements for translation initiation factors, and a vast increase in
viral genomic RNA leads to greater structural protein synthesis or an active form of
regulation where viral proteins or changes in the structure of the 5'IRES and the IGR
IRES during infection facilitate the increase in IGR IRES-dependent translation. Data
presented herein suggests the latter hypothesis. In summary, CrPV likely uses this
strategy to promote virus infection, possibly to ensure that packaging of the virus does

not occur prematurely.

4.2 Materials and methods

4.2.1 Cell culture, virus infection, and viral titers

Drosophila S2 cells were maintained as described in section 3.2.1.

4.2.2 Reporter constructs

The construction of the minigenome reporter construct was described in section

3.2.2.
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4.2.3 RNA transfection, and luciferase assay

In vitro transcription reactions using T7 RNA polymerase were performed as
described previously (Wang and Jan, 2014). RNA was polyadenylated (CellScript),
purified (RNeasy kit, Qiagen) and the integrity of the RNA was determined by visualizing
it on an agarose gel. The quantity of RNA was determined by Nanodrop (Thermo
Scientific).

Transfection of 1 ug RNA (lipofectamine 2000, Invitrogen) into S2 cells (1.5 X 10°
cells per mL; 12-well plates) was performed as described by the manufacturer
(Invitrogen). Cells were harvested with passive lysis buffer (Promega) and assayed for
luciferase activity (Promega) using a microplate luminometer (Berthold Technologies,

Centro LB 960).

4.2.4 Western blotting

As described previously (Garrey et al., 2010), cells were washed once with 20
mL 1X PBS and harvested with 50 uL lysis buffer (20 mM HEPES, 150 mM NaCl, 1%
Triton X-100, 10% glycerol, 1 mM EDTA, 10 mM tetrapyrophosphate, 100 mM NaF,
17.5 mM B-glycerophosphate, and protease inhibitors (Roche)). Equal amounts of
lysates, as determined by Bradford assay, were resolved on a 10-15% acrylamide SDS-
PAGE gel. Proteins were electrophoretically transferred from the gel to a PVDF
membrane (Millipore), blocked in 20 mL of 5% skim milk 1X TBST (20mM Tris, 150mM
NacCl, 0.1% Tween) for one hour and then probed with 1:10,000 CrPV VP2 antibody (PL
Laboratories), 1:10,000 CrPV RdRP antibody (PL Laboratories), or 1:500 phospho-

elF2a antibody (Cell Signaling) and then followed with secondary antibody incubation
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(1:20,000 goat anti-rabbit IgG horseradish peroxidase (GE Healthcare Life Sciences) or
1:20,000 goat anti-mouse IgG horseradish peroxidase (Santa Cruz Biotechnology) in 5
mL of 5% skim milk 1X TBST. Detection was performed by enhanced

chemiluminescence (Millipore).

4.2.5 Pulse-labelling

As described previously (Garrey et al., 2010), 5 x 10° cells were pulse labeled
with 250 uCi [*°S]-Met/Cys (Perkin-Elmer) for 20 min, washed with 0.5 mL cold PBS
twice and harvested with 50 uL lysis buffer. Equal amounts of lysates were resolved on
a SDS-PAGE and the SDS-PAGE gel was dried. Radioactive bands from the gel were
imaged by a phosphorimager (Amersham Pharmacia Biotech). Densitometric analysis
on the pulse-labelled bands was performed using Image J software

(http://rsbweb.nih.gov/ij/index.html).

4.2.6 Immunoprecipitation

Up to 1.5mg of S2 lysates were incubated with a fixed amount of 30 uL CrPV
RdRp or VP2 rabbit polyclonal primary antibodies respectively in immunoprecipitation
lysis buffer (50mM Tris-HCL, pH7.5, 150mM NaCl, 1% Nonidet P40, 0.5% sodium
deoxycholate, and protease inhibitors (Roche)) for one hour at 4°C with gentle agitation.
50 uL of protein G-agarose (Roche) were incubated with the reaction overnight at 4°C.
Mixtures were centrifuged at 2 krpm for one minute and the precipitate was washed
twice with the immunoprecipitation lysis buffer, twice with wash buffer 1 (50mM Tris-

HCL, pH 7.5, 500mM NacCl, 0.1% Nonidet P40, and 0.05% sodium deoxycholate), and
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once with wash buffer 2 (50mM Tris-HCL, 0.1% Nonidet P40, and 0.05% sodium
deoxycholate). The precipitate was resuspended in 50 uL SDS loading dye and
removed from the beads by heating at 95°C for 10 min and centrifugation at 13.2 krpm.
The samples were resolved by SDS-PAGE. The gel was dried and imaged with a
phosphoimager (Amersham Pharmacia Biotech). Densitometric analysis on the pulse-
labelled bands was performed using Image J software

(http://rsbweb.nih.gov/ij/index.html).

4.2.7 dsRNA-mediated knockdown

dPERK (437-853 nucleotides, NM_141281.3) and dGCN2 (492-1034
nucleotides, NM_057882.4) was RT-PCR amplified from total RNA of Drosophila S2
cells using primers that contain the T7 promoter at both ends. The PCR products were
used as templates for in vitro transcription reactions using T7 RNA polymerase. dsRNA
was purified and the integrity was verified by gel analysis. dsRNA (13 pg/million cells)
was incubated with S2 cells in serum-free SSM3 media for one h, followed by the

addition of complete SSM3 media.

4.2.8 S2 translation extracts and in vitro translation assay

The protocol for S2 translation extracts was adapted from published sources
(Brasey et al., 2003; Roy et al., 2004). Specifically, 2.0 x 10° mock-infected or 6 hour
CrPV-infected (MOI 10) S2 cells were pelleted at 1,000 g for 8 min, washed once with
PBS and resuspened in 2 mL hypotonic buffer (10mM HEPES-KOH [pH 7.4], 10mM

KOAc, 0.5mM MgOAc, 1ImM DTT). After incubation in hypotonic buffer on ice for five
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min, the cells were lysed by extrusion 25 times through a 23-gauge needle. The extracts
were then adjusted to 50 mM KOAc. The supernatant (S2 translation extract) was
collected upon clearing all cell debris by centrifugation at 16,000g for 5 min at 4
degrees, aliquoted, and stored at -80C.

Prior to use, the S2 translation extract was supplemented with 0.2 U creatine
phosphokinase/uL. Each translation assay was carried out in a final volume of 10 uL
containing 6.5 uL S2 translation extract, 2 uL 5X master mix (10 OuM complete amino
acids, 40 mM creatine phosphate, 100 mM HEPES-KOH (pH 7.6), 5 mM ATP, 1 mM
GTP, 2.5 mM spermidine, 500 mM KOAc, and 5 mM MgOAc), 0.5 uL Ribolock RNase
Inhibitor (40 U/uL, Thermo Fisher), and 9 nM template RNA for 30 min at 30°C. After
incubation, half of the reaction was assayed for luciferase activity (Promega, section

4.2.3).

4.2.9 Uridine labeling of RNA

5X10° cells were pretreated with actinomycin D for 15 min, followed by the
addition of 5 pCi of [3H]-uridine (Perkin Elmer) for 15 min. Total RNA was extracted
(Trizol, Invitrogen). Equal amounts of RNA were separated in a denaturing agarose gel
and transferred to nylon membrane. Levels of radioactivity were detected by

phosphorimaging and quantified using ImageQuant software.

4.2.10 Northern blot analysis

Northern blot analysis was described in section 3.2.12.
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4.3 Results

4.3.1 Expression of non-structural and structural proteins in CrPV-infected S2
cells

Although it is well established that viral structural proteins are expressed in molar
excess over the viral non-structural proteins during CrPV infection in Drosophila S2 cells
(Garrey et al., 2010; Moore et al., 1980; Wilson et al., 2000), it is not known whether the
expression of viral proteins is temporally regulated during infection. Therefore, | re-
examined viral protein synthesis during CrPV infection by metabolic [**S]-Met/Cys
pulse-labeling at different times after infection (Figure 4.1A). As observed previously
(Garrey et al., 2010; Moore et al., 1980; Wilson et al., 2000), host translation decreases
dramatically two to three hours post infection (hpi), which is concomitant with the
synthesis of CrPV proteins. The processed and unprocessed viral structural and non-
structural proteins were identified based on previous studies (Garrey et al., 2010; Moore
et al., 1980; Wilson et al., 2000) and from immunoblots using antibodies that recognize
RNA-dependent RNA polymerase (RdRp) and VP2 structural protein (Figure 4.1A)
(Garrey et al., 2010). The RdRp antibody detected unprocessed RdRp non-structural
proteins at 120 (RdRp*), 105 (RdRp**), and 100 kDA (RdRp***) and the mature 3D at
60 kDa. A close inspection of the pulse-labeled proteins showed that the non-structural
proteins such as the unprocessed 120 kDa RdRp and 2C are detected first at two hpi
whereas the structural proteins are not detected until after three hpi. (Figure 4.1A). |
quantified the individual viral proteins from three independent protein pulse-labelling
experiments and confirmed that the non-structural proteins were first expressed by two

hpi and increased steadily at later times of infection and that the viral structural proteins
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were not detected until three to four hpi (Figure 4.1B). Thus, the pulse-labeling
experiments suggest that translation of the downstream ORF driven by the IGR IRES is

delayed until three to four hpi.
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Figure 4.1. Non-structural viral proteins are predominantly expressed early in
infection while structural viral proteins are predominantly expressed later in
infection. (A) Autoradiography of pulse-labelled protein lysates from S2 cells either
mock- or CrPV-infected with CrPV resolved on a 12% SDS- PAGE gel. The protein
lysates were collected from S2 cells at the indicated times hours post-infection (hpi) and
metabolically labeled with [3°S]-Met/Cys for 20 min at the end of each time point as
described in section 4.2.5. The identities of specific CrPV viral proteins, as shown on
the right of the gel, were previously described (Garrey et al., 2010; Moore et al., 1980),
determined by immunoblotting with a-RdRp and a-VP2 peptide antibodies as described
in section 4.2.4 or predicted by molecular weight. (B) Raw densitometric quantitation of
[3°S]-Met/Cys pulse-labelled RdRp*, RdRp**, RdRp***, 2C, VPO, and VP1, 2, and 3
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during CrPV infection from three independent experiments (+ s.d.). RdRp*, RdRp**, and
RdRp*** denote polyproteins containing RdRp at the approximate sizes of 120kDa,
105kDa, and 100kDa respectively.

4.3.2 Translation of ORF1 and ORF2 during CrPV infection

Accurate quantification of the non-structural proteins, especially at two hpi, is
difficult due to ongoing host protein synthesis (Figure 4.1A). To detect the non-structural
proteins more accurately, | monitored protein synthesis by immunoprecipitation of pulse-
labeled structural and non-structural proteins from virus infected cell lysates (Figure
4.2). Specifically, | pulse-labeled cells for one hour starting at various times post
infection followed by lysis and immunoprecipitation using a-RdRp and a-VP2 antibodies.
| initially optimized the immunoprecipitation conditions by incubating increasing amounts
of [3*S]-Met/Cys labeled lysates with a constant amount of antibody to ensure that the
amount of antibody used is in excess (Figure 4.2A and 4.2B). Immunoprecipitation with
a-RdRp antibody pulled down unprocessed and mature RdRp from infected lysates
whereas a-VP2 immunoprecipitated all four structural proteins, likely as a packaged
virion (Figure 4.2A-C). At two hpi, non-structural proteins were readily detected by a-
RdRp pulldowns. In contrast, the structural proteins were not detected until three hpi
(Figure 4.2C and 5.2D). Furthermore, whereas the pulse-labelled RdRp increases 1.5
times throughout infection, the immunoprecipitated structural protein increases up to 4-
fold at four hour and then decreases slightly during infection, supporting the notion that
translation of the two ORFs are distinctly and temporally regulated (Figure 4.2C and

5.2D).
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Figure 4.2. CrPV protein synthesis by immunoprecipitation analysis. Increasing
amounts of pulse labelled protein lysates from CrPV- infected S2 cells (MOI 10, six
h.p.i) were immunoprecipitated with a fixed amount of (A) a-RdRp or (B) a-VP2
antibodies as described in section 4.2.6. Pulldowns were resolved on an 12% SDS-
PAGE. (C) 0.25 mg and 2.5 pug of protein lysates isolated from mock- or CrPV-infected
(MOI 10) cells for the indicated times (hpi) were immunoprecipitated with a-RdRp or a-
VP2 antibodies respectively. (D) Raw densitometric quantitation of immunoprecipitated
pulse-labelled RdRp* protein and structural proteins VP1, VP2, and VP3 from (C). Cells
were metabolically labelled with [3°S]-Met/Cys for one hour prior to the end of each time
point. Shown are representative autoradiographs from 2 experiments. RdRp*, RARp**,
and RdRp*** denote polyproteins containing RdRp at the approximate sizes of 120kDa,
105kDa, and 100kDa respectively.
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4.3.3 Measuring IRES-dependent translation during CrPV infection with the
minigenome reporter

The distinct temporal expression of non-structural and structural proteins may be
explained by one of two broad hypothesis. 1) The increase in structural protein
synthesis can be described by passive regulation during infection - a combination of
ribosome availability upon host translational repression, different intrinsic affinities for
ribosomes and requirements for translation initiation factors between the 5'IRES and
the IGR IRES, and an increase in viral RNAs drives the increase in viral structural
protein synthesis over viral non-structural protein synthesis. 2) Alternatively, the
increase in viral structural protein synthesis is driven by some active form of regulation
during infection; In other words, IRES activities are regulated by one or more viral or
cellular proteins during infection. To address these two broad hypothesis, | examined
IRES activities directly with the minigenome construct (Figure 3.2A). As described in
Chapter 3, we generated a CrPV minigenome construct whereby the viral ORF1 and
ORF2 are replaced with Renilla and firefly luciferase genes, respectively (Figure 3.2A).
Therefore, Renilla and firefly luciferase activities monitor 5-UTR and IGR IRES-
mediated translation, respectively. | assume this construct is not able to replicate during
infection because the minigenome reporter encodes fewer than 20% of the sequences
from the CrPV genome. In vitro transcribed polyadenylated minigenome reporter RNA
(minigenome) was transfected into S2 cells and then infected with CrPV an hour later.
Previously, we showed that luciferase activity increased linearly in the first six hours
after transfection, indicating that the reporter RNA is engaged in translation during this

time (Wang et al., 2013). Thus, cells were harvested at times after infection and
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assayed for luciferase activity (Figure 4.3). As expected, in cells transfected with the
minigenome, Renilla luciferase activity increased over time in the first six hours after
transfection. In CrPV-infected cells, Renilla luciferase activity increased over time at
similar rates as in mock-infected cells, suggesting that the 5'-UTR IRES translation is
relatively constant during infection (Figure 4.3A). In contrast, the firefly luciferase activity
accumulated gradually early in infection and sharply increased after two hpi as
compared to mock-infected cells, suggesting that IGR IRES translation is delayed at
early times of infection and is stimulated at later time points (Figure 4.3B). Transfection
of a minigenome reporter containing a mutation that inactivates IGR IRES activity
(APK1) abolished firefly luciferase activity, indicating that the increase in firefly
luciferase is due to IRES translation (Figure 4.3B).

Supporting this, | compared IGR IRES activity in S2 translation extracts that were
mock-infected or infected for six hpi. To validate my translation extracts, | tested
translation of reporter RNAs that were capped and polyadenylated, properties that
promote translation of mMRNAs. Incubation of monocistronic firefly luciferase reporter
RNA that was 5'-capped (m’G-FL) or 5'-capped and polyadenylated (m’G-FL-Poly(A))
in S2 extracts resulted in 38-fold and 133-fold increases in translation, respectively, as
compared to an uncapped, nonpolyadenylated reporter RNA (Figure 4.3C). In CrPV-
infected extracts, smaller-21 fold and 40 fold increases in luciferase activity were
observed with m’G-FL and m’G-FL-Poly(A) RNA respectively (Figure 4.3C). This result
is expected because CrPV infection inhibits cellular translation. To address if IGR IRES
activity differs in extracts from mock-infected or infected cells, | added minigenome RNA

(Figure 3.3) and assayed for Renilla and firefly luciferase activity. Similar to the in vivo
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results, the six hpi CrPV-infected extracts displayed higher IGR IRES activity (Figure
4.3D). On the other hand, the 5-UTR IRES activity is similar in mock and infected

extracts (Figure 4.3D). In summary, these results demonstrate that the
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Figure 4.3. IGR IRES activity correlates with increased structural protein
synthesis during infection. Minigenome RNA was transfected into S2 cells one hour
prior to mock or CrPV infection. Cells were harvested at the indicated time points and
assayed for Renilla (A) or firefly luciferase (B) activity as described in section 4.2.3. A
mutation within the IGR IRES (APKI), which disrupts pseudoknot | of the IRES, was
used to validate that IGR IRES activity was monitored. (C) Monocistronic firefly RNA
(FL), 5'-capped monocistronic firefly RNA (m’G-FL), and 5'-capped and polyadenylated
monocistronic firefly RNA (m’G-FL-poly(A)) were incubated in S2 translation extracts for
30 min and assayed for firefly luciferase activity as described in section 4.2.8. The
results are normalized to FL incubated in mock extracts. (D) Minigenome RNA was
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incubated in S2 translation extracts from mock or infected cells for 30 min and assayed
for Renilla and firefly luciferase activity as described in section 4.2.8. The results are
normalized to mock extracts. Shown are results from an average of at least three

independent experiments (+ s.d.).

activities of CrPV 5'-UTR and IGR IRES are distinctly and temporally regulated during
CrPV infection and in in vitro translation extracts. Although this data suggest IGR IRES
is actively regulated, it is possible that some form of passive regulation is also important
for increasing structural protein synthesis. To address this, | examined if transcriptional
and translational repression induced during CrPV infection stimulates viral structural

protein synthesis (Section 4.3.4 to 4.3.6).

4.3.4 Role of transcriptional repression in viral protein synthesis under CrPV
infection

A number of viruses inhibit transcription during infection (Kundu et al., 2005;
Maldonado et al., 2002; Vogt et al., 2008). The increase in structural protein synthesis
may be due to perturbations in host transcription. However, cellular transcription during
CrPV infection has not been examined carefully. To address this, | monitored overall
transcription by a pulse-labeling approach. Specifically, mock and CrPV-infected S2
cells were pulse-labeled with [*H]-uridine for 15 min at specific time points after infection
(Figure 4.4A). RNA was extracted, resolved on an agarose gel, and transferred to a
nylon membrane. Methylene blue staining readily detected the 18S/28S rRNA, which
migrated at a size of ~2 kb, confirming that the RNA is intact (Figure 4.4B). In

Drosophila, the mature 28S rRNA undergoes cleavage producing two products of
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approximately equal size that migrate with the 18S rRNA (Jordan, 1975). Labeling with
[*H]-uridine in mock-infected cells produced two predominant radiolabeled bands that
migrated at ~8 kb and ~5 kb (Figure 4.4A). Because we only labeled with [*H]-uridine for
a short period, these labeled RNAs represent immature, unprocessed rRNA precursors
(data not shown). As expected, treatment of mock-infected cells with actinomycin D
largely inhibited host transcription (Figure 4.4A). CrPV infection at an MOI of 10 resulted
in labeling of a ~9 kb RNA, which increased during the course of infection
demonstrating viral replication (Figure 4.4A). To distinguish between host and viral
transcription, host transcription was inhibited by treating cells with actinomycin D (5
ug/mL) prior to [*H]-uridine-labeling. As predicted, radiolabeled viral RNA was only
detected in actinomycin D-treated infected cells (Figure 4.4A and 5.4C). Viral RNA
synthesis increased during the first 4 hours of infection before leveling off and correlated
with the increase in viral RNA as measured by Northern blot analysis (Figure 4.4D). In
contrast, host transcription was rapidly inhibited within one hour of infection (~80%
inhibition) and remained shut off during infection (Figure 4.4A and 5.4C). Host
transcription was calculated by subtracting the amount of [3H]-uridine labeled RNA in
cells treated with actinomycin D from that in cells without actinomycin D. The
guantitations of both viral and host transcription is shown in Figure 4.4A and 5.4C.
Since CrPV infection inhibits host transcription, | tested if this effect impacts
CrPV protein synthesis. | pretreated cells in the absence or presence of actinomycin D
for three hours prior to infection and compared the rate of viral protein synthesis in S2
cells by [3°S]-Met/Cys pulse labelling. If repression of transcription is necessary for the

enhanced structural protein synthesis at three h.p.i, IGR IRES translation may be
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prematurely stimulated. No significant changes in viral non-structural and structural
protein synthesis were observed between cells pretreated with actinomycin D,
demonstrating that host transcriptional repression does not contribute to the temporal

regulation of viral ORF protein synthesis (Figure 4.4F and 5.4G).

4.3.5 Role of elF2a phosphorylation in viral protein synthesis under CrPV
infection

Virus-mediated translational repression is a strategy used by many RNA viruses
to increase the cellular pool of ribosomes for viral protein synthesis and to inhibit
antiviral innate responses during infection (Roberts et al., 2009; Walsh and Mohr, 2011).
CrPV infection leads to a significant repression of translation at two to three hpi, which
is approximately the time during infection when IGR IRES translation is stimulated. We
previously showed that elF2a is phosphorylated at approximately 3 hpi (Garrey et al.,
2010). Previous studies (Deniz et al., 2009; Fernandez et al., 2002; Thompson et al.,
2001; Wang and Jan, 2014) have shown that elF2a phosphorylation stimulates IGR
IRES translation; thus, it is possible that phosphorylation of elF2a is the switch that
stimulates IGR IRES translation. Previously, we overexpressed dGADD34 in infected
cells. This protein interacts with and activates protein phosphatase | to keep elF2a
dephosphorylated (Garrey et al., 2010). Although this experiment did not alter the
temporal regulation of non-structural and structural viral protein synthesis (Garrey et al.,
2010), | opted for another approach to examine in more detail whether phosphorylation
of elF2a during CrPV infection has an effect on the regulation of 5'-UTR and IGR IRES

translation. Towards this, | inhibited elF2a phosphorylation by targeting the elF2a
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Figure 4.4. Host transcriptional repression in CrPV-infected S2 cells on viral
translation. (A) Mock- and CrPV-infected S2 cells were pulse-labeled with [*H]-uridine
for 10 min at the indicated hours post infection (hpi) before harvesting as described in
section 4.2.9. Where indicated, the cells were left untreated or treated with actinomycin
D (Act D, 5 pg/mL) for 15 min prior to pulse-labeling. RNA was extracted, loaded on a
denaturing agarose gel, transferred to a nylon membrane, and analyzed by
phosphorimager analysis. Representative autoradiograms and a corresponding
methylene blue stain are shown in (A) and (B) respectively. (C) Quantitation of host and
viral transcription rates in CrPV-infected cells. The rate of host transcription at each time

point was calculated using the formula [(Total radioactivity in lane -ActD)-(Total
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radioactivity in lane + ActD)]/(Total radioactivity in lane -Act D). The rate of host
transcription was normalized to that in mock-infected cells given as 100%. The rate of
viral transcription was calculated at each hpi by using the formula [(Total radioactivity in
lane + ActD)/(Total radioactivity in lane - ActD)]. The rate of viral transcription was
normalized to that in mock-infected cells given as 0%. Shown are representative gels
and averages from at least 2 independent experiments. (D) Viral RNA levels were
detected by Northern blot analysis as described in section 4.2.10. (E) Viral RNA levels
were quantified using Image quant and plotted to show levels of viral RNA/GAPDH RNA
at different time points post infection. (F-G) Autoradiography of pulse-labelled protein
lysates resolved on a 12% SDS-PAGE gel from S2 cells mock- or CrPV-infected (MOI
10) and treated with DMSO (F) or 50 nM ActD (G) three hours prior to infection as
described in section 4.2.5. RdRp*, RdRp**, and RdRp*** denote polyproteins
containing RdARp at the approximate sizes of 120kDa, 105kDa, and 100kDa

respectively.

kinases using an RNAI approach. Unlike Gadd34 overexpression, this technique does
not require transfection. Briefly, | incubated S2 cells with dsRNAs directed against the
two known elF2a kinases in Drosophila, dPERK and dGCN2. Since both dPERK and
dGCN2 are required for elF2a phosphorylation in arsenite-treated S2 cells, dsSRNA
knockdown efficiencies can be assessed indirectly by immunoblotting for elF2a
phosphorylation in arsenite-treated dPERK and dGCN2-depleted S2 cells (Farny et al.,
2009). Treating cells with both dPERK and dGCN2 dsRNAs but not singly inhibited
arsenite-induced elF2a phosphorylation completely according to P-elF2a western blot
analysis, which is similar to that observed previously (Figure 4.5A), thus validating our
knockdown conditions. Next, | determined which kinase is responsible for elF2a
phosphorylation in CrPV-infected S2 cells. | incubated GFP dsRNAs as a control or
dPERK or dGCN2 dsRNAs individually or together to S2 cells prior to mock- or CrPV-
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infection. While CrPV-infected S2 cells treated with GFP, GCN2 or PERK dsRNAs
resulted in phosphorylation of elF2a, treating infected cells with both PERK and GCN2
dsRNAs abolished elF2a phosphorylation (Figure 4.5A). Thus, my result suggests that
both GCN2 and PERK are activated in CrPV-infected S2 cells to induce elF2a
phosphorylation. To determine whether host or viral protein synthesis is perturbed, |
monitored protein synthesis by pulse-labeling in CrPV-infected S2 cells treated with
GFP dsRNAs (Figure 4.5B) or with PERK and GCN2 dsRNAs (Figure 4.5C). Despite
inhibiting elF2a phosphorylation, host translational repression and viral protein
synthesis occurred to the same extent and at roughly the same time as in cells treated
with a nonspecific GFP dsRNAs (Figure 4.5B and 4.5C). Thus, in agreement with
previous findings, elF2a phosphorylation is not responsible for host translation
repression or viral protein synthesis and does not contribute to the temporal regulation

of IGR IRES-mediated translation of CrPV ORF2 in CrPV-infected S2 cells.

4.3.6 Premature translational repression and CrPV IRES translation

Next | asked whether prematurely repressing host cap-dependent translation
during CrPV infection can alter the temporal regulation of ORF1 and ORF2 expression. |
reasoned that premature global repression of translation may stimulate IGR IRES
translation early in infected cells because ribosomes that would otherwise be trapped on
translating mMRNAs can now be recruited by the viral genome for viral protein synthesis.
Treatment of mammalian cells with PatA results in a rapid decrease in cap-dependent

translation and stimulates IGR IRES-mediated translation (Bordeleau et al., 2005). |
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Figure 4.5. elF2a phosphorylation during CrPV infection. (A) Representative
phospho-elF2a and tubulin western blots of lysates from cells depleted with dPERK
and/or dGCN2 using dsRNAs treated with arsenite or infected with CrPV (MOI 10) as
described in section 4.2.7 and 4.2.4. Pulse-labelled protein lysates from untreated (B) or
dPERK and dGCN2 dsRNA-treated (C) S2 cells that were either mock or CrPV-infected
were resolved on a 12% SDS- PAGE gel as described in section 4.2.5. The protein
lysates were collected from S2 cells that were mock infected or CrPV infected (MOI 10)
for the indicated times (hpi) and metabolically labeled with [3°S]-Met/Cys for 20 min at
the end of each time point. Shown are representative autoradiographs from at least
three independent experiments. RdRp*, RARp**, and RdRp*** denote polyproteins
containing RARp at the approximate sizes of 120kDa, 105kDa, and 100kDa

respectively.
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treated mock- or CrPV-infected S2 cells with PatA at one hpi and monitored protein
synthesis by pulse-labeling. As expected, PatA inhibited overall host protein synthesis
after only one hour of treatment (Figure 4.6B, lanes 1 and 3). The effects of PatA
continue to block translation after 5 hours of treatment (Figure 4.6B, lanes, 5, 7, 9 and
11). Compared to DMSO treated cells (Figure 4.6A), PatA treatment of CrPV-infected
cells resulted in a premature dramatic shut off of host protein synthesis by 2 hpi (Figure
4.6B). Interestingly, although overall host translation is repressed at 2 hpi, in PatA
treated infected cells, only the CrPV non-structural proteins could be visibly detected at
this time point (Figure 4.6B, lane 4). It is not until 3 hpi that synthesis of the structural
proteins is detected, which is similar to the time that of their detection in DMSO-treated
infected cells (Figure 4.6A and 4.6B). Moreover, the extents of viral non-structural and
structural protein synthesis and RNA synthesis were similar between DMSO- and PatA-
treatments over the course of infection (Figure 4.6B). Finally, PatA treatment affected
CrPV viral titres slightly (Figure 4.6C). To ensure that these results are not specific to
PatA, | also prematurely inhibited cellular translation with DTT, a treatment that induces
elF2a phosphorylation and is also known to stimulate IGR IRES translation (Figure 4.6D
and 4.6E). Like PatA treatment, | observed no differences in the timing or extent of viral
non-structural and structural protein synthesis in DMSO- and DTT-treated infected cells
(Figure 4.6D and 4.6E). Thus, premature shut-off of protein synthesis does not disrupt

the temporal regulation of IGR IRES-mediated translation.
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Figure 4.6. Effects of pateamine A and DTT on CrPV translation. Pulse-labelled
protein lysates from mock- or CrPV-infected (MOI 10) S2 cells treated with either (A)
DMSO or (B) 50nM PatA were resolved on a 12% SDS-PAGE gel as described in
section 4.2.5. The cells were metabolically labeled with [3S]-Met/Cys for 20 min at the
end of each time point. Shown are representative autoradiographs from at least three
independent experiments. (C) Viral titers from infected lysates treated with DMSO or
Pat A after 10 hpi as described in section 4.2.1. (D and E) Autoradiography of pulse-
labelled protein lysates resolved on a 12% SDS-PAGE gel from S2 cells mock infected
or CrPV infected (MOI 10) and treated with DMSO (D) or 50nM DTT (E) one h.p.i as
described in section 4.2.5. 20 min prior to each timepoint, the cells were metabolically
labeled with [*°S]-Met and [*°S]-Cys. RdRp*, RdRp**, and RdRp*** denote polyproteins
containing RdRp at the approximate sizes of 120kDa, 105kDa, and 100kDa

respectively.
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4.4 Discussion

Unlike some RNA viruses such as picornaviruses that use an IRES to direct
translation of one main ORF to produce stoichiometric amounts of mature viral proteins,
Dicistroviruses utilize a strategy whereby two different IRESs independently regulate
translation of non-structural and structural proteins. While it has been well established
that the viral structural proteins are produced in supramolar excess over non-structural
proteins (Garrey et al., 2010; Moore et al., 1980; Wilson et al., 2000), | discovered that
non-structural and structural protein synthesis are temporally regulated during infection
by metabolic pulse labelling. To explore if this regulation involves a direct stimulation of
the IGR IRES, | used reporters that measure IGR IRES and 5-UTR IRES translation
directly during infection and in mock or infected extracts. | discovered a significant
relative increase in IGR IRES activity with the minigenome reporter during infection and
in extracts from infected cells. Nevertheless, it is possible that the increase seen in
structural protein synthesis relative to non-structural protein synthesis is in large part
due to a repression of cellular transcription and translation. To investigate this, |
attempted to affect the temporal regulation of IGR IRES activity by perturbing
transcription and translation. In each case, | showed that temporal regulation of non-
structural protein synthesis was not affected. These results suggest a novel strategy
utilized by Dicistroviruses to ensure the optimal ratio of viral structural to non-structural
proteins for virus infection.

It is presumed that the temporal regulation of the 5-UTR and IGR IRES
translation during CrPV infection is due to the differential requirements for translation.

IGR IRES translation does not require factors for initiation (Deniz et al., 2009; Jan and
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Sarnow, 2002; Wilson et al., 2000) whereas the CrPV 5'-UTR IRES likely uses a subset
of initiation factors including elF4A (Terenin et al., 2013). Although the factors required
for the related dicistrovirus RhPV 5'-UTR have been identified, the specific factors
required by the CrPV 5'-UTR IRES have not been examined in detail. Based on these
observations, | predicted that premature inhibition of translation via modification of
initiation factors may drive IGR IRES translation earlier during infection. Surprisingly,
attempts to disrupt overall host translation by either inhibiting elF2a phosphorylation or
prematurely inhibiting translation during infection did not affect the timing of 5-UTR and
IGR IRES translation (Figure 4.5, 4.6). Although it has been shown that CrPV IGR IRES
translation is stimulated when elF2a is phosphorylated or elF4A activity is disrupted
(Wang and Jan, 2014), it is clear that translational repression is not a prerequisite for
IGR IRES activation during CrPV infection. There are a number of potential
mechanisms that may explain how IGR IRES activity is temporally regulated during
infection by non-structural viral proteins. It is possible that the slight delay in IGR IRES
translation in CrPV-infected cells is due to either an inhibition of IGR IRES translation at
early time points of infection or that IGR IRES translation is activated at later times. Two
potential candidates for this are ITAFs or ITIF (IRES trans inactivating factor).
Specifically, an ITAF or ITIF could bind to the IGR IRES and either stimulate or inhibit
IRES activity (Spriggs et al., 2005) (Lin et al., 2009). One possibility is that a non-
structural viral protein(s) is involved, which would be feasible and may explain the delay
in IGR IRES translation as non-structural proteins have to be expressed prior to IGR

IRES activation.
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In a recent report, Wu et al. (2014) determined that Pelo is required for structural
protein synthesis during Dicistrovirus infection.Pelo is the homolog of Dom34 in
Drosophila melanogaster and is responsible for the recycling of stalled 80S ribosomes
on mRNAs (Tsuboi et al., 2012). Wu et al. (2014) speculated that the action of pelo
during infection provides Dicistrovirus genomes greater access to ribosomes for high
level synthesis of viral structural proteins. Whether pelo itself is regulated during
infection and affects IGR IRES activity remains unexplored. Nevertheless, despite
significant depletion of pelo protein, structural proteins are still expressed in supramolar
excess over non-structural proteins (Wu et al., 2014). Thus, ribosome recycling is likely
not the sole reason why structural protein synthesis is observed late in infection.

Another possible target for viral non-structural proteins is the ribosome. Depletion
of specific ribosomal proteins can inhibit IRES-dependent but not cap-dependent
translation (Cherry et al., 2005), suggesting that heterogeneity of ribosomes may have
an effect on IRES activities. For example, depletion of rpS25 inhibits IGR IRES
translation and lowers CrPV titer (Landry et al., 2009). Similarly, depletion of RACK1
inhibits 5'-UTR IRES-dependent but not IGR IRES-dependent translation (Majzoub et
al., 2014) and infection. It is possible that post-translational modifications of key
ribosomal proteins during CrPV infection may be responsible for the temporal regulation
of IGR IRES activity.

A number of viruses express structural proteins later than non-structural proteins
during infection. This strategy presumably allows translation and replication to occur
before the viral genomes are packaged. For example, SBV and coronavirus control the

timing of viral structural protein synthesis through subgenomic mRNAs (sgRNAS).
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SgRNA synthesis requires replication and is therefore always translated later than the
genomic RNA (Miller and Koev, 2000). Further work will be required to address if the
delay in structural protein synthesis observed after CrPV infection is critical for the viral

life cycle and can be generalized to the family Dicistroviridae.
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Chapter 5: Summary and future directions

How dicistroviruses usurp the translational machinery and inhibit antiviral
responses is still not well described. In my thesis, using dicistrovirus infection in
Drosophila S2 cells as a model, | examined the interplay between SGs and
dicistroviruses, identified a viral protein, 1A, which blocks SG formation and observed
temporal regulation of viral non-structural and structural protein synthesis during CrPV
infection (Figure 5.1). Furthermore, upon further characterization of 1A, | discovered
that 1A can stimulate 5'-dependent translation. Therefore, | speculate 1A may enhance
5'IRES-dependent translation during infection (Figure 5.1).

Investigations into dicistroviruses' life cycle and viral-host interactions are
important for many reasons. First, the study of dicistroviruses may lead to treatments for
agricuturally beneficial anthropods afflicted by these viruses (Cox-Foster et al., 2007;
Lightner, 1996; Lightner et al., 1997). Second, dicistroviruses may be important in many
ecosystems because recent metagonomic surveys suggest that Dicistroviruses are
ubiquitous (Culley et al., 2006; Ng et al., 2012; Victoria et al., 2009). Third, since
dicistroviruses infect arthropods, investigation into this family of viruses can facilitate a
deeper understanding of insect and crustacean innate immunity. More importantly,
unlike other insect viruses like West Nile virus and Dengue virus, there is no added
pressure for dicistroviruses to evolve mechanisms to evade or suppress mammalian
innate immunity. Therefore, the study of dicistrovirus-host interaction provides a unique
perspective for investigating ancient antiviral mechanisms that are conserved in the

kingdom Animalia.

116



paf[28] 2c  Balll 3¢ |  RdRp |

Drosophila S2 cell

Figure 5.1. Model of cricket paralysis virus life cycle and virus host-interaction.
Upon entry into Drosophila S2 cells, viral translation begins. Specfically, non-structural
viral proteins are predominatly expressed early in infection whereas structural viral
proteins are predominatly expressed later in infection (Chapter 4). One of the non-
structural viral protein, CrPV 1A, stimulates 5’-dependent translation (Chapter 3) and
suppresses SG aggregation (Chapter 2 and 3). It is not well understood how CrPV

enters S2 cells, replicates its genome, and leaves the cell.
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There are many exciting, unresolved, major questions in the dicistrovirus field.
Several questions can be derived directly from my thesis. One of the major findings in
this thesis is the suppression by CrPV 1A of the SG induction pathway (Chapter 3).
Although I was not able to elucidate how 1A accomplishes this, one future aim will be to
immuoprecipitate 1A and identify interacting partners by mass spectrometry. This pull-
down approach may identify one or more factors essential for formation and/or
maintenance of SGs. Follow-up experiments by using RNAI to deplete these factors
may unravel their role in SGs during dicistrovirus infection. In Chapter 2, | also
discovered that the related dicistrovirus DCV inhibits the SG pathway. Although DCV
1A inhibits RNAI differently than CrPV 1A, by binding to dsRNA and sequestering the
viral RNA from the RNAiI machinery, it will be interesting to test if DCV 1A and other
dicistrovirus 1A gene products also suppress SGs. Alternatively, It is possible that other
dicistrovirus proteins in addition to CrPV 1A are involved in SG suppression. Expressing
these recombinant viral proteins and assaying for inhibition of SG induction in S2 cells is
another avenue to pursue.

Besides addressing how SGs are suppressed by CrPV infection, another major
guestion is why SGs are disrupted during CrPV infection. Although | speculate it is to
keep viral proteins from being trapped in SGs, there may be other reasons. First, like
many other viral examples, SG factors like Rox8 or Rin may be required for viral
replication. To address this hypothesis, biotinylated viral RNAs can be prepared and
interacting partners can be identified by mass spectrometry. Second, SGs may activate
an innate immune response. This was observed recently in mammalian cells (Reineke

and Lloyd, 2015) and it will be interesting to test if this process is observed in
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Drosophila. To test this, we can induce SGs by overexpressing SG markers and
performing SILAC, stable isotape labeling of amino acids in cell culture. To elaborate,
cells are differentially labelled with normal arginine or with heavy arginine in normal cells
or cells overexpressing RinGFP respectively. After labelling for a day, the cells are lysed
and the samples are pooled. Mass spectrometry is performed on the samples and any
significant differences in the ratio of peak intensities between light and heavy labelled
peptides are noted. If overexpression of SG markers activates an innate immune
response, we should see an enrichment of heavy peptides from insect innate immune
proteins in cells overexpressing RinGFP. If we confirm that SGs activate an innate
immune antiviral response in insects, we can test if this is functionally important in the
context of CrPV infection. Specifically, we can compare viral yield in CrPV-infected cells
with CrPV-infected cells overexpressing RinGFP.

Another major unresolved question in Chapter 2 is what the poly(A)* granules
represent in CrPV-infected cells. Thorough examination ruled out CrPV viral RNA and
PBs, thus | suspect the poly(A)* granules are cellular RNAs that are no longer engaged
with the translational machinery. Detection of specific abundant host mMRNAs such as
actin and GAPDH using fluorescent In situ hybridization would address this hypothesis.
How these poly(A)* granules are aggregating is another interesting important question
as these poly(A)* granules lack any traditional SG and PB markers. Identification of the
proteins involved in the assembly of poly(A)* granules during CrPV infection may be
difficult because RNA granules in general are highly dynamic and most proteins in RNA
granules are weakly interacting (Souquere et al., 2009) (section 1.6). A recently

developed technique called BiolD may help identify factors present in poly(A)* granules
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(Roux, Kim, Raida, & Burke, 2012). Specifically, by expressing a chimeric protein
containing a protein-of-interest fused with a promiscious biotin ligase in cells incubated
with biotin, the fusion protein can biotinylate proximal endogenous proteins. The
proximal labelled proteins can be isolated with streptavidin and identified by mass
spectrometry. Since this approach is in vivo, this technique will not disrupt RNA
granules. By fusing PABP with this biotin ligase, we can use this approach to identify
other factors that are enriched in poly(A)* granules which may lead to a better
understanding of how these granules form.

A large part of my thesis is devoted to CrPV 1A (Chapter 3). Besides inhibiting
Ago2 (Nayak et al., 2010) and inhibiting SG induction, | discovered that 1A has other
functions including stimulating translation of reporter RNAs and the 5-UTR IRES. In
addition, | discovered CrPV 1A is toxic to S2 cells. To address all these different
functions it will be interesting to solve the structure of CrPV 1A by x-ray crystallography.
The 1A structure can be used as a tool to identify critical elements important for all
these different functions. Another approach to address these diverse 1A functions is to
identify interacting viral or cellular proteins. As described earlier, 1A can be
immunoprecipitated and interacting partners can be identified by mass spectrometry.
Follow-up experiments with RNAI to deplete these interacting factors may identify
binding proteins involved in these various 1A functions.

Another important unanswered question in Chapter 3 is how are reporter RNAs
translated differently than cellular RNAs during CrPV infection. One possibility is that
cellular RNAs are commonly modified and exist as an mRNP (Fu et al., 2014). These

differences might be the reason why exogenous reporter RNAs are still translated
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during infection. To test this hypothesis, one can transfect in vitro synthesized luciferase
RNA with modified nucleotides like m®A and determine if CrPV infection inhibits or
enhance expression of this particular RNA. Supporting this interesting hypothesis is the
observation that modified RNAs behave differently than unmodified RNAs; For example,
modified RNAs can bypass innate immune responses (Kormann et al., 2011). Perhaps
unmodified RNAs behave like the CrPV viral genomic RNA and can avoid the
translational repression observed during infection.

Another interesting and complementary perspective that may explain why
exogenous RNAs are stimulated during CrPV infection stems from the observation that
cellular mMRNAs are sequestered to poly(A)* granules. Since a recent report suggests
that cellular mRNAs that are heavily modified with m®A are trapped in SGs and PBs (Fu
et al., 2014), it is interesting to speculate if m8A modified MRNAs are also trapped in
poly(A)* granules. Therefore it is not a stretch to suggest that exogenous unmodified
RNAs such as transfected reporter RNAs or viral RNAs are not trapped in poly(A)*
granules and thus can recruit the translational machinery during infection.

Another hypothesis that may explain why exogenously introduced RNAs are
behaving differently than cellular RNAs is a block in nuclear export during infection.
Specifically, CrPV infection might block the transport of cellular mRNAs from the
nucleus to the cytoplasm and therefore inhibit cellular protein synthesis. Presumably,
this will indirectly stimulate translation of exogenously introduced RNA. To test this
hypothesis, we can add drugs like leptomycin B, an antibiotic that blocks nuclear export,

to cells and test if reporter RNAs are stimulated.
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In Chapter 4, | discovered that viral structural proteins are expressed later than
non-structural viral proteins. An unanswered question in that Chapter is how IGR IRES
activity is regulated in vivo. One possibility is that the IGR IRES may interact with
specific factors during CrPV infection. To address this, a pull down coupled with mass
spectrometry with biotinylated IGR IRES in S2 extracts may identify host or viral factors
that bind to the IRES that enhance or repress translation. Alternatively, an siRNA
genome-wide approach may identify cellular factors that are important for this
regulation. Specifically, an siRNA screen can be performed on stable cell lines
expressing a bicistronic reporter that monitors 5'IRES and IGR IRES activity by red
fluorescent protein and green fluorescent protein respectively. If IGR IRES activity but
not 5'IRES activity is significantly affected during infection in a particular siRNA treated
S2 cell, the depleted protein may be important for this regulation. These two
complementary approaches should address how IGR IRES activity is regulated in vivo.

Finally, there are many features in dicistroviruses that are not well characterized.
For example, most dicistrovirus proteins are not well described. In order to gain a better
understanding of this viral family, it is imperative to understand how each individual viral
protein interacts with each other and with host proteins. To determine interactions, we
can use BiolD to find interacting partners in vivo. This can be done by fusing the biotin
ligase with a particular viral protein of interest in the recently created CrPV infectious
clone (Kerr et al., 2015). Upon identifying interacting partners, we can start to deduce
what each dicistroviral protein is doing during infection. The next step is to introduce key
mutations in the viral protein within the infectious clone and observe its effects on the

viral life cycle.
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Another relatively uncharacterized dicistrovirus feature is the 5'IRES. Although
RhPV requires elF1, elF2 and elF3 for translation initiation and is stimulated by elF1A,
elF4F, and elF4A (Terenin et al., 2013), the 5'IRES sequence is not well conserved in
dicistroviruses (reviewed in Roberts and Groppelli, 2009). Therefore, it is unclear if the
5'-IRES from other dicistroviruses require the same factors. To examine this, one can
reconstitute 48S initiation complexes on the CrPV 5'IRES with purified components, an
approach similar to that used for the RhPV 5'IRES and perform single component
omission experiment. Alternatively, specific translation inhibitors like PatA or 4ER1cat, a
compound that blocks elF4E:elF4G interaction (Cencic et al., 2011), can be used to test
if a particular translation factor is required or not required for 5'-IRES-dependent
translation in vitro.

In summary, | discovered many interesting features during dicistrovirus infection.
The studies on SGs, 1A, and temporal regulation of viral non-structural and structural
protein synthesis during CrPV infection enclosed in this thesis should provide an
excellent foundation for deeper investigation into dicistrovirus-host interaction.
Moreover, these studies also expand on fundamental viral-host interactions and may

lead to the development of drugs to treat agriculturally important dicistroviruses.
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Supplemental figure 1 Luciferase and cell death assays when expressing
recombinant CrPV viral proteins in Drosophila S2 cells. (A) Firefly luciferase
activities from cells transfected for two days with dsRED (control), CrPV-1A, CrPV-2B,
CrPV-2C, CrPV-3A, CrPV-3B, CrPV-3C, CrPV-VP1, or CrPV-VP2 expression plasmids.

(B) Trypan blue staining of cells.
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