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ABSTRACT OF THE DISSERTATION

Identification and Mechanism of Small Molecule Ibitors of RNA Interference

by

Samer Elkashef

Doctor of Philosophy, Graduate Program in Gene@enomics and Bioniformatics
University of California, Riverside, June 2011
Dr. Shou-Wei Ding, Chairperson

RNA interference (RNAI) is induced both artifidto knockdown gene
expression and naturally during virus infectioradsst defense mechanism. Although
genetic studies have provided a biochemical framkewwo RNAI, little is known if key
steps in the RNAI pathway can be inhibited by smadlecules. This dissertation
describes a cell-based small molecule screen &y dssthe suppression of naturally
occurring RNAI inDrosophila Schneider 2 (S2) cells induced by viral RNA region.
This screen resulted in the identification of tweleiad compounds in the primary screen
that were narrowed down to five RNAI inhibitors {gl) in the secondary screen by
Northern blot analysis.

Genetic and biochemical approaches were taken guesty to determine the
targets of these RINs in the RNAI pathwayDirosophila melanogaster, RNAi begins
with the dicing of long double-stranded RNA (dsRNAp small interfering RNAs
(siRNAS) by the nuclease Dicer-2. This is followsdthe assembly of the RNA-induced

Vi



silencing complex (RISC) that contains a singlerstied siRNA bound to the RNaseH-
like Argonaute-2 (Ago2) and cleaves the target mRN# is complementary to the
siRNA. The first set of experiments in this studyidied the five RIN compounds into
two groups. Although all of the RIN compounds weighly potent in the suppression of
RNA. triggered in S2 cells by long dsRNA, artifitiaitiation of RNAi by synthetic
siRNA was also inhibited by RINs 4 and 5, but npRRINs 1-3. These findings indicate
that RINs 1-3 target the upstream steps of the Ri#tiway while RINs 4 and 5 target
the downstream steps. Further biochemical expetsraemonstrated that RINs 1 and 2
inhibited the dicing of long dsRNA into siRNAs atitht RIN5 blocked cleavage
(slicing) of target MRNA mediated by an siRNA-pragmmed RISC. These results
demonstrate for the first time that both dicing ahding in the core RNAI pathway can
be targeted for inhibition by small molecules.

The last set of experiments determined if the Rdpounds were able to
suppress the RNAi-mediated antiviral immunity teged by infection initiated by virion
inoculation. Both Flock house virus (FHV) and Cetlparalysis virus (CrPV) replicated
to much higher levels in S2 cells following treatiheith each RIN compound and RINs
3, 4 and 5 dramatically enhanced the cytopathe&cefif both positive-strand RNA
viruses. The B2 protein encoded by FHV is a viygpsessor of RNAIi (VSR)
indispensable for infection of S2 cells. In theealzee of RNAI suppression, the B2-
deficient mutant of FHV (FHXB?2) is rapidly cleared in S2 cells following chaltge
inoculation with viral particles unless RNAI is supssed in S2 cells, for example, by

Ago2 depletion. Treatment of S2 cells with eackheffive RIN compounds enhanced

vii



the accumulation of FHAB2. Notably, FH\AB2 replicated to similarly high levels in
Ago2-depleted S2 cells and S2 cells treated withGRMoreover, both RINs 2 and 5
enhanced the accumulation and virulence of FH\Wintdlies and RIN treatment of
Caenorhabditis elegans also partially inhibited RNAI induced by a B2-d=ént replicon
of FHV or exogenous dsRNA.

In summary, the experiments detailed in this badyark established a cell-
based screen for the identification of small mole@ntagonists of RNAI. These
experiments also provided a pipeline of experimémesstablish where and how the

identified compounds affect the RNAI pathway.
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Chapter 1: Background
Abstract

Small RNA gene silencing pathways, or RNA interfme (RNAI), have been implicated
in a wide array of biological processes, includgagmome defense, developmental
regulation, heterochromatin formation and antivitedlense in a multitude of eukaryotic
organisms. In this chapter | will review the avhl&aliterature on RNAI irDrosophila
melanogaster. D. melanogaster has been an invaluable source for the understamding
both the genetic and biochemical factors that go®iAI. The fruit fly has also been
important in the understanding of the antivirabr&NAI plays in animal systems and has
paved the way of its understanding in pathologycatiportant organisms like
mosquitoes. This chapter will also review the pahdd literature available on virus
suppressors of RNAI (VSRs), a group of molecules tiruses have evolved which can
be used to subvert antiviral RNAI. Several virusage been shown to encode VSRs that
are capable of suppressing RNAI at different stégghe pathway, such as dicing or
slicing. In this section antiviral RNAI in otherganisms, such &Saenorhabditis

elegans, will be discussed as well.



1.1 Introduction

In 1990 the Jorgensen lab published the first tepidhe phenomenon that is now
known as RNA interference (RNAI). Their finding, wh they named cosuppression,
involved the silencing of an endogenous gene byteeexpression of a homologous
transgene in the same plant (Napoli et al., 19860;der Krol et al., 1990). Subsequent
studies showed that RNA virus replication can b&rdoeegulated in plants that carry
fragments of the viral genome as transgenes (Limdlad., 1993). These two pioneering
studies led to the explosion of publications whilelveloped into the field of RNAI. Later
work established the presence of RNAI in a mulétodl organisms, including the fungi
Neurospora crassa, the nematod€aenorhabditis elegans, arthropods such as
Drosophila melanogaster and in humans (Billy et al., 2001; Cogoni et 8896; Elbashir
et al., 2001; Fire et al., 1998; Kennerdell andti@ax, 1998).

The hallmark of RNAI is the production of small REAf 21 to 28 nucleotides (nt) in
length. These small RNAs are what give specifitotyhe pathway and serve as guides
for several RNAI functions such as RNA cleavagangtational repression, DNA
methylation and chromatin methylation (Hannon 2@&itel 2004). Currently there are
three known classes of small RNAs; small interigiiRNAs (SiRNAs), microRNAs
(miRNAs) and Piwi interacting RNAs (piRNAs). Plantere the first organisms where
SiRNAs were detected and described as well asrgteofganism where antiviral RNAI
was characterized (Hamilton and Baulcombe, 1998gand Voinnet, 2007; Li and

Ding, 2006; Voinnet, 2005). Further research hasvshthat small RNAs play an



antiviral role or are closely associated with vimifgction in other organisms such as in
insects, nematodes and mammals (Ding and Voinf8%;2Marques and Carthew, 2007,
Muller and Imler, 2007; Parameswaran et al., 2@L0livan and Ganem, 2005).

Viruses are parasites which rely on their hostimglete their replication cycle while
at the same time contend with the host’s antivimethunity mechanisms. Plant and
invertebrate viruses trigger the RNAI pathway Via generation of double-stranded
RNA (dsRNA). This dsRNA can be synthesis in severahners including from the
replicative intermediates formed during RNA vireplication and the convergent
transcription of genes in both RNA and DNA viru¢bgg, 2010). In the following
section the data supporting antiviral RNAI as veallthe mechanisms by which viruses
counteract this pathway will be addressed.

1.2 Small RNA Pathways inDrosophila
1.2.1 The microRNA Pathway

Of the small RNA pathways found . melanogaster, the miRNAs are the most
numerous with current estimates close to 200 distipecies (miRBase). miRNAs are
found encoded in endogenous genes that are trhaddsy RNA polymerase Il and
sometimes RNA polymerase Il into transcripts thate been dubbed primary miRNAs,
pri-miRNAs for short (Borchert et al., 2006; Leeagt 2004). pri-miRNAS contain
imperfect loop structures which are recognized @dedved by a protein complex
containing the RNAase Il enzyme Drosha and the\dsRinding protein Pasha. This
process releases a hairpin structure of approxiyna@ent in length termed the pre-

mMiRNA that contains a 2 nt overhang at its 3’ eaavall as a 3' hydroxyl and 5'



phosphate group (Lee et al., 2003). The first tteps of MIRNA biogenesis occur in the
nucleus while the maturation phase occurs in theptgsm. To achieve the movement of
the pre-miRNA from the nucleus to the cytoplasmpghemiRNA is carrying over via

the nuclear transporter Exportin-5. Once movedhéoclytoplasm , the pre-miRNA is then
cleaved by another RNase IIl enzyme, Dicer-1 (De¢rahd the dsRNA binding protein
Loquacious-PB and PD isoforms (Logs) into an impetty base paired 22nt duplex
miRNA (Jiang et al., 2005; Miyoshi et al., 2010heTmature miRNA is then unwound
and one strand is loaded into the miRNA induceghsing complex (miRISC) where the
now single-stranded miRNA serves as a guide tgmiRISC to an mRNA that is
complementary with a few mismatches to it induaither translational inhibition or
cleavage of the mRNA (Miyoshi et al., 2010) (Figaréa).

Aside from the canonical miRNA biogenesis pathwegvmusly described, there
has been an alternate miRNA biogenesis pathwaydfouD. melanogaster where
mMiRNAs are produced from the hairpin structuresied in the introns of genes that
have come to be known as mirtrons (Okamura e2@07; Ruby et al., 2007a; Ruby et
al., 2007b). The hairpins found in mirtrons aregessed by the splicing machinery of the
cell to produce pre-miRNA-like structures which #ren fed into the canonical miRNA
pathway to produce mature miRNASs via the activitypor-1 and Loqgs (Miyoshi et al.,
2010).

The miRNA pathway is found in many eukaryotic origars are paramount to
their survival and growth. These small RNAs coningbortant functions by modulating

the gene expression of endogenous genes involveglliproliferation, differentiation,



growth as well as development (Wu et al., 2008htiuld be noted that miRNAs are not
limited to eukaryotes as it has been reportedgbiate DNA viruses found in mammals
encode miRNAs as well.
1.2.1 Piwi Interacting RNAs

Of the three small RNA pathways Drosophila, the piRNA pathway is the
newest and least understood. What is known howsevhat piRNAs are endogenous
small RNAs, like miRNAs, that are 24 to 30 nt indgh which interact with the Piwi
subfamily of Argonaute proteins to protect the derenfrom selfish genetic elements
such as transposons (Brennecke et al., 2007; Nighidl., 2007). It has also been shown
that neither of the two Dicer proteins founddnosophila are required for their
biogenesis but that two helicases, Spendle-E (Smné& Armitage (Armi), are required
for piRNA mediated silencing (Vagin et al., 20085 piRNA biogenesis is Dicer
independent and they occur only as a single-stchRIMA species, a new model for
biogenesis has been proposes based of the seqgeélatiavailable which is referred to
as the “ping pong” cycle. This cycle is startecttvsy transcription of a piRNA cluster
encoded in the genome which is subsequently cleimte@iRNAS that have a strong
bias for a uridine at the first position at theebd. This primary piRNA is then loaded
into Piwi or Aubergine (Aub) which then seeks dattarget sense strand transposon
transcript and cleaves it at a position ten nuaestdownstream of the 5’ end. This
cleavage event results in the production of a s#egnpiRNA, with an adenine at the
tenth position from the 5’ end, which binds to Ago®1 mediates cleavage of a piRNA

precursor transcript which in turn gives rise torenpiRNAs that have a uridine at the



first position at the 5’end. These piRNAs are thehback into the piRNA amplification
loop to generate more piRNAs (Thomson et al., 2QBRjure 1.2). It is still unknown
how the primary piRNAs are excised from the traipgsitranscribed from the piRNA
clusters, however according to this model eitharn Br Aub performs these cleavage
events.
1.2.3 The siRNA Pathways

In D. melanogaster there has been two siRNA pathways that have been
characterized, the exogenous siRNA pathway andridegenous siRNA pathway. The
exogenous SiRNA pathway is triggered when foreigiRMIA is introduced into the fly
while the endogenous siRNA pathway deals with sRBIAs encoded in the fly genome
that are not miRNAs or piRNAs. The exogenous siRd#hway starts when dsRNA is
recognized by a complex containing the RNasellyere Dcr-2 and the dsRNA binding
protein Log-PD and cleaved into 21 nt duplex siRNWannon et al., 2002; Marques et
al., 2010). An intermediate complex composed ofPand the dsRNA binding protein
R2D2 then starts the loading of the siRNA into i¢A induced silencing complex
(siRISC) (Liu et al., 2003). The final step of tihiaturation process occurs when the
siRNA is unwound and one of the strands in thedédanto Argonaute 2 (Ago2) which
results in the formation of the mature siRISC (Kghal., 2007). The loaded siRNA
serves as a guide to bring siRISC to a perfectigmementary mRNA target that triggers
Ago2 to cleave the mRNA via an endonuclease reacidied “slicing” (Okamura et al.,

2004) (Figure 1.1b). Studies have shown that tkiggenous siRNA pathway can be



triggered in response to viral dSRNA, transgeneetiriexpression of dsSRNA and
exogenously introduced dsRNA (Aravin and Tusch(%)0

The endogenous siRNA pathway is characterized bgymtion of SIRNAs from
convergent transcription or highly structured gersegments that are found in both
somatic tissue and in gonadal tissu®inmelanogaster (Czech et al., 2008; Ghildiyal et
al., 2008; Kawamura et al., 2008; Okamura et 8l082a; Okamura et al., 2008b). As in
the exogenous siRNA pathway, the biogenesis oktkagdo-siRNAs requires the
function of the Dcr-2 protein to cleave the dsRN#oisiRNA duplexes. One of the main
differences in these two pathways is that the esiBNA pathway makes use of the
Logs-PB isoform as the dsRNA binding protein parwfeDicer-2 as opposed to Logs-
PD (Czech et al., 2008; Miyoshi et al., 2010; Okearet al., 2008) (Figure 1.1c).
1.3 RNAI as an Antiviral Pathway in Drosophila melanogaster

D. melanogaster has been an ideal model organism for the studiynafte immunity
against viruses which has produced advances ifietids of the Toll and immune
deficiency-mediated signaling pathway as well @&JXnus kinase signal transducer and
activator of transcription (Jak-STAT) pathway (Destet al., 2005; Hoffman, 2003;
Zambon et al., 2005). In 2002 it was shown the RplAys an antiviral role in the.
melanogaster Schneider cell line when challenged with Flock BlWirus, an RNA
virus with a positive sense genome (Li et al., 300Qater work has shown that RNAI
also plays an antiviral role in adult flies anduiggs components of the siRNA pathway,
but not the miRNA pathway, when challenged withweebse array of RNA viruses

(Galiana-Arnoux et al., 2006; van Rij et al., 20@&ng et al., 2006).



1.3.1 Viruses that Induce an Antiviral Response

Several viruses have been shown to illicit an @afiNRNAI response when
infecting Drosophila melanogaster. This section will highlight the viruses that haween
used to study antiviral RNAI iD. melanogaster and that have been used in the following
chapters.

Flock house virus (FHV) is part of the gerAlphanodavirus and in the family
Nodaviridae (Ball and Johnson, 1998). Although an insect viRi$V has been shown to
be able to replicate in yeast, plants, nematoddsramammalian cell lines in the
laboratory setting (Ball et al., 1992; Lu et aD0B; Price et al., 1996; Selling et al.,
1990). The FHV particle carries a bipartite, pesittense RNA genome that is 4.5kb in
length. RNA 1 is 3107 nt in length and encodesginod,, which is an RNA-dependent
RNA polymerase (RdRp) that the virus uses for befhication of the viral genome as
well as the transcription of viral mMRNAs. RNA 21400 nt in length and encodes in
precursor to the coat protein. Through the coufsemication the subgenomic RNA 3 is
produced which is 387 nt is length and is derivedifthe 3’ end of RNA 1 (Ball and
Johnson, 1998). RNA 3 encodes the B2 protein wisiehpotent viral suppressor of
RNAI (VSR) (Li et al., 2002). When FHV carries a tation in the B2 ORF that renders
the protein inactive it can no longer replicatdigh levels in both cell culture as well as
adult flies (Li et al., 2002; Wang et al., 2006 pddmura virus (NoV) is closely related to
FHV and a member of the geniphanodavirus and the familyNodaviridae that has a
similar genome structure and protein compositioRHY. This virus has been shown to

be targeted by RNAI in S2 cells and that its Bag@irohas been shown to be a suppressor



of RNAI as well (Li et al., 2004). A key differenéetween FHV and NoV is that NoV
can be lethal to mammalian cells (Ball and John$6a8).

A second group of viruses that belong to the familgistroviridae have been
used to study the antiviral RNAI responséinmelanogaster; Drosophila C virus and
Cricket paralysis virus (CrPV) (Wilson et al., 200CrPV’s genome is composed of one
single stranded, positive sense piece RNA of 9185 length. This RNA contains two
ORFs (ORF 1 and ORF 2) that code for the nonstralcéund structural proteins and are
each preceded by an internal ribosomal entry BRES$). Although this virus was first
discovered in crickets it has then been shown talibe to replicate in a wide variety of
insects and insect cell lines includiDgosophila S2 cells (Scotti et al., 1975). CrPV has
also been shown to have strong pathogenic effecdult fruit flies (Wang et al., 2006).
DCV is a closely related virus to CrPV that alss hasingle stranded, positive sense
RNA genome that is slightly larger than CrPV’s gereoat 9264 nt in length that is
divided in two ORFs, 1 and 2. ORF 1 is locatechat3’ end of the viral genome and
encodes the RdRp, helicase and protease. ORF & vghom the 3’ end encodes the
capsid protein. Unlike CrPV, DCV is a trieosophila virus that was discovered in a
laboratory strain (Jousset et al., 1977). Alsoken€CrPV, DCV does not normally have
pathogenic effects on adult flies.

1.3.2 Dicing and Slicing Play Key Roles in Antivial RNAI

It has demonstrated in both genetic and biocherstcalies that the previously

described exogenous siRNA pathway has strong &aitivinction inD. melanogaster

(Aliyari et al., 2008; Wang et al., 2006). It ha=eh shown that the dsRNA produced



during viral replication serves as a pathogen-aasst molecular pattern (PAMP) that
Dcr-2 can recognize and cleave into siRNAs (Diriif,(®.

Dicer serves as the gatekeeper of antiviral RNAi,anly in fruit flies but in all
invertebrate animals and plants.Dnosophila it has been shown the Dcr-2 has antiviral
activity against several RNA viruses included FKDYPV, DCV as well as the human
pathogens Sindbis virus (SINV) and West nile vi8\V) (Chotkowski et al., 2008;
Galiana-Arnoux et al., 2006; Wang et al., 2006ha$ been shown thiler-2 mutant flies
that have been challenged with FHV show enhancszhde susceptibility (EDS) as
compared the wild-type flies infected with FHV ioth the number of flies that die and
that the flies succumb to the virus at earlier tpoets (Galiana-Arnoux et al., 2006;
Wang et al., 2006). This decrease in survivaan?2 flies also coincides with an increase
of viral RNA accumulation as compares to wild-tyjies. When flies carrying a
mutation inr2d2, the dsRNA binding partner of Dcr-2 in the exogen&NAI pathway,
were infected with FHV similar results to tter-2 mutant flies were observed (Wang et
al., 2006)dcr-2 mutants also exhibit the EDS and increased valication levels for
CrPV, DCV, SINV and WNV, all of which are singleatded RNA viruses (Chotkowski
et al., 2008; Galiana-Arnoux et al., 2006; Wanglgt2006). The requirement of Dcr-2 in
antiviral RNAI is not universal however. In fliebalenged with Drosophila X Virus
(DXV), a dsRNA virus, Dcr-2 does not appear to beassary for the antiviral response
(Zambon et al., 2006). However, genes that areimed)in the piRNA pathway were
shown to be important in the antiviral responsBX)/ as flies carrying mutation ipiwi,

aub, andarmitage (armi) all showed EDS when infected with DXV (Zambonlet a
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2006). This requirement for piRNA related genes alas observed in flies infected with
WNV asspn-E andpiwi mutants showed EDS (Chotkowski et al., 2008). &lpeces of
data indicate that there is some cross talk betweeRNAI pathways iDrosophila that
is required for efficient viral immunity.

In fruit flies Ago2 is the last line of defenseiindnvading viruses. Ago2’s
antiviral activity was first described in 2002 magjiit the first RNAi gene to be
implicated in antiviral RNAI (Li et al., 2002). Taistudy showed that when Ago2 was
depleted in S2 cell that was infected with FHV &hesas an increase in the amount of
viral RNA accumulation. The role of Ago2 in ant@iRNAIi was further reinforced by
the fact that when FHV RNA 1 transcripts containgngiutation in the B2 ORF
(FR1AB2) were introduced into S2 cells they could nplioate, but the same transcript
could replicate in S2 cells depleted for Ago2. $amiesults were found iD.
melanogaster embryos; FRAB2 could not replicate in wild-type embryos but kcbin
ago2 mutant embryos (Wang et al., 2006). It has alsmlveported thago? flies
infected with DXV, DCV, CrPV, and WNYV display EDS aompared to wild-type flies
(Chotkowski et al., 2008; van Rij et al., 2006; Zam et al., 2006). In the case of DCV
and WNV there was upwards of a 100 fold increagbeéramount of virus production in
these flies as compared to wild-type (Chotkowskilgt2008; van Rijj et al., 2006). More
recent biochemical evidence has shown that Aga2 nah Agol, loads virus specific
siRNAs (Aliyari et al., 2008). The wealth of gemedind biochemical data available has
made it clear that Ago2 plays an irreplaceablegardmount role in the antiviral RNAI

pathway.
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1.3.3 Viral Small RNAs (VIRNAS)

VIRNAs were first discovered iNicotiana benthamiana plants infected with the
single stranded, positive sense RNA virus Potatas/X (PVX) (Hamilton and
Baulcombe, 1999). The ViRNAs detected were 25fenigth and both sense and
antisense strands were present in infected plahesfirst reported findings of VIRNAS in
animals were in cultureBrosophila S2 cells infected with FHV which produced viRNAs
of 22nt in length (Li et al., 2002). These two fimgk reinforced the importance of
antiviral RNAI as a host immune response (Ding,®01In D. melanogaster it has been
shown the Dcr-2 is essential for production of vRINFHYV infection of flies carrying
mutations in thelcr-2 gene fails to accumulate FHV specific ViRNAs whilid-type
andr2d2 flies can accumulate FHV specific ViRNAs (Wangkt 2006). The role of
r2d2 in viRNA function is not at the level of biogengshbut rather downstream of it,
presumably in loading of ViRNAs into RISC &2 mutant flies show EDS and
increased viral mMRNA accumulation while still maiming a high level of FHV specific
VIRNAs (Wang et al., 2006). This hypothesis is gneeement with the data showing the
requirement of R2D2 in loading of siRNAs in siRI8Cthe exogenous RNAI pathway
(Liu et al., 2003). FHV is not the only virus repex to generate viRNAs iDrosophila;
CrPV infection of S2 cells has shown to generatg Z¥PV specific sSiRNAs (Wang et
al., 2006). Deep sequencing has provided a newuaveiviRNA detection which has
been shown to be more sensitive than Northernddtgction. Deep sequencing provided

the first evidence of VIRNA biogenesis for dsSRNAuges, including Drosophila
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biranvirus (DBV) Drosophila totivirus (DTV) and DX\ih D. melanogaster (Wu et al.,
2010). The same technique was also used to finlA#for more plus strand RNA
viruses such as American nodavirus (AMV) and DCt Bll viral small RNAs detected
by Northern blot analysis fit into the siRNA sizaegory. Deep sequencing of
Drosophila OSS cells, a germline derived cell line, alsottethe detection of AMV and
DCV VviRNAs of 27 to 28nt in length, putting it ihé piRNA size range (Wu et al.,
2010). These 27 to 28nt length VIRNAs share muaommon with piRNAs including a
5’ uridine bias and only sense and not antisensadtspecific RNAs were found (Wu et
al., 2010). Northern blot analysis has also yieltteddetection of piRNA-like ViRNAs. It
was found that when S2 cells are infected with WM®NAs of 25nt in length were
detected, which fall into the piRNA size range (&owvski et al. 2008). This data
coincides well with the fact that antiviral RNAiagst WNV requires Piwi and Spn-E,
which are required in the piRNA pathway.

1.3.4 Viral Suppressors of RNAIi (VSRSs)

As in most host-pathogen interactions, viruses leedved of a means of counter
acting antiviral RNAI in the form of VSRs. Many plieand invertebrate viruses encode at
least one or more VSRs (Li and Ding, 2006; Wu gt24110). The first and best studied
VSR in invertebrates is the B2 protein of FHV whistencoded on the subgenomic RNA
3. B2 was first discovered in 2002 when it was shiéevhave VSR activity in both plants
and S2 cells (Li et al., 2002). Further studiesehd@monstrated in importance of the B2
protein in the life-cycle of FHV. FRAIB2, a viral RNA 1 transcript containing a B2

deletion, is unable to replicate in S2 cells ad agMild-type fruit fly embryos, while
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FR1 can replicate to high levels under the samditons. However, FRAB2 can
replicate in S2 cells in which Ago2 has been depleir inago2 or dcr-2 mutant embryos
(Li et al.,, 2002; Wang et al., 2006). In wild-typmbryos FRAB2 accumulated virtually
no viral RNAs whereas idcr-2 andago2 mutant embryos viral RNAs replicated to very
high levels. This data implies that B2 is not reedifor replication of the virus but rather
is required for suppression of the host RNAIi maehynThe closely related virus NoV
also encodes a B2 protein which has been showrhtbii RNAI in Drosophila as well

as mosquito cells (Li et al., 2004). Studies usthty virions carrying a B2 mutation
cannot replicate in S2 cells proving the B2 is e8akfor the life-cycle of a fully intact
virus, not just the FRAB2 transcript (Aliyari et al., 2008). The importanaf B2
suppression of RNAI is a key piece of evidenceupp®rt of antiviral RNAI as an innate
immunity pathway against viruses.

Many VSRs have been shown to be able to bind tdNds& have a dsRNA
binding domain. Both crystallization and NMR an@dysf B2 have revealed the presence
of a dsRNA binding domain on the N terminal regadrthe protein (Chao et al., 2005;
Lingel et al., 2005). B2's dsRNA binding activityas first shownn vitro to be able to
bind to both duplex siRNAs and long dsRNA (Lu ef 2005). A mutation in the dsRNA
binding domain (R54Q) abolished the binding of Bbobth siRNAs and dsRNAs. In the
same study it was shown that the B2 protein cauhbit Dicer processing of long
dsRNAin vitro. The same R54Q mutation of B2 that abolished dsRMAing also
abolished B2’s ability to block siRNA biogenesisdized by Dicer. More recently it has

been shown that both FHV and NoV’s B2 proteinslaiad viral specific dSRNA in
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Drosophila S2 cells during virus infection confirming thevitro binding data results
(Aliyari et al., 2008).

Both CrPV and DCV have been shown to be able tibinRNAI. CrPV was first
shown to inhibit RNAI inDrosophila S2 cells by being able to rescue the replication o
the FR1gfp construct, which is unable to repli¢at82 cells unless Ago2 has been
depleted or by expression of B2tians (Wang et al., 2006). Deletion analysis of the
CrPV genome placed the VSR activity in the firsd nino acids of the nonstructural
polyprotein encoded on ORF 1; later named 1A. & \a#er shown that the CrPV 1A
protein does not inhibit dSRNA processing by Dicer does it bind to long dSRNA
(Nayak et al., 2010; van Rij et al., 2006). HowewenPV 1A can block siRNA mediated
cleavage of mMRNAn vitro as well as being able to block the silencing hiciferase
MRNA by siRNAs in S2 cells (Nayak et al., 2010)eldame study reported that CrPV
1A can bind to the Ago2 protein in S2 cells atléneel of holo-RISC as RISC formation
was not perturbed in CrPV infected cells nor inscelhere CrPV 1A was transiently
expressed. The closely related DCV has also bemmrsto encode a 1A protein capable
of suppressing antiviral RNAI as well. The functiohDCV 1A has been shown to be
different than that of CrPV 1A. Firstly, DCV 1A catrongly bind to long dsRNA and
showed weaker affinity to duplex 21nt siRNA, whidn be abolished with a L28Y
mutation (van Rijj et al., 2006). Also, like with BRCV 1A can block Dicer mediated
processing of dsRNA into siRNAn vitro (Nayak et al., 2010). DCV 1A is the first and
only VSR which has been shown perturb proper hd®cRformation inDrosophila

embryo lysates.
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1.4 Antiviral RNAI in other Ecdysozoans
1.4.1 Antiviral RNAi in Mosquitoes

As in D. melanogaster it has also been shown that RNAI is a functiomaivéral
pathway in mosquitoes. Early results frévedes C3/C6 cells infected with a SINV strain
carrying a fragment of the Dengue Virus (DENV) gereowere resistant to infection by
DENV (Olson et al., 1996). This result is similarghenomenon observed in plants
called virus induced gene silencing, or VIGS. Redsas have used engineered SINV
strains to infect adult mosquitoes in order to relyIGS against viral genes as well as
endogenous genes (Adelman et al., 2001; Johnsan £099). The same resistance to
DENV was found in the C3/C6 cell line when they vglansfected with a plasmid
coding for an inverted repeat RNA correspondinDENV (Adelman et al., 2002).
Using the same inverted repeat technology thatswasessful in the C3/C6 cell line,
Aedes aegypti transgenic mosquitoes were made to express artedvepeat using a
genome fragment from DENV. These mosquitoes exdhite same resistance to DENV
infection that was found in the C3/C6 cell linegfz et al., 2006).

Although the above results were promising, theyditl not prove that RNAiI was
antiviral in mosquitoes. Some of the first evidenaene in NoV infection ofAnopheles
gambiae cell lines. It was found that NoV replicationAngambiae cells required the
expression of the B2 protein in that the MNP mutant could not replicate to detectable
levels. However, i\. gambiae cells that were depleted for Ago2 the NfBP construct
could accumulate to high levels (Li et al., 200#)is was the first demonstration that an

RNAI gene plays an antiviral role in mosquitoesttker work has shown that antiviral
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RNAI also functions in adult mosquitoes8e. Aegypti that were depleted for Dcr-2 by
transgenic hairpin RNA and infected with SINV sholecreased virus titers as well as
lower rates of survival as compared to non-tranegdias (Khoo et al., 2010). It has also
been shown that long dsRNA injection into adult mo®es has been a successful means
of MRNA depletion. This technique has been useatbtoonstrated that mosquitoes
depleted for Tudor staphylococcal nuclease (TSNp2A R2D2 and Dcr-2 by dsRNA
show an increase in both viral mMRNA levels and wyparticle production for both DENV
and SINV (Campbell et al., 2008; Sanchez-Vargad.e2009).

VIRNAs have also been shown to be a key comporfeattviral RNAI is
mosquitoes providing another line of evidence iaer is an important component of
this pathway. The first reported vViRNAs in mosqagavere found in SINV infected
adultAe. Aegypti (Campbell et al., 2008). Both plus strand and msitend ViRNAs
were detected in these infected animals with the ptrand viRNA being the more
abundant species. Later studies in the Aag2 cdlihfected with SINV confirmed the
results found in the adult mosquitoes (Cirimotitfale 2009). This study also showed
that B2 expression in conjunction with SINV decezhthe level of SINV viRNAsAedes
Albopictus andCulex tritaeniorhynchus either injected with SINV expressing the B2
protein or fed on blood meals loaded with the sames had a decrease in the survival of
the infected population, as compared to infectidth & non-B2 expressing SINV strain,
highlighting the importance of the ViRNASs in corlirog virus infection (Cirimotich et
al., 2009). viRNAs have also been found by Northi#atting in DENV infected Aag2

cells and by deep sequencing of WNV infedBdiex pipiens quinquefasciatus adults
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(Brackney et al., 2009; Sanchez-Vargas et al., R00%oth these cases, as in the case of
SINV, both plus and minus strand viRNAs were det@aetith the vast majority of the
VIRNAs being plus stranded. Although a bounty ofkvoas been done to elucidate the
antiviral RNAI pathway in mosquitoes more work needye done to better understand
this pathway as well as to investigate whetherapd born viruses that mosquitoes
traffic encode VSRs.
1.4.2 Antiviral RNAI in Ticks and Shrimp

Similar antiviral research that was done in mosgpsthas also been conducted in
cultured tick cells. Using a VIGs approach researshve able to use a genetically
modified Semliki forest virus (SFV) replicon camg a segment of Hazara virus (HAZV)
to silence HAZV in Tick cell culture (Garcia et,&005). These infected Tick cell also
accumulated SFV and HAZV specific VIRNAs indicatithgit these two viruses induced
an antiviral RNAI response. Also as in mosquitdlee,RNAI response in ticks can also
be suppressed by VSRs. A study has shown that $iegrbtein of influenza and two
plant VSRs, NSs of Tospovirus and HC-Pro of Zucicyetiow mosaic virus, can
suppress the antiviral response in ticks resultireghigher accumulation of viral
MRNAs (Garcia et al., 2006).

Antiviral research has also been going on in sh@sgield loss due to viruses is
a source of great annual financial loss in thenspraquaculture industry. Functional
knockdown of hemocyanin and CDP mRNA, both endogsmgenes, by dsRNA
injection has been shown lintopenaeus vannamei, however when siRNAs targeting the

same genes are used no knockdown could be detgutedlino et al., 2006). This data
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indicated that exogenous RNAI, which has been shiovire antiviral in other

arthropods, is functional in shrimp. Furthermorégew dsRNA targeting viral sequences
are injected into shrimp a reduction in the motyaiate is observed in virus infected
shrimp. The mortality rate was unaffected in inégkcshrimp that were injected with non-
viral dsRNAs. This was observed for three differ@nises; White soot syndromes virus
(WSSV), Taura syndrome virus (TSV), and yellow hegds (THV) (Robalino et al.,
2005; Tirasophon et al., 2005). As was the case entlogenous gene silencing, siRNAs
targeting viral sequences could not reduce moytedites in infected shrimp (Robalino et
al., 2005). As in other organisms, viruses in sprimve been shown to be able to block
exogenous RNAIi. When shrimp that are infected WWBSV are injected with
hemocyanin dsRNA, no hemocyanin mRNA knockdown @dnd detected, indicated that
WSSV has the capacity to suppress RNAI (Robalired.eP007). The same study
showed that TSV could not suppress dsRNA knockdofremocyanin. RNAI
components have also been characterized in shArbcer protein has been identified
in the shrimp specidenaeus monodon and was named Pm Dcr-1 (Su et al., 2008).
When this gene is knocked down in shrimp and tlhdasequently infected with Gill
associated virus (GAV), there is an observablesiase in viral MRNA levels which is
associated with an increase in the mortality rateo of interest, g-PCR analysis of
infected shrimp showed an increase in Pm Dcr-1 mRNR&Is as compared to uninfected
shrimp (Su et al., 2008). This is the first evidewt an RNAiI component being

transcriptional induced by a virus.
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dsRNA seems to trigger a non-sequence specific memesponse in shrimp
which can lead to reduced levels of mortality ratemfected shrimp (Robalino et al.,
2004). This was observed linvannamei shrimp infected with WSSV as well as shrimp
infected with TSV. The reduced mortality rates thvate observed were much lower than
those found when dsRNA with viral specific sequeneere used. These results were
also recapitulated iR. monodon adults as well as primary cell culture infectedhwi
Yellow head virus (YHV) (Tirasophon et al., 2005dMmuang et al., 2006). These
findings are akin to those found in mammalian syste&vhere dsRNA serves as a PAMP
to trigger IFN responses, RIG-1 as well as Tolklileceptor mediated immunity.
1.4.3 Antiviral RNAi in C. elegans

C. elegans was the first invertebrate in which dsRNA induétdAi was
discovered (Fire et al., 1998). Since then it vea®aled thaC. elegans encoded a very
complex yet elegant RNAI pathway. Firstly, it oligcodes one Dicer protein, which like
in mammals is responsible for all of the Dicer degent SiRNAs and miRNAL.
elegans encodes the most expansive family of Argonautéepre found in one organism,
comprised of 27 family members. As there is onlg @icer protein, it is the Argonaute
family of proteins that determine the specificitydgunction of the small RNAs (Yigit et
al., 2007). And lastly like in plants, nematodesaate RNA dependent RNA polymerase
(RDRP) proteins that are required for both systeamit transitive RNAi (Voinnet, 2005).
The function of the RDRPs i@. elegans is tissue specific, with RRF-1 required for
RNAI in the soma and EGO-1 in the germline. A tiRORP, RRF-3, was first shown to

be a negative regulator of RRF-1 and EGO-1. Sulesggxperiments have shown that
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this RDRP acts in a parallel pathway which comp&geaccess to Dicer in order to
generate a 26nt endogenous siRNA required for sggegenesis and zygotic
development (Han et al., 2009).

Several strategies were taken to study antiviraARN C. elegans. One of these
methods was using a primary cell culture systemciiefd with Vesicular stomatitis virus
(VSV). Not only did VSV replicate in these cellsitlzell cultures derived fromde-4,
rde-1, rrf-1, andrde-3 mutant worms showed enhanced VSV replication (\Willet al.,
2005; Schott et al., 2005). Also of note was tledit@iltures derived fromrf-3 anderi-1
mutant lines had lower levels of viral replicatias compared to N2 cell cultures which is
in line with results describing the exogenous Rigaihway in worms. A second strategy
used to test antiviral RNAI in worms was creatirapsgenic lines carrying the FHV
genome as a replicon (Lu et al., 2005). N2 wornth tre transgene were able to
accumulate viral RNAs, furthermore when put interttie-1 background (an Argonaute
mutant) the viral RNAs accumulated to much higleeels than in N2 worms. This study
also showed that the FRB2 mutant could not replicate in N2 worms but coogd
rescued in thede-1 mutant. This is very similar to FRB2 being able to replicate in
Drosophila S2 cells in which Ago2 has been knocked down.Heurstudies in transgenic
worms carrying the FHV replicon showed theh-1, and nodrh-2, is required for
antiviral RNAI (Lu et al., 2009). This is of note previous reports in exogenous RNAI

studies placed these genes as being redundantimtreer.
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1.5 Small Molecules and RNAI

Several small molecules that interact with the RId&ihway have been identified in
mammalian systems. One group used a HelLa celtimying a modified luciferase
MRNA that had a miR-21 target site inserted indbaing region of the mRNA
(Gumireddy et al., 2008). The system led to thatifieation of the small molecule
diazobenzene, which led to a 5-fold increase iiféuase activity. However, upon further
analysis, this small molecule not only reduced meatniR-21 levels but also reduced the
levels of the pri-miRNA transcript. This indicatiémat this small molecule affects the
transcription of pri-miRNA 21 and does not tardet tore RNAi machinery. In two
separate studies using HEK293 cell, the small nuddeenoxacin was found to be able to
enhance siRNA guided mRNA degradation as well asece miRNA processing (Shan
et al., 2008; Zhang et al., 2008). Furthermore xanim was found to be able to promote
the binding of RNA to TRBP, which could explain taghancement of miRNA
production (Shan et al., 2008). A third small maledsolated from a screen using a
chemical library of ATP analogues in HelLa cells vi@sd to be inhibitory to RNAI
(Chiu et al., 2005). This small molecule was fotmtbe able to block the unwinding of
siRNAs which prevented the loading of siRNAs irtie RISC complex.
1.6 Conclusion

Put together, the available data in invertebratmals have demonstrated that RNAI
plays an important role in controlling virus infext. At the same time however viruses

exert control of the RNAI pathway through the us&8Rs. The resulting picture is a
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genetic arms race in which host and pathogen dtinigeeach other to insure their own
survival.

Invertebrates have evolved a complex antiviral RN&thway is order to control
and stem the tide of invading viral pathogensnbects specifically, antiviral RNAI
appears to be the major antiviral pathway presefdss of it is detrimental to the
survival of the organism. In more complex arthrapbkle shrimp there appears to also
be an IFN-like pathway to fight virus infectionaaldition to RNAI, although RNAI is the
more potent antiviral pathway in this system.

The body of work in this field has increase expdiady since the first reports of
antiviral RNAI in S2 cells came out in 2002. Eventhathis large body of work published
there are still many questions that have yet tarissvered. There has been evidence that
the piRNA pathway may play an antiviral role. Howewmore work needs to be done to
test whether or not this pathway is truly antivoalif the data observed is an artifact of
having a deficiency in an important transposon sfepathway. Another area that
requires more work is in mosquitoes. Do mosquittaed viruses encode VSR? Does
RNAI reduce transmission of mosquito born virus&s@ if so would mosquitoes

overexpressing key RNAiI components reduce transonisd these viruses even further?
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Figure 1.1 Dicer dependent small RNA pathways iDrosophila

(A) The miRNA pathway requires the activity of Dhasand Pasha to release the hairpin
pre-miRNA precursor form the pri-miRNA. Dicer-1 ahdgs then cut the mature
mMiRNA out of the pre-miRNA which is then unwoundddoading into miRISC, which
Argonaut 1 is a main component. (B) The exogenddAiathway is triggered by
exogenously introduced dsRNA which is recognizedi @daaved by Dicer-2 and R2D2.
The siRNAs that are generated by this processrafergntially loading into the
Argonaut 2 siRISC complex which them mediates isfj@f the target mRNA. (C) Much
like the exogenous RNAI pathway, the endogenous Ridfhway employs Dicer-2 to
cleave endogenously produces dsRNA. However Lagsnat R2D2, serves as the
binding partner to Dicer-2 in this process. TheNs#R that are produced here are the
loaded into Argonaut 2 which mediates slicing & thrget mRNA.
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Figure 1.2 The “Ping-Pong” model for piRNA biogenets

The Ping-Pong model involves successive roundianig by Aub and Ago3 to generate
piRNAs. As Dicer is not involved in this pathwaystbelieved the slicing in responsible
to generate the primary piRNA from the piRNA presmr; however there has been no
evidence to support this hypothesis thus far.
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Chapter 2: Small Molecule Screening Reveals Inhibitrs of Antiviral Activity in
Drosophila cell culture
Abstract

RNA interference, or RNAI, has been a well-docuradnheans in which plants and
invertebrate animals can fend off invading viralhmaens. Our laboratory has previously
established RNAI as an effective means of antidedénse against viruses such as Flock
house virus and Cricket paralysis virudirosophila melanogaster S2 cells. Here we
describe a small molecule screen performed in 82 loeking for inhibitors of RNA..
We used a modified Flock house virus amplicon detifrom FHV RNA 1 made to
express GFP from the RNA 3 open reading framegddl1gfp. Approximately twenty

small molecules were identified in the primary screvith five molecules confirmed via

secondary screening. These molecules were named iRhNBitors, RIN for short.
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2.1 Introduction

Flock house virus (FHV) is in the genfiphanodavirus and a member of the
family Nodaviridae (Ball and Johnson, 1998). FHV has a wide hosteangl has been
shown to be able to infect insect cells, mammatiis and adult fruit flies while viral
RNAs are able to replicate in yeast, plants andatedes (Ball et al., 1992; Lu et al.,
2005; Price et al., 1996; Selling et al., 1990) HHV particle encapsulated a bipartite,
positive sense RNA genome that is 4.5kb in len8ttheeman et al., 1998). RNA 1
encodes protein A and is 3107 nt in length. Pnofeis an RNA-dependent RNA
polymerase (RARp) that the virus uses for bothigappbn of the viral genome as well as
the transcription of viral mMRNAs. RNA 2 is 1400intlength and encodes in precursor to
the coat protein. As the virus replicates in a loedita third viral RNA, called RNA 3, is
produced through a subgenomic promoter locateth®®'tend of RNA 1 (Ball and
Johnson, 1998). RNA 3is 387 nt in length and ensdlde B2 protein which is a potent
viral suppressor of RNAIi (VSR) (Li et al., 2002)w® point mutation introduced in the
B2 open reading frame (T2739C and C2910A) can dedetthe protein making it
unable to replicate to high levels in both celltare as well as adult flies (Li et al., 2002;
Wang et al., 2006).

As antiviral RNAI is a potent means of clearingugirinfections, viruses have
adapted by evolving proteins that can inhibit frashway called VSRs. Many plant and
invertebrate viruses encode at least one or moRs\(&i and Ding, 2006; Wu et al.,
2010). As mentioned above, FHV encodes a single N&Red B2. B2 was discovered in

2002 and was shown to be activeNircotiana benthamiana andDrosophila S2 cells (Li
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et al., 2002). Transcripts generated from FHV RNAritaining a B2 deletion mutant,
called FRAB2, are unable to replicate Drosophila cell culture and embryos, while the
wild-type FR1 can replicate to high levels undexr same conditions. FRB2 viral

RNAs can accumulate in S2 cells in which Ago2 hesnbdepleted or iago2 or dcr-2
mutant embryos (Li et al., 2002; Wang et al., 2068)m this data it can be inferred that
B2 is not required for virus replication but is végd for suppression of the antiviral
RNAI. Work performed using FHV virions carrying th&2 mutation showed that these
particles cannot successfully infect S2 cells prguthat B2 is important for completion
of the virus’ life-cycle (Aliyari et al., 2008).

Several VSRs have been shown to be able to biddRNA or have a dsRNA
binding domain. B2 was shown to be able to binddth duplex siRNAs and long
dsRNAinvitro (Lu et al., 2005). A R54Q mutation in B2 can pmravie binding of both
these RNA species. This dsRNA binding activity cdrbit Dicer processing of long
dsRNAin vitro as the same R54Q mutation of that abolished dsBiN&ing also
abolished B2’s ability to block siRNA biogenesisdiaed byDrosophila Dcr-2 (Lu et
al., 2005). Furthermore, structural analysis ofBReprotein via crystallization and NMR
analysis have revealed a dsRNA binding domain er\therminal region of the protein
(Chao et al., 2005; Lingel et al., 2005). Receitthas been shown that the FHV and
Nodamura virus (NoV) B2 proteins can bind viral@fie dsRNAin vivo (Aliyari et al.,
2008).

There have been several small molecules that hese $hown to both inhibit and

enhance RNAI. One of these inhibitors was diazobeazavhich was identified in a
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screen of approximately 1000 compounds found ibrary of pharmacologically active
molecules screened against a HelLa cell line cagrgimodified luciferase mRNA that
had a miR-21 target site inserted in the codingore¢Gumireddy et al., 2008). When
these Hela cells were treated with diazobenzene thas a 5-fold increase in the
luciferase activity levels. Diazobenzene not omiguced the levels of mature miR-21 but
also reduced the levels of the pri-miRNA transgcripdicating that diazobenzene effects
the transcription of pri-miRNA 21 and does not bihthe core RNAI pathway. In two
separate studies using a HEK293 cell line exprgssishort hairpin RNA targeting GFP
MRNA, the small molecule enoxacin was found to llle to enhance mMRNA degradation
as well as mature miRNA levels (Shan et al., 2@ng et al., 2008). The miRNA
phenotype that was observed was reported to b&demoxacin being able to promote
the binding of RNA to TRBP, which could explaingtubservation (Shan et al., 2008).
Another screen using a private library of ATP agales was used to identify the small
molecule ATPA18 (Chiu et al., 2005). This screeadusleLa cells co-transfected with
both a plasmid that expressed eGFP mRNA and eGégtfispsiRNAs. ATPAL18 was
found to be able to inhibit the unwinding of siRN#h&ich in turn prevented siRNAs to
be loaded into the RNA induced silencing complelS@®.

Using a S2 cell line stably transfected with thegflamplicon we screened a
commercially available library of 10,000 compouthatsking for chemicals that can
allow for the replication of the amplicon, visua&izby GFP florescence. Approximately

twenty chemicals were isolated from the primargsaorwith five of those chemicals
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being confirmed through secondary screening andhsdor blot analysis. The chemicals
that were identified from this screen were and riaREAI inhibitors or RIN for short.
2.2 Materials and Methods

2.2.1 Small Molecule Screen

The stable R1gfp cell line used in the screen veaeated as follow$rosophila S2

cells were co-transfected with the pR1gfp and pGyHyInvitrogen, CA) plasmids at a
ratio of 19:1. Two days after co-transfection & fllasmids, hygromycin B was added
into the medium to a final concentration of 5afml to select for cells that have taken-
up pCoHygro, as this plasmid confers resistand¢g/gwomycin B which is normally
lethal to S2 cells. The cells were passed ontonapiate with the hygromycin B selective
medium every 3-4 days. The stably transformed Rigfis were collected after 3 weeks
of selection, and maintained in the selective madiR1gfp cells were then seeded in a
tissue culture treated 96 well plate (Product Ne3BCorning) at a concentration of 1.0-
3.5 x 10 cells per well in Schneider's insect medium (Paiddo. S9895 Sigma-Aldrich,
Inc. St. Louis, MO, USA) using a Biomek 3000 fldidndling robot (Beckman Coulter).
DMSO was added to the cells at a final concentnatiicl% to increase cell permeability.
Compounds from the ChemBridge Diverset library ween added to the plates using
the Biomeck robot’s pintool at a final concentratmf 20-40 uM. Plates were then
incubated in a 27°C incubator for 24 hours. Follogvihe incubation period 0.5ul of
CuSQ was added to each well to induce the transcripifdhe R1gfp plasmid. Plates
were then put back into the 27°C incubator for Zsda allow for viral replication.

Following the incubation period wells were screefagresence of fluorescence via
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microscopy. Once lead molecules have been idethisigEondary screening was
conducted in 12 well plates using the same S2inelland protocol as described for the
primary screen with chemical concentrations at 30gMlowing visual confirmation of
GFP fluorescence, RNA was extracted and run ogetsifor Northern blot analysis (as
described below).

2.2.2 Structure verification of RIN compounds

Electrospray ionization-mass spectrometry expertmesrere carried out on an LCQ Deca
XP ion-trap mass spectrometer (ThermoFinnigan,J®an, CA). Dimethyl sulfoxide was
used as solvent for electrospray, and a 2uL aligbat~5uM sample solution was
injected in each run. The spray voltages were ¥.arkd 3.4 kV in positive- and
negative-ion modes, respectively, and the tempexdtu the ion transport tube was
maintained at 200°CH-NMR spectra were recorded on a Varian Inova 30@MH
instrument (Palo Alto, CA). The residual protonngbof the solvent serves as an internal
reference.

2.2.3 RNA extraction from S2 cells

Total RNA was extracted by using TRIzol (Invitrogefe Technologies, Burlington,
Ontario, Canada) according to the TRIzol protocithwwome modifications. 1mL of S2
were collected in a microcentrifuge tube and spowrdto separate the cells from the
media. The cell pellet was then washed with 50@gHRS. 500ul of TRIzol reagent was
added to each tube and the tubes were vortexed £¢@nds and incubated for at least 5
minutes at room temperature. 20®f chloroform was added into each tube and the

samples were mixed by vortexing for 20 secondserAftcubation at room temperature
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for 2 to 3 minutes, the mixture was then spun &0@ rpm for 15 minutes at room
temperature. The upper aqueous layer was therféreed to a new tube and 30®f
isopropyl alcohol was added to each tube. Afteulbation for at least 30 minutes at -
20°C, the samples were spun at 14,000 rpm for Hotes at 4°C to pellet the RNA. The
supernatant was carefully removed and the RNA {selere washed with 1ml of 70%
ethanol, air dried for 10-15 minutes and then nesnded in 30l of RNase-free water.
The RNA quality and concentration was checked laygua Biophotometer.

2.2.4 Northern blot analysis
Total RNA was run on a 1.2% (v/v) formaldehyde-dariag gel. For a 15 cm x 20 cm

gel-casting tray (Amersham Phamacia Biotech), 2fiagarose was added into 174 m|
of RNase-free water and heated in a microwave oméihthe agarose was dissolved. 20
ml of 10 x MOPS buffer (Table 2-1) and 6 ml of faiaehyde were added and mixed
thoroughly after the agarose cooled down to 6016 fbtal 200 ml solution was poured
into the gel-casting tray and allowed to cool doifter the gel solidified, the gel tray
was put in a MAX HORIZ SUB system (Amersham Phama&iotech) containing 1x
MOPS buffer. While the gel was cooling dowrygof each RNA sample was mixed
with 7.8 ul sample buffer (Table 2-1), heated at 65°C fonii and cooled on ice. After
adding 3ul of 6x loading buffer (Table 2-1), the RNA samplas loaded into the
formaldehyde-denaturing gel and run at 100 volt2f8 hours using FB600
Electrophoresis System (FisherBiotech) until thenttwphenol blue ran through 2/3 of
the way down the gel. After electrophoresis, gedsemvashed in 10x SSC (Table 2-1)
and the RNA was transferred onto a Hybond-N+ men#(Amersham Bioscience)
using a VacuGene XL transfer unit (Pharmacia Biotéor 3 hours according to
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manufacturer’s instructions. After the transfer wamplete the membrane was briefly
washed in 10x SSC and then cross-linked in a XLO10W crosslinker
(SPECTROLINKERTM, 180mj/cm?2). To certify equal laag of RNA samples, the
membrane was stained with methylene blue solufiablé 2-1) to visualize the
ribosomal RNAs. The stained membrane subjecteddioypridization (Table 2-2) at 65
°C for at least one hour in a hybridization ovem@sham Pharmacia Biotech). During
pre-hybridizationp-32P-dCTP-labeled probe was prepared using a RedipMIl kit
(Amersham). Specifically, 25 ng of a DNA templatasradded into 4pl 1XTE buffer
(final volume, Table 2-1) in a 1.5 ml microcentggitube, boiled for 5 minutes, chilled
on ice for 5 min, and spun down. The template \was transferred to reaction tube and 4
ul of a-32P-dCTP (10 mCi/ml, PerkinElmer) was added anxkchi The reaction was
incubated at 37°C for 20 min. Finally, the reactiobe was boiled for 5 minutes, chilled
on ice for 5 minutes, and half of the reaction wdded to the hybridization tube.
Hybridization continued at 65°C overnight. The meamig was washed once in 2x
SSC/0.1% SDS at 65°C for 20 min, and then twid@2x SSC/0.1% SDS for 20 min.
The membrane was then sandwiched in plastic merabramd exposed to X-ray film
(HyBlot CITM, DENVILLE Scientific Inc.) for an amaut of time depending on the
signal intensity then developed by a Medical filrogessor QX-70 (KONICA). If re-
probing was needed, the membrane was strippedchpating in stripping solution
(Table 2-1) at 80 °C for 30 minutes with gentlekshg in the hybridization oven. After

stripping, the membrane was rinsed in distilledexvaind re-used for prehybridization.
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2.3 Results

2.3.1 Primary Screen in R1gfp Cells Identifies Twaty Hit Compounds

In order to identify small molecule inhibitors ofNRRi we conducted a chemical screen
using Flock house virus (FHV) replication as a reatlfor silencing. The FHV genome
encodes two RNAs; RNA 1 encodes the viral replicaisée RNA 2 encodes the coat
protein (Ball and Johnson, 1998). Through the sewf replication RNA 1 produces the
subgenomic RNA 3 that encodes the B2 protein,a suppressor of RNAI. Previous
studies have shown that FHV carrying a mutatiothenB2 ORF is no longer able to
suppress RNAI and that said virus is no longer olpaf replicating irDrosophila S2
cells as well as adult flies (Aliyari et al., 2008ang et al., 2006). However viral
replication can be rescued with co-transfectioa pfasmid encoding the B2 protein or
by dsRNA targeting the Ago2 gene (dsAgo2), a kapponent of the antiviral RNAI
pathway (Li et al., 2002). In a previous study aacted in our laboratory, the B2 mutant
was simulated by insertion of the GFP coding regmoplace of B2, called FR1gfp (Li et
al., 2004). This substitution not only generat&2anull mutant but also provides a visual
read-out for successful virus replication via RN#ibition. This construct is unable to
replicate in wild-type S2 cells, however when idoed in cells where RNAIi has been
rendered defective, this construct can replicatelvvill give rise to subgenomic RNA 3
which will in turn lead to GFP fluorescence (Luaét 2009; Wang et al., 2006). This
system has been used to identify VSRs including&rBA protein as well as the NS1

protein from influenza virus (Li et al., 2004; Waegal., 2006).
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With slight modification, this construct was madheemable to screening by
creating a stable cell line carrying the viral aiogh, called R1gfp (Figure 2.1a). R1gfp
cells were seeded in 96-well plate format and 1@ @immercially available compounds
from the ChemBridge Diverset library were addeddoh well using the Biomek 3000
fluid handling robot at a concentration of 20-40G&lls were allowed to grow for 24
hours at 27°C and then the R1gfp amplicon was ediugth the addition of 0.5M copper
sulfate. After a second incubation period at 27R{3, time for 48 hours, wells were
examined for GFP florescence with an IMT-5 inveneidroscope (Olympus). Cells
treated with only DMSO, the carrier that the compasiwere diluted in, did not show
any GFP florescence (Figure 2.1b, left panel). ¥seeted, in dsAgo2 transfected cells
there was abundant GFP florescence, indicatingvireltamplicon replication had
occurred (Figure 2.1b, right panel). The primamesa resulted in the identification of
twenty compounds that were able to allow for Glfeefcence to emerge (Figure 2.1b,
middle panel). The twenty compounds varied in stthcture and molecular weight
(Figure 2.1c).

2.3.2 Secondary Screening Results the Identificahmf the RIN compounds

The lead compounds isolated in the primary screeme when used to conduct a
secondary screen, this time in a 12-well plate &drdsing the same R1gfp cell line as in
the primary screen, cells were seeded in 12-watkdbormat at a chemical concentration
of 30uM with the twenty lead compounds that wer@aghin the primary screen to
rescue GFP florescence, the carrier DMSO was usacdcantrol. After chemical

treatment, cells were incubated for 24 hours aC2@hd then the R1gfp amplicon was
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induced with the addition of 1ul of 0.5M copperfate. After a 48 hour incubation, cells
were collected and total RNA was extracted for Nem blot hybridization analysis.
Northern blotting revealed that not all the compdsifrom the primary screen could
rescue R1gfp replication (Figure 2.2a). However fof the compounds allowed for the
accumulation of viral RNAs to much higher levelscasnpared to cells only treated with
DMSO (Figure 2.2a; compare lane 2 to lanes 1, I0&nd 12). These five compounds
hits and were named RINs 1-5, short for RNAI intals (Figure 2.2b). RIN1
corresponds to 1-[3-(benzyloxy)-4-methoxybenzy[|4+
methylphenyl)sulfonyl]piperazine and has a moleculeight of 467. RIN2 is 1-(3-
chloro-4-methylphenyl)-4-[4-(diethylamino)-2-hydigbenzylidene]-3,5-
pyrazolidinedione and has a molecular weight of. £0!3 is 3-(2-methyl-1H-
benzimidazol-1-yl)-1-(3-methylphenyl)-2,5-pyrroligidione and has a molecular weight
of 319. RIN4 corresponds to 3-(2-furylmethyl)-2+(tthyl-9H-carbazol-3-yl)-2,3-
dihydro-4(1H)-quinazolinone and has a moleculargiveof 407. Finally, RIN5 is 1-(4-
bromophenyl)-3-(2-ethoxyphenyl)-2-propen-1-one had a molecular weight of 331.
Their structures of the RIN compounds were validateing NMR and electrospray

ionization-mass spectrometry.

Following identification of the RIN compounds, vested whether any of them
exhibited cytotoxic effects in S2 cells. To do {182 cells were treated with each RIN
compound at a concentration of 30uM each and tecells were allowed to grow for
two days at 27°C. Following the two day incubatefis were stained with an equal
volume of 1% Evans blue dye. Evans blue selectistins dead cells has healthy cells
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can actively pump this dye out, making it an idsaididate cytotoxic effect assays.
Compared to the non-treated and DMSO controls, RINS 4 and 5 showed no
significant difference in cell survival (Figure 2)2However, RIN3 showed a significant
decrease in cell survival with survival rates driogpo around 35% in RIN3 treated S2
cells. With RINs 1 through 5 in hand and the cyxateffects known, they were again
used to treat R1gfp cells to reconfirm their efeat viral RNA replication. R1gfp cells
were seeded and then treated with 30uM of eachd@ifpound and then incubated for
24 hours. R1gfp was then induced with copper siliaid allowed to replicate for 48
hours when cells were then collected and total RIX#acted for Northern blot
hybridization. In non-treated or DMSO treated cedisly very low levels of viral RNAs
were detected (Figure 2.2d, lanes 2 and 3). RIEsEkre confirmed to be able to rescue
viral RNA replication, but each RIN was able tosipat different levels, with RINs 4
and 5 being the most effective (Figure 2.2d, lahasd 4-7).

2.4 Discussion
Previous work from our laboratory has shown thaP@EKpressing FHV constructs can

be a powerful tool for detection of novel VSRs avell as a screening tool to find new
genes involved in antiviral RNAI in bofb. melanogaster andC. elegans (Li et al.,

2004; Lu et al., 2009; Wang et al., 2006). In fflies FR1gfp was used to show that the
1A protein of CrPV had VSR activity while in nemdés it was used to identify DRH-1
as a component of antiviral RNAI in worms. In tetsdy R1gfp cells were used to screen
a commercially available chemical library and ledHe identification of twenty
compounds in the primary screen. Secondary scrgemNorthern blot analysis
narrowed down the twenty lead compounds that wietified in the primary screen to
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identify five chemicals which actually rescued VIRNA levels in S2 cells. These five
compounds were named RNAI inhibitors, or RIN fooshRINs 1, 2, 4 and 5 showed no
cytotoxic effect in S2 cells as visualized by Evahge staining, but cells had a strong
cytotoxic response to RIN3 which dropped cell sualito ~35%. Finally, the five RIN
compounds were able to rescue R1gfp RNA levelsdifferent degree, indicating that
they may be targeting different components of artiypathways irDrosophila.

As compared to previous small molecule screertsuged artificially engineered
RNAI systems, such as shRNAs and siRNAs, this saised a viral derived amplicon
system that was modified to visually represents/meplication (Chiu et al., 2005; Shan
et al., 2008; Zhang et al., 2008). The benefitwfig this system is that all steps of RNAI
can be assayed in one screen, as opposed to IRM4 srxduced RNAIi which has a very
narrow window. Compared to shRNA induced RNAI, Rigfp system has the potential
of finding small molecules that act upstream of KIRBIA biogenesis, where a shRNA
first triggers the RNAI pathway.

In conclusion, the work presented here providesmgtevidence that the R1gfp
cells can be used as a screening platform to fgestiall molecule inhibitors of antiviral
pathways irDrosophila, being able to use this system from primary saéregall the way
the lead compound validation. As there is much lapebetween antiviral RNAI and the
exogenous RNAI pathway in fruit flies there is gthprobability that the RIN
compounds that were isolated in this screen céacinnhibit the RNAi pathway. Further
work will need to be done to prove if that is thése or not using the many assays that

Drosophila offers. Potential applications of the compounds ¥ere pulled out of viral
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amplicon based screens are as pesticides to digpathologically important pests to
both plants and animals. As chemicals that aratsdlfrom this screen are able to
increase viral RNA levels, it is possible to enmsthat when applied to insects they
would increase viral RNA levels to lethal levelshas been shown in RNAI mutant flies
(Chotkowski et al., 2008; Galina-Arnoux et al., B00an Rij et al., 2006; Wang et al.,
2006; Zambon et al., 2006). Again, more work wéked to be done to determine if RIN

treated flies can phenocopy RNAI mutant flies.
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Figure 2.1 Primary Chemical Screen Using the R1gfamplicon

(A) Genome organization of FR1 as compared to RIGfie B2 open reading frame has
been replaced with that of eGFP, which allows fer tisualization of virus replication in
S2 cells. (B) Detection of green fluorescent Sidats were scored as compared to S2
cells in which no replication has occurred (DMS®HsAgo2 transfected cells. (C)
Chemical structures of the twenty lead compounalsiied in the primary screen.
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C.

Chemical Structure, Molecular | Chemical Name
Weight ID
Yn 224 5112021 | N-1-adamantyl-N'-methylthiourea
@ \CH3
297 5567157 | N-(3-hydroxyphenyl)-2-(4-
isobutylphenyl)propanamide
333 5792670 | 1-[(6-ethoxy-2-naphthyl)sulfonyl]-4-
_ methylpiperidine
202 5930490 | 6-methyl-4-phenyl-2(1H)-
QY\(CH pyrimidinethione
Y
I\I\F/I‘JH
| 467 5956517 | 1-[3-(benzyloxy)-4-methoxybenzyl]-4-[(4-
@ methylphenyl)sulfonyl]piperazine
et
¢
Wi 400 5990167 | 1-(3-chloro-4-methylphenyl)-4-[4-
= ?%} (diethylamino)-2-hydroxybenzylidene]-
5 Wi 3,5-pyrazolidinedione
N 331 6032376 | 1-(4-bromophenyl)-3-(2-ethoxyphenyl)-
/@)\/ 1 2-propen-1-one
o 320 6038111 | 4-chloro-2-[(4-
J{f" ethoxybenzoyl)amino]benzoic acid
545 6065887 | ethyl 2-[(4-chlorobenzoyl)amino]-5-({[2-

chloro-5-
(trifluoromethyl)phenyl]lamino}carbonyl)-
4-methyl-3-thiophenecarboxylate
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o
3

399

6069394

3-(4-chlorophenyl)-1-(2-hydroxy-3-
methylbenzoyl)-5-(trifluoromethyl)-4,5-
dihydro-1H-pyrazol-5-ol

487

6073825

3-(1,3-benzodioxol-5-yl)-11-(4-hydroxy-
3,5-dimethoxyphenyl)-2,3,4,5,10,11-
hexahydro-1H-dibenzo[b,e][1,4]diazepin-
1-one

462

6128740

N-(4-bromophenyl)-4-(2,3-
dimethoxyphenyl)-6-methyl-2-thioxo-
1,2,3,4-tetrahydro-5-
pyrimidinecarboxamide

318

6129509

N-benzyl-5-chloro-N-isopropyl-2-
methoxybenzamide

275

6130400

N-[2-(3,5-dimethyl-1H-pyrazol-1-yl)-2-
oxoethyl]-4-fluorobenzamide

407

6157070

3-(2-furylmethyl)-2-(9-methyl-9H-
carbazol-3-yl)-2,3-dihydro-4(1H)-
quinazolinone

371

6230372

3-({4-[(4-ox0-2-thioxo-1,3-thiazolidin-5-
ylidene)methyl]phenoxy}methyl)benzoic
acid

315

6240118

2-methoxy-5-{[(tetrahydro-2-
furanylmethyl)amino]sulfonyl}benzoic
acid

319

6240967

3-(2-methyl-1H-benzimidazol-1-yl)-1-(3-
methylphenyl)-2,5-pyrrolidinedione
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Figure 2.2 Secondary Screen and Northern Blot Anakis Identifies the RINs

(A) Secondary screening in R1gfp cells of the twdead compounds at 30uM followed
by Northern blot analysis using a GFP specific ptdB) Chemical structures of RINs 1-
5, left to right and top to bottom. (C) RIN compalsrat 30uM show no cytotoxic effects
in S2 cells except for RIN3 as revealed by stainiity 1% Evans blue dye. (D) A 24
hour pretreatment of the R1gfp stable cells witphId0of each RIN compound enhanced
accumulation of RNA1 and RNA3 from the R1gfp reptiaevealed by Northern blot
hybridization.
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Table 2-1 Northern Blot Analysis Buffers

Buffers for Northern Analysis

10X MOPS Buffer

Sample Buffer

6X Loading Buffer

20X SSC

Methylene Blue Solution

1X TE Buffer

Stripping Buffer

Pre-hybridization Buffer

0.5M MOPS, 0.01 M EDTA, pH 7

100 pl 10x MOPS buffer, 18@l formaldehyde, 50Ql
formamide, 22Ql H20

0.25% (w/v) Bromophenol Blue, 0.25% (w/v) Xyleneaowpl
FF, 40% (w/v) Sucrose in water

3M NacCl, 0.3 M Trisodium citra

0.04% (w/v) Methylene blue, 0.5M Sodium acetate,50H

10 mM Tris-HCI, 1 mM EDTA, pH 8.0

2% (wiv) SDS, 10 mM Tris, pH 7.4

1 ml 10% (w/v) BSA; 4 ml 1M NaPO4 pH 7.0; 1.5
Formamide; 2Qu 0.5 M EDTA,; 3.5 ml 20% (w/v) SDS
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Chapter 3: Analysis of Function and Mode of Actionof RIN Compounds
Abstract

RNA interference, or RNAI, has been well charazestiboth genetically and
biochemically inDrosophila melanogaster as well as in other species. The previously
described chemical screen resulted in five compsuinat were named RIN1 through 5.
Here we describe a functional analysis to getantbde of action of the RIN
compounds. Transfection of double-stranded RNARN# targeting cyclin A in RIN
treatedDrosophila S2 cells divided the RIN compounds in two groupBibitors of the
upstream portions of the RNAI pathway and inhitstof the downstream portions of the
RNAI pathway. Further biochemical studiedinosophila S2 cell and embryo lysates
revealed that both RIN1 and RIN2 can block doubiargled RNA processing into
SiRNAs, called dicing, and RIN5 can block the psscef sSiRNA mediated cleavage of
MRNA, called slicingln vitro dicing assays using a recombinant human Diceeprot

identified RIN2 as an inhibitor of the Dicer nuctea

59



3.1 Introduction
The viral immunity pathway irosophila melanogaster, which overlaps the exogenous
RNA interference pathway, starts with the producitod 21 nt small interfering RNAs
(SiRNAS) by the Dicer-2 (Dcr-2) endoribonucleasenira double-stranded RNA
(dsRNA) precursor molecule (Hannon et al., 2002g Processing of the dsRNA by
Dicer-2 is aided by the dsRNA binding protein R2Bi2ch serves to stabilize the
dsRNA during the cleavage process (Mlotshwa eR8D8). The Dicer-2/R2D2/duplex
siRNA complex then serves as the first of thregginocomplexes that serve to load the
SiRNA into the siRNA induced silencing complex (kR) (Liu et al., 2003). The final
step of siRISC formation occurs when the siRNAnsaund and one of the strands in
then loaded into the Argonaute 2 protein (Ago2)ahihiesults in the formation of the
mature SiRISC (Kim et al., 2007). The loaded siRddves as a guide to bring siRISC to
a perfectly complementary mRNA target. The siRNA thiat bind to the mRNA which
then triggers Ago2 to cleave the mRNA via an endtease reaction called “slicing”
(Okamura et al., 2004). Studies have shown thatekogenous siRNA pathway can be
triggered in response to viral dSRNA, transgeneetiriexpression of dsSRNA and
exogenously introduced dsRNA (Aravin and TuschQ%)0

In contrast to the exogenous siRNA pathway, theogadous siRNA pathway
produces siRNAs from convergent transcription artapping genes or from highly
structured genomic segments that are found in $atiatic and gonadal tissueDn
melanogaster (Czech et al., 2008; Ghildiyal et al., 2008; Kawaanet al., 2008;
Okamura et al., 2008a; Okamura et al., 2008b). As tlve case in the exogenous siRNA
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pathway, the biogenesis of these endo-siRNAs regjtiire function of the Dcr-2 protein
to cleave the dsRNA into siRNA duplexes. One ofrttaen differences in these two
pathways, besides for the source of the dsRNAasthe endogenous siRNA pathway
makes use of the Logs-PB isoform of the LoquacdsRNA binding protein as the
dsRNA binding protein partner of Dicer-2 as oppotetoqs-PD, which is used in the
exogenous RNAI pathway (Czech et al., 2008; Miyaslal., 2010; Okamura et al.,
2008).

In D. melanogaster the RNAI pathway has been characterized for itege
components as well as in its biochemical functlbhas been previously reported that
lysates fronDrosophila S2 cells can dice dsRNAs into siRNAs as well aeghrget
MRNAs when incubated with a complementary siRNAr({Beein et al., 2001;
Sontheimer, 2005). Previously characterized traiosially activeD. melanogaster
embryo lysates have also been proven to be useRINAI studies (Haley et al., 2003).
Not only are these lysates active for RNAI, butytalow for the analysis dbrosophila
genetic mutants to be studied at the biochemieal.l& hese tools have led to the
biochemical characterization of genes that have peeviously identified to play a role
in RNAIi (Kawamura et al., 2008; Miyoshi et al., 3)®ham and Sontheimer, 2005).

Our previous experiments with the RIN compoundscaue that they can affect
the antiviral RNAI pathway. As both the exogenoiMRpathway and antiviral RNAI
have been shown to use many of the same compomentssed techniques that have
been previously used to map the exogenous RNAwaattio investigate how the RIN

compounds affect RNAIi (Chotkowski et al., 2008; iG@h-Arnoux et al., 2006; Wang et
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al., 2006; Zambon et al., 2006). Using both dsRMA siRNAs we were able to separate
the RIN compounds into two distinct groups; upstreéahibitors of RNAi and
downstream inhibitors of RNAI. Biochemical assaggaaled that RIN1 and RIN2 had
the capacity to block dicing while RIN5 could bloslicingin vitro. Further investigation
of RIN2 identified it as a specific inhibitor oféthuman Dicer protein im vitro dsSRNA
processing assays.

3.2 Materials and Methods

3.2.1 Invitro synthesis of double-stranded RNA, mRNA and siRNAs
Double-stranded RNAs (dsRNA), mRNAs and siRNAs walsynthesized using
Ambion products (Applied Biosystems, Foster Cit, ©SA). For dsRNA synthesis,
GFP or Cyclin A DNA templates with T7 promoterstooth the 5’ and 3’ ends were
synthesized from the pMTGFP plasmid using PCR. bfithe DNA template, 2l each
of the ATP, CTP, UTP and GTP solutions, 2 ul of I@4ction buffer and 2 pl of the
Enzyme mix were mixed together and water added tolzs described by the
manufacturer (MEGASscript T7 kit, Product number 483-or radiolabelled dsRNAs, 1
ul of [0-*PJUTP was added to the reaction mix. The reactieer® incubated at 37°C for
4 hours to allow for the transcription reactiorotwur. Once reactions have reached
completion 1 pl of DNase was added to the readtiategrade the DNA templates and
incubated for an additional 15 minutes at 37°C. L1L&f nuclease-free water and 15 pl
of Ammonium Acetate stop solution was added tod$iRNAs and then the dsRNA was
purified using an equal volume of 50:50 phenol/obfiorm followed by an equal volume

of chloroform. The RNA in the supernatant was thegtipitated by adding an equal
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volume of isopropanol and incubating it at -20°@mwght. The dsRNA was then spun
down at 14,000 rpm at 4°C for 20 minutes. RNA psligere then washed with 70%
ethanol and then dissolved in TE buffer. To deg@desingle-stranded RNAs that might
be present, the dsRNA were incubated at 65°C aal@daown to room temperature.
dsRNAs were then quantified using a Biophotometer stored at -20°C until used.
Radiolabelled capped mRNAs were synthesized imdasi manner to dsRNAs using the
Ambion mMessage Machine Kit (Product number 13A4ull length GFP cDNA was
synthesized using PCR placing a T7 promoter abed of the cDNA. In short, 1 pg of
the DNA template was mixed with 10 pl of 2X NTP/CAPul of 10X reaction buffer, 1
ul [o-3?P]JUTP, 2 ul of enzyme mix and filled up to 20p!kwituclease free water.
Reactions were incubated at 37°C for 2 to 4 hauedlow for the transcription reaction
to occur. 1 pl of DNase was added to the reactategrade to DNA template and
incubated for an additional 15 minutes at 37°C. mBMere then purified in the same
manner as the dsRNAs were with the exception oftée where single-stranded RNAs
were degraded.

SiRNAs for RISC cleavage assays were synthesized tlse Silencer siRNA
construction kit (Ambion, product number 1620). @apping sense and antisense
oligonucleotides were designed to be complementa@FP mMRNA and each of them
were diluted to a concentration of 100 uM. 2 péa€h oligonucleotide was mixed with
2 pul of T7 primer and 6ul of DNA Hyb Buffer and ea at 70°C to anneal the GFP
primers to the T7 primer to allow for the transtiop of the siRNA precursor. To fill in

the primers the two oligonucleotides were hybriditee reactions were mixed with 2 pl
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of 10X Klenow reaction buffer, 2 pl of 20X dNTP migul of nuclease-free water and 2
pl of exo-klenow and incubated at 37°C for 30 masuflo synthesize the dsRNA
precursor, 2 ul of either the sense or antiseriggeps from the previous step were mixed
with 4 pl of nuclease-free water, 10 pl of 2X NTBn2 pul of 10X T7 reaction buffer
and 2 pl of T7 enzyme mix and incubated at 37°Qfhours. The sense and antisense
reactions were then mixed together and incubat8d & for overnight. To eliminate any
single-stranded RNA and DNA remaining from the poas reaction 6 pul of digestion
buffer, 48.5 ul of nuclease-free water, 3 pl of R&land 2.5 pl of DNase was added to
the transcription reactions and incubated for 2ri@at1 37°C. To purify the siRNAs, 400
pl of siRNA binding buffer was added to the digestmix and incubated for 5 minutes
at room temperature and then added to a prewer Egirtridge and spun at 10,000 rpm
to bind the siRNAs to the cartridge. The siRNAseverashed with 500 pl of SIRNA
wash buffer and then eluted in 100 pl of nuclease-ivater by centrifugation at 12,000
rpm for 2 minutes. The siRNAs were then analyzegddyelectrophoresis to confirm size
and quantified using a Biophotometer and then dtate20°C until use.

3.2.2 Transfection of dsSRNA and siRNA in S2 cells

Cyclin A dsRNA and siRNAs were transfected iBmsophila S2 cells using the
Effectene Transfection Kit (QIAGEN Inc. ValenciaACUSA) according to the
manufacturer’s protocol. Appropriate amount of £€11.0-3.5 x 106 cells per well) were
seeded into a 12-well plate at a 1 ml final volysee well in Schneider’s Insect Medium
(Product No. S9895 Sigma-Aldrich, Inc. St. LouisDMJSA) containing serum and

antibiotics with 30uM of RIN’s 1 through 5 on thaydbefore transfection. On the day of
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transfection, 0.3g of dsRNA or 0.8g of siRNA were diluted into a microtube with 2.4
ul of Enhancer and DNA-condensation buffer, Buff€, Eo a final volume of 1Q0. The
samples were mixed by vortexing for a few secomakiacubated at room temperature
for 2-5 minutes. @l of Effectene reagent was added to the DNA-Enhasckition and
the samples were mixed by vortexing for 10 secamdsincubated at room temperature
for 10 minutes. The transfection complexes wereeddd the cells in the 12-well plate.
The plate was swirled gently and all the cells weoeibated under their normal growth
conditions in a 27°C incubator.

3.2.3 RNA Extraction from S2 cells

Total RNA was isolated from S2 cells with Trizoagent and previously described in
chapter 2.

3.2.4 Northern blot Analysis

Northern blot analysis of total RNA samples wadqgened as previously described in
chapter 2.

3.2.5 Invitro Dicer Cleavage Assay

RIN containing S2 cell lysates were generated BeWed. Six aliquots of 25 ml of
Drosophila S2 cells were seeded and cultured in a flask &ittier no RIN compound or
30uM of one of the RIN compounds overnight in a@#fcubator. Cells were then
collected by centrifugation at 3000 rpm for 5 masiand washed 3 times with PBS and
then once with Hypotonic buffer (Table 3-1) thatl&®mM of KCI. Cells were then
spun down again and the Hypotonic buffer was remarel the cell pellet was

resuspended in 1 ml of Hypotonic buffer without Kt containing protease inhibitor
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and then put on ice for 10 minutes and then tHemeinbranes were broken apart in a
dounce homogenizer. The cell debris was then segghfitom the supernatant by
centrifugation at 14,000 rpm for 25 minutes at 4%@ then the supernatant was stored in
a -80°C incubator until the lysates were used.

For a typical Dicer cleavage reaction 5 pul of SR lgsate was mixed with 3 pl of 40x
RNAI reaction buffer (Table 3-1), 1 pl of water ahqitl of 50nM of radiolabelled

dsRNA. The reactions were then incubated in 25t@foours and then quenched with
100 pl of 2x PK buffer (Table 3-1). Reactions wtten deprotonated by adding 10 pl of
20 pg/ul of proteinase K (NEB) and 1 pl of 20 pgifid glycogen carrier (Sigma) and
incubated at 65°C for 10-60 minutes. The RNA wastpurified with a
phenol/chloroform extraction and then precipitateth and equal volume of isopropanol
and then pelleted. The RNA pellet was then wash#d ¥0% ethanol and then
resuspended in 20 ul of formamide loading dye (@&b1). A 12% urea denaturing gel
was prepared and pre-run for one hour in 0.5x TBfeb using a Dual Adjustable Slab
Gel Unit (C.B.S Scientific Co.). The samples wédrertloaded into the gel and then the
gel was run in 0.5x TBE buffer at 400 V for 4 hourgil the bromophenol blue run to the
position about 9 cm above the bottom and the Xyts@aol FF ran out of the gel. Once
electrophoresis was completed, the gel was remgegetly from the glass plate, rinsed in
0.5x TBE buffer, and placed into a cassette witayxfilm (HyBlot CITM, DENVILLE
Scientific Inc.) and incubated at -80°C overnidgklns were then developed in a

Medical film processor QX-70 (KONICA).
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3.2.6 In vitro RISC Cleavage Assay

To generat®rosophila lysates that are active for RNAI, canton-S agd2 mutant flies
were grown in large populations and then allowelhycembryos on pineapple agar
plates for 2 hours at 27°C. A 50% beach solutios then poured onto the plates to
dechorionate the embryos for 5 minutes. The, uaififration apparatus, embryos were
collected onto a piece of filter paper and washexssively with cold water to rinse
away any remaining bleach. Embryos were then htegtegith a synthetic-bristle paint
brush and put into a microfuge tube and frozemguid nitrogen and then lysed in 1 ml
of lysis buffer (Table 3-1) containing 5 mM of DEhd 1 mg/ml of complete protease
inhibitor per gram of embryos. The lysates werafttiarified by centrifugation at 14,000
rpm for 25 minutes at 4°C to separate the embryislérom the liquid lysate. The liquid
was then transferred into a new microfuge tubshffaozen in liquid nitrogen and stored
at -80°C until needed.

To setup the cleavage reaction 5 pl of lysate wiasarwith 1 pl of RIN compound, 3 pul
of 40x RNAI reaction buffer, 1 pl of 50nM target iR and 1 pl of 2000nM siRNA.
Mixtures were incubated at 25°C for 3 hours towalfor the cleavage reaction to occur
and then quenched with 100 pl of 2x PK buffer. Reas were then deprotonated by
adding 10 ul of 20 pg/ul of proteinase K (NEB) dngl of 20 pug/ul of a glycogen
carrier (Sigma) and incubated at 65°C for 10-60ut@s. The RNA was then purified
with a phenol/chloroform/iso-amyl alcohol (25:24eitraction and then precipitated
with and equal volume of isopropanol and then pedleThe RNA pellet was then

washed with 70% ethanol and then resuspended jirt @Dformamide loading dye. An
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8% urea denaturing gel was prepared and pre-ruon@hour in 0.5x TBE buffer using a
Mini Format 1-D Electrophoresis Systems (Bio Radje samples were then loaded into
the gel and then the gel was run in 0.5x TBE budfer00 V for 2 hours. Once
electrophoresis was completed, the gel was remgegetly from the glass plate, rinsed in
0.5x TBE buffer, and placed into a cassette witfa){film (HyBlot CITM, DENVILLE
Scientific Inc.) and incubated at -80°C overnidgklns were then developed in a
Medical film processor QX-70 (KONICA).

3.3 Results

3.3.1 RIN Compounds can Inhibit Exogenous RNAI iDrosophila S2 Cells

Previous results obtained from experiments conduct®1gfp amplicon system
indicated that the RIN compounds could be affetitecantiviral RNAI pathway. In order
to determine where, and if, in the pathway theskeoubes carry out their mode of action
and whether they can also affect the exogenous Rigthiway we decided to use long
dsRNA and siRNAs targeting cyclin A mRNA and these cyclin A mRNA levels as a
readout of whether exogenous RNAI is being inhibase well as a preliminary readout of
where in the pathway these molecules act. dSsSRNAused to assay for the upstream
regions of the pathway while siRNAs were used stinljuish chemicals that acted on
the downstream portions of the pathway. We fimts$fected dsRNA targeting
nucleotides 121-721 of cyclin A into S2 cells thetre pretreated with 30uM of our RIN
compounds. 2 days following post transfection celise collected and RNA was
extracted and used for Northern blot hybridizagoobing for cyclin A mRNA.

Treatment of the dsRNA alone showed a strong reéztucf the cyclin A mRNA present
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in the S2 cells (Figure 3.1a, compare lanes 1 andiPthe RIN compounds were able to
inhibit the exogenous RNAI pathway and restoreainendance of cyclin mRNA to near
wild-type levels (Figure 3.1a; compare lanes 1 2mnallanes 3-7). This experiment
identified that these chemicals are inhibitory téAR, but did not give sufficient data to
place them in a specific location in the pathwayaaownstream inhibitor would give
the same phenotype as an upstream inhibitor irettperimental setup.

To further dissect where in the RNAI pathway thelsemicals act, we designed
siRNAs targeting nucleotides 591-611 and 2322-2843/clin A mRNA to bypass the
siRNA biogenesis step of RNAI (dicing) and usedstheiRNAs to transfect S2 cells. 2
days post transfection cyclin A mRNA levels wersaa®&d by Northern blot
hybridization. The transfection of these siRNA®itite cells led to a reduction in the
cyclin A mRNA levels (Figure 3.1b compare lanesdl &). Pretreatment of cells with
30uM of RINs 1, 2 and 3 did not affect the siRNAdity to knockdown cyclin A
MRNA (Figure 3.1b compare lanes 1 and 2 to langs Fhis places RINs 1 through 3
upstream of mMRNA targeting by siRNAs. RIN 4 andrétgeated cells differed from the
previous three compounds in that they were abl#ddck the ability of the siRNA from
silencing cyclin A mRNA, visualized by the lackm@duction of cyclin A mRNA levels
in RIN4 and RINS treated cells (Figure 3.1b companes 1 and 2 to 6 and 7). This
places RIN4 and RIN5S in the downstream portionthefexogenous RNAI pathway.
3.3.2 RIN5 Blocks siRNA Mediated mRNA Cleavage (Slicing)

Our initial results indicated that RIN4 and RINSre@ble to inhibit the downstream

portions of the RNAI pathway. To assay whether mRN&avage induced via the siRISC
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complex, or slicing, was being inhibited by eitloéthese chemicalsn vitro slicing
assays were performed usiDbgmelanogaster embryo lysates as has been previously
described using a synthetic siRNA (Haley et alg300nce extracts from wild-type
embryos were prepared they were treated with 30fidéch RIN and then incubated
with a capped and radioactively labeled GFP mRNavelsas an siRNA complementary
to nucleotides 350-368 of GFP mRNA, extracts franbeyos carried thago2**

mutation were used as a cleavage incompetent ¢oAfter the incubation period the
reactions were run out on an 8% acrylamide gelexpised to X-ray film and the
resulting ~350nt 5’ cleavage products were usealraadout to indicate whether the
reactions occurred or not in the presence of edhhcBmpound. Reactions incubated
with RINs 1, 2, 3 or 4 showed no change in the amhofithe 350nt 5’ cleavage product
produced from the GFP mRNA (Figure 3.2 compare lateelanes 2, 3, 4 and 5), which
indicated that these compounds did not play arbitdry role in slicing. Reactions
incubated with RIN5 did not produce detectable lewé the 5’cleavage product as was
the case in thago2** control (Figure 3.2 lane 1 to lanes 6 and 7). flseilts of this
experiment in conjunction with the previous resultficates that RIN5 can block mMRNA
cleavage by siRISC, as no 5’ cleavage productddoeildetected in RINS treated
samples as well as that in RIN5 treated S2 celtircA mRNA could not be silencing

by siRNAs targeting cyclin A mRNA. RIN4 on the otheand appears to have a different
mode of action then RINS as it was able to blo&d\#A mediated silencing of cyclin A

but did not inhibit the slicing reaction itself.
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3.3.3 RIN1 and RINZ2 Block siRNA biogenesis (dicirg

Experiments conducted Drosophila S2 cells indicated that RIN1, RIN2 and RIN3
played a role in inhibiting the upstream portiofishe exogenous RNAI pathway. To test
whether any of these RIN compounds can inhibit énggis of small RNAs,
translationally active cell lysates were preparedifS2 cells that had been treated with
30uM of each RIN compound analvitro Dicer activity assays were performed. In
Drosophila Dicer-2 is responsible for the biogenesis of vilatived small RNAs
(VIRNAS), exogenous siRNAs and endogenous siRNAEe@xtracts were made
containing 30uM of each RIN they were incubatedhwitradioactively labeled 500bp
dsRNA fragment derived from GFP. After the incubatperiod the reactions were run
out on a 15% acrylamide sequencing gel and expmsedray film for detection of GFP
derived siRNAs. The control reaction yielded thpewnted result of a 21nt long siRNA
band indicative of Dicer-2 activity (Figure 3.3aéal). In reactions where RIN1 or RIN2
were added to the cell lysates there was a reductithe siRNAs produced from the
dsRNA precursor (Figure 3.3a compare lane 1 tod23nwhich signifies that Dicer-2
activity was perturbed in these reaction mixtuRsactions that were conducted in cell
lysates containing RIN3, RIN4 or RIN5 showed nouttn in the amounts of SIRNAs
produced indicating that these chemicals do necathe processing of long dsRNA into
small RNAs (Figure 3.3a compare lane 1 to lanes&®)d 5). Together with the data from
the dsRNA and siRNA transfections and itheitro mRNA cleavage assays it appears as
though RIN1 and RIN2 block the biogenesis of siRNdising) in the upstream portions

of the exogenous RNAI pathway while RIN5 blocks mR&eavage by siRISC in the
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downstream portions of the pathway. Based on tideate that RIN4 does not perturb
either siRNA biogenesis or mRNA cleavageitro but does inhibit SIRNA mediated
silencing in S2 cells suggests that RIN4 playsl@between dicing and slicing. On the
other hand the data suggests that RIN3 has its wioaetion upstream of dicing which
explains why it had no effect in tlevitro Dicer activity assay while still being able to
inhibit dsSRNA mediated silencing in S2 cells. Thisdence combined with the low cell
survival seen in RIN3 treated S2 cells (chaptese®ms to suggest that RIN3’'s mode of
action may not be an RNAI specific effect but tR#3 targets a housekeeping gene that
can adversely affect the health of the cell whanfiinction is disrupted.

3.3.4 RIN2 Blocks Recombinant Human Diceim vitro

The previous data suggested that@bhenelanogaster Dicer-2 protein was a possible
target of either RIN1 or RIN2. To answer the questf whether these chemicals
inhibited Dicer itself we purchased the commergiallailablein vitro Dicer kit from
Genlantis. This kit has been shown to be able heigge siRNAs from a precursor
dsRNA and that these siRNAs are functiamalivo. The Dicer protein that is provided
with this kit is a recombinant human Dicer. The lamDicer protein and.

melanogaster Dicer-2 are both class 11l RNaselll proteins taeg structurally similar as
they both contain a helicase domain, a PAZ dontain,RNaselll domains, a dsRBD
and a Domain of unknown function 283 (Hammond, 2@Bgure 3.3b). The reactions
were setup as directed by the manufacturer witbQop GFP dsRNA species and the
reactions were treated with 30uM of each of the Bdlpounds. After a 12-hour

incubation period the reactions were run on a 18gtiencing gel and exposed of X-ray
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film. RIN1 did not show a reduction of siRNA levgdeoduced in the reaction as
compared to the untreated sample (Figure 3.3c, amripne 1 and 2). RIN4 and RIN5,
the chemicals that target the RNAI pathway dowiastref SIRNA biogenesis, did not
have an effect on this reaction as well (Figure 3c®mpare lane 1 to lanes 4 and 5).
RIN2 on the other hand showed a marked decreabe immount of SiRNAs that were
produced from the precursor GFP dsRNA (Figure 8@upare lanes 1 and 3). The
inhibition of sSiRNA production in the presence dNR also resulted in the accumulation
of a precursor dsRNA of approximately 200bp in taBngvhich was not observed in the
control sample as well as samples treated witlother RIN compounds where no
SiRNA biogenesis inhibition occurred. Furthermd®&\2 showed a dose dependent
inhibition to the amount of SiRNAs produced, ascties that were carried out with 15,
30, 45 and 60 uM concentrations respectively yeldiecreasing amounts of sSiRNAs
(Figure 3.3d compare lane 1 to lanes 2, 3, 4 amdpectively). As Dicer is the only
protein present in this reaction we believe Dicelpe target of RIN2 as its ability to
produce siRNAs is reduced in the presence of tmspound.

3.4 Discussion

Our laboratory has previously established both B&x€Dcr-2) and Argonaute 2 (Ago2)
as key components of the antiviral RNAI pathwaydtal., 2002; Wang et al., 2006).
Since these discoveries in fruit flies, Dicer ang@naute proteins have also been
implicating in antiviral RNAI in other invertebratimals including mosquitoes,
nematodes and shrimp highlighting the importanche$e gene families in antiviral

RNAI (Campbell et al., 2008; Khoo et al., 2010; éfual., 2005; Sanchez-Vargas et al.,
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2009; Schott et al., 2005; Su et al., 2008; Willehsl., 2005). In this study the RIN
molecules, that have been previously shown to asgd-lock house virus (FHV) and
Cricket Paralysis Virus (CrPV) replication Drosophila melanogaster S2 cells, were
shown to be able to inhibit the exogenous RNAI watyh both in cell culture and im
vitro experiments. Moreover, these studies have shoatrtlte RIN compounds can be
divided into two distinct functional groups; inhitiis of the upstream portions of the
exogenous RNAI pathway and inhibitors of the done®h regions of the exogenous
RNAI pathway (Figure 3.4).

This work has shown the versatility and utilitytbé Drosophila in characterizing
the function of exogenous RNAI inhibitors. Thisdjthas shown that RIN1 and RIN2
are both inhibitors of SiIRNA biogenesis while RIW&s shown to be inhibitory to sSiRNA
mediated mRNA cleavage. It has been previously shaloss-of-function genetic
studies that Dicer-2 is required for antiviral steng in adult fruit flies (Wang et al.,
2006). It has also been shown genetically and leimatally that Dicer-2 is required for
the processing of long dsRNA into siRNAs in bote #ntiviral, exogenous and
endogenous RNAI pathways (Bernstein et al., 20@&c@ et al., 2008; Tomari and
Zamore 2005). Ago2, which acts downstream of siRi\W#genesis, has also been shown
to play an important role in the same RNAI pathwidng Dicer-2 acts in by binding
Dicer-2 derived siRNAs and using them to guidedieavage of target mMRNAs
(Kawamura et al., 2008; Kim et al., 2007; Okamuralg 2004). My data suggests that
the RIN compounds are inhibitors of the exogenoNgRpathway in which Dicer-2 and

Ago2 play important roles, which has been attriduteantiviral silencing ifbrosophila.
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The exogenous RNAI pathway has also been showa &mtiviral inCaenorhabditis
elegans by several groups which indicates that the RIN poumds may be functional in
C. elegans as well (Lu et al., 2005; Schott et al., 2005; 31l et al., 2005).

There are several possible applications of the &iMpounds in both basic and
applied research fields. One such application vglto identify new intermediates of
siRNA loading into RISC. siRNA loading is a muléptprocess which goes through
several intermediates called R1, R2 and R3 bef@aiRNA can be loading into a
mature siRISC and this process requires proteids as Dcr-2, R2D2 and Ago2 (Pham
et al 2004; Pham and Sontheimer 2005). A compouak as RIN4, which currently has
no distinct step associated with it, may interaithwhe RNAi pathway by perturbing the
SiRISC maturation/loading process and stop saidga®at a specific, yet currently
unidentified step. A RISC loading assay performrethe presence of the RIN
compounds could lead to the identification of sanhintermediate. Another possible use
for these compounds are as novel pesticides adaotistanimal and plant virus vectors.
It has been shown that fruit flies carrying mutaioan RNAi genes show enhanced
disease susceptibility (EDS) to viruses such as/CiRosophila X virus (DXV),
Drosophila C virus (DCV), FHV and Vesicular stortiatvirus (VSV) leading to
increased virus replication levels as well as eadind more sever mortality rates
(Galiana-Arnoux et al., 2006; Mueller et al., 20%8n Rij et al., 2006; Wang et al., 2006;
Zambon et al., 2005). The same results have bemmsim several mosquito species that
have been challenged by various viruses such agueerirus (DENV) Nodamura virus

(NoV) and Sinbis virus (SINV) (Campbell et al., B)&hoo et al., 2010; Li et al., 2004;
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Sanchez-Vargas et al., 2009). As these chemicaks Iteen shown to be able to increase
R1gfp viral RNA levels it is reasonable to assuha they may be able to increase virus
replication levels in adult fruit flies and well asrelated species such as mosquitoes.
This increase in viral levels will lead to earleerd increased mortality rates which in turn
can stop the spread of viruses to plant and huraatsh

To conclude, this body of work has established tivatRIN compounds do in fact
inhibit the exogenous RNAI pathway, which was shdsth in S2 cell culture and
biochemically. We were able to separate the fivepaunds into two distinct groups;
upstream and downstream inhibitors of the RNAI patyh RIN1 and RIN2 were found
to act at the level of SIRNA biogenesis while RiN&s found to inhibit SIRNA targeted
MRNA cleavage. Although RIN3 was shown to be ablelbck dsSRNA mediated
silencing in S2 cells, it seems as though this beg non-specific effect as cells treated
with these compounds are very sick and show a lavatl quality of health. RIN4 also
performs a yet unknown function as it has been shiownhibit SiRNA mediated
silencing but cannot block slicing in vitro reactions. RIN2, but not RIN1, was shown to
be not only an inhibitor of dicing, but of the Digarotein itself by being able to inhibit
the human Dicer protein im vitro Dicer activity assays. One possible explanation fo
this observance is that RIN2 targets a conservgidmédetween Dcr-2 and the human
Dicer protein while RIN1 targets a region that & aonserved between the two proteins.
Alternatively, RIN1 could be targeting another giatrequired for small RNA

biogenesis iDrosophila such as Log-PD or R2D2 (Marques et al., 2010)leCtvely
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these findings have established Br@sophila system as a model for the identification

and validation of chemical inhibitors of the RNAdthway.
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Figure 3.1 dsRNA and siRNA mediated silencing in Sells is perturbed by RIN
Compounds

Differential susceptibility of an engineered RNArgeting cyclin A mRNA in S2 cells
initiated by dsRNA (A) or siRNA (B) to inhibitionybthe RIN compounds. S2 cells
pretreated with a RIN compound at 30uM or DMSO aléi for 12 hours were
transfected with either dsSRNA or siRNAs and totBlARextracted two days post
transfection was analyzed for the accumulationyofic A mRNA by Northern blot
hybridization. Lane 1 in both (A) and (B) showed #ccumulation of cyclin A mRNA in
the non-treated S2 cells (NT).
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Figure 3.21n vitro mMRNA cleavage assay reveals RINS5 inhibition of $ling

Invitro slicing of a radiolabeled eGFP mRNA by a siRNAgmammed RISC present in
the wild typeDrosophila embryo lysates in the presence of the RIN compsanh@0pM.
Embryo lysates from thago2 null mutant flies were used as the control (laphelfie
slicing reaction was resolved in a denaturing aemjtle gel electrophoresis (8%).
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Figure 3.3RIN1 and RIN2 Inhibit Dicing while RIN2 inhibits Di cer in vitro

Invitro dicing of a radiolabeled 500bp dsRNA into siRNAsdither Dicer extracts from
S2 cells(A) or the recombinant human Dicer proteibicer) (C and D) in the presence
of the RIN compounds at @®. 15, 30, 45 and M concentration of RIN2 were used
for the dose-response in panel (C). The dsRNA feagswere resolved by denaturing
polyacrylamide gel electrophoresis (15%). (B) Dam@iganization of the Human Dicer
protein (Hs Dicer) an®. melanogaster Dicer -2 (Dm Dicer-2). The slashes through the
PAZ domain of Dicer-2 indicate that there are salvettant residues in this domain
which may interfere with RNA binding.
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Figure 3.4 Mode of Action Model for the RIN Compourds

The available data places RIN1 and RIN2 at thellefvdicing and RINS at the level of
slicing. RIN4 seems to have its mode of action seh@ze in between dicing and slicing,
but as of now its point of action is currently unkm. RIN3 seems to play a role
upstream of SIRNA biogenesis in a non-RNAI relagéfdct and has been left out of this

model.
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Table 3-1 Buffers forin vitro RNAi Reactions

Buffers for in vitro RNAi Reactions

Hypotonic Buffer

RNAi Reaction Buffer

1X Lysis Buffer

2X Proteinase K Buffer

Formamide Loading Dye

10 mM HEPES pH 7.0, 2M MgCl,, 6 mM -
mercaptoethanol

71 ul water, 2Cul 500 mM creatine phosphatepl 1M
DTT, 2 ul 20U/ul RNasin, 4 pl 100 mM ATP, 6 ul 2WU/u
creatine kinase, 16 pl 1M potassium acetate

100 mM potassium acetate0 mM HEPES- KOH pH 7.4, 2
mM magnesium acetate

200 mM Tri-Cl pH 7.5, 25mM EDTA pH 8.0, 300m|
NacCl, 2% wi/v sodium dodecyl sulfate

98% w/v deionized formamide, 10 mM EDTA pH 8
0.025% w/v xylene cyanol, 0.025% w/v bromophenakbl
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Chapter 4: Biological Activity of RIN Compounds in Drosophila melanogaster and
Caenorhabditis elegans
Abstract

RNA interference, or RNAI, has been well charaeestias an antiviral pathway both in
Drosophila melanogaster andCaenorhabditis elegans. Here we show that the RIN
compounds modulate the antiviral RNAI respons€.ielegans as well a®D.
melanogaster S2 cells and adults. Our analysis revealed thaetbempounds can allow
for higher accumulation of both FHV and CrPV in Ridated S2 cells. Our analysis also
indicated that a modified FHV carrying a mutatiarthie B2 open reading frame can
replicate to detectable levels in S2 cells thaehasen treated with the RIN compounds,
similar as in Ago2 knockdown cells. It has been/fmesly shown in worms that antiviral
silencing occurs in an RDE-1 dependent manner; inrgy worms that carry the FR1gfp
construct as a transgene we show that the RIN congzoare able to suppress antiviral
RNAI in C. elegans and allow the viral transgene to replicate to Heylels as compared
to a non-treated control. Furthermore, Iikie-1 mutant worms, RIN treated worms are

able survive feeding giop-1 dsRNA, which normally results in embryo lethality.
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4.1 Introduction
4.1.1 The Antiviral RNAIi Pathway in Drosophila melanogaster

Multicellular organisms must contend with pathogensa daily basis. All
organisms have a basal level of defense callethttate immune system to protect
themselves from all sorts of invading pathogen®rosophila melanogaster there are
several innate immune pathways which are specthtizdéight specific classes of
pathogens. The Toll and Imd pathways are triggbyeidfection of fungal and bacterial
pathogens which lead to the activation of antinbabpeptide effectors via a NéB-like
signaling cascade (Hoffmann, 2003; Tanji and 1®5)0In the case of viruses our
laboratory has previously established that RNAi d&rasviral function inDrosophila S2
cells (Li et al., 2002). In this study FHV was shote trigger an antiviral response. FHV
is in the genuglphanodavirus and in the familyNodaviridae and has been used
extensively as a model for both viral replicatiodgackaging (Ball and Johnson, 1998).
The virus particle encapsulates a bipartite, pasgiense RNA genome that is 4.5 kb in
length. RNA 1 encodes the RNA dependent RNA polase(RdRp) which the virus
uses for both replication of the viral genome all asetranscription of viral genes
(Schneeman et al., 1998). RNA 2 encodes the preie€cgpotein which after translation is
cleaved into its mature form (Schneeman et al.819 third RNA, RNA 3, is not
packaged by the virus particle but is transcribedhfRNA 1 through the course of
replication. RNA 3 is instrumental to the viruspheation cycle as it encodes the B2
protein, a potent viral suppressor of RNAi (VSR) €Lal., 2002). Studies have shown

that FHV infected S2 cells produce ViRNAs, a halknaf active antiviral RNAI, which
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can be suppressed by B2 activity (Li et al., 2Q@Pet al., 2005). Interestingly, FRB2,
a B2 deficient FHV RNA 1 amplicon, cannot replicaté®rosophila S2 cells. However,
when Ago2 is knocked down by dsRNA or when B2 ipressed in trans, FRB2 can
accumulate to high levels indicating that B2 is meajuired in replication but for
suppression of antiviral activity (Li et al., 2002)

An unrelated virus, CrPV, has also been shownfexténd be affected by
antiviral RNAI. S2 cells transfected with the FRAgbnstruct cannot replicate due to
active antiviral RNAI, but in cells that have beggpleted for Ago2 it can replicate to
high levels (Li et al., 2004). In CrPV infected &Is, FR1gfp can replicate to high
levels indicating that CrPV can block antiviral RNA&Vang et al., 2006). Further studies
have shown that unlike B2 the CrPV VSR 1A cannotbliRNA biogenesis but can

inhibit ViRNA activity (Wang et al., 2006; Nayak &, 2010).

4.1.2 The Exogenous RNAI Pathway i€aenorhabditis el egans

Experiments irCaenorhabditis elegans were the first to establish dsRNA as the trigger
for RNA interference, or RNAI (Fire et al., 1998)ke in Drosophila melanogaster, the
exogenous RNAI pathway 1@. elegans is triggered by the introduction of long double-
stranded RNA (dsRNA) into the cell. It has beemibthat there are several means by
which dsRNA can be introduced into nematodes, harkthave been several gene
families that have been shown to mediate uptakisBNA. The first gene family are the
fed genes, FED-1 and FED-2. These genes are invalviteiuptake of dsRNA by
feeding worms ofk. coli expressing dsRNA. This dsRNA is then transportetthé rest
of the animal through the gut (Timmons et al., 200@nnet, 2005). When these genes
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are mutated they do not transport dsRNA throughgthiebut when the same dsRNA
trigger is injected into the pseudo-coelomic fIRNAI proceeds as normal (Timmons et
al., 2003; Voinnet, 2005). A second class of geneslved in the uptake of dsSRNA are
thersd mutants. As was the case for tbeé mutants, these genes were also identified in a
genetic screen where mutagenized worms were féfl anli expressing dsRNA. This
class can be divided into two groupsd-4 andrsd-8 mutant were defective for systemic
RNAI for both somatic and germline genes whgd-2, rsd-3, andrsd-6 were deficient

for systemic RNAI for germline genes but not fomstic genes (Tijsterman et al., 2004).
These results indicated that the spread of dsRMéwed a path through the somatic
tissues and then to the germline tissues. The #mddlast class of genes were identified
in a screen where the dsRNA was introduced endagiynthrough a transgene
expressing an inverted repeat dsRNA in the phayaxnnet, 2005). The genes found
in this screen were named SID-1, SID-2 and SID-$éfén et al., 2002). SID-1 is a
transmembrane protein that is required for theipassansport of dsRNAsid-1 mutant
animals were found to be unable to spread dsRN&ciafl into somatic tissue to the
germline, but dsRNA injected straight into the gdime was still able to induce silencing
(Winston et al., 2002). However it was found thi2-& was not required for feeding

RNAI, but thesid-2 mutant was resistant to this form of silencing.

Once the dsRNA gets into the cell, it is recogniaed cleaved by the RNase llI
enzyme Dicer-1 into short interfering RNAs (siRNAd)approximately 21nt in length
(Carmell and Hannon, 2004). Unlikrosophila, which has a separate Dicer protein for
MiRNA biogenesis and siRNA biogenesis elegans has only one Dicer protein that is
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responsible for all the small RNA biogenesis th&es place in the various RNAI
pathways (Duchaine et al., 2006; Grishok et al0130As is the case in fruit flies, Dicer-
1 is aided in this process by the dsRNA bindinggiroRDE-4 (Grishok, 2005). This
gene has been shown biochemically to preferentoatigi to long dsRNA botm vitro
andin vivo as well as to associate with DCR-1, RDE-1 and DRHvivo (Parker et al.,
2006; Tabara et al 2002). The finding that RDE-firessent in a dicing complex is
interesting as it is the only example of an Argdegurotein being present in a small
RNA biogenesis complex. Once this complex prodsdeblAs, they are loaded onto
RDE-1, one of 27 Argonaute proteins preser@.ielegans, and guides RDE-1 to its

target mMRNA and induces cleavage of said mRNA ¢¥&gal., 2006).

In the vast majority of animals this is where tlaghpvay stops. But i€. elegans,
like in plants, the left over 5’ cleavage produahde used for the formation dg novo
dsRNA synthesis (Yigit et al., 2006). The firstpste this process starts with tfe
nucleotidyltransferase RDE-3 binding the 3’ endhaf 5’ cleavage product from the
slicing reaction and recruiting an RNA dependent®Ridlymerase (RdRP) (Chen et al.,
2005). In the germline the RARP is EGO-2 whileha soma it is RRF-1. These RdRPs
then use the cleaved mRNASs as a template for ds®M#hesis. This new dsRNA is then
bound to by a DCR-1 complex containing the PIR-@gphatase and cleaves the dsRNA
into secondary siRNAs (Aoki et al., 2007; Duchagal., 2006; Pak and Fire, 2007;
Sijen et al., 2007). These secondary siRNAs ane loeind by a subgroup of the
Argonaute proteins including CSR-1, PPW-1, PPWAGS-1 and SAGO-2 (Aoki et
al., 2007; Claycomb et al., 2009; Yigit et al., BD0Trhese secondary siRNAs bound by
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this subgroup of Argonautes can then be used éztdsilencing of secondary mRNA
targets as well as mediate heterochromatin formatia transcriptional silencing

(Claycomb et al., 2009; Yigit et al., 2006).

4.1.2 Antiviral RNAi in C. elegans

In 2005 three laboratories showed that RNACirelegans can be antiviral, two of the
laboratories used a primary cell culture systenmwiammalian virus Vesicular
stomatitis virus (VSV) and the third used transgembrms carrying an amplicon of the
insect Flock house virus (FHV) (Lu et al., 2005h&tt et al., 2005; Wilkins et al 2005).
In the primary cell culture studies it was foundtti'SV viral RNA could accumulate to
higher levels in thede-1, rde-4, rde-3, andrrf-1 mutant cell lines (Schott et al., 2005;
Wilkins et al., 2005). Furthermore Wilkins et &Q05 were able to detect VSV specific
siRNAs in N2 cells using RNase protections ass¥$/ particles were able to be
purified from VSV infected cells and plaque assagse performed using mammalian
cell culture techniques. It was found that in tiéARmutants that supported higher
levels of virus replication there was also highexduction of virus particles (Schott et
al., 2005). These results also demonstrated tekatitbs particles produced in worms was
also infective in mammalian cell culture. In thedst using transgenic worms carrying
the FHV amplicon it was found that both FHV RNArideRNA 2 were able to replicate
in adultC. elegans. Furthermore, it was found that this replicati@cwarred in an RDE-1
dependent manner asrite-1 mutant worms the viral RNAs accumulated to higheeels
(Lu et al., 2005). The viral RNAs from worms wetscafound to be infective in
Drosophila S2 cells, the natural host of FHV. Researchers aks@able to make
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transgenes that carried a mutation in the B2 opading frame (FR1/B2) rendering it
unable to inhibit RNAI. In N2 worms the FRIAB2 viral amplicon was unable to
replicate to detectable levels but was able tagafd inrde-1 mutant worms (Lu et al.,
2005). This proved that the B2 protein was abliadbit RNAI in worms as B2 was not

required in RNAI defective worms, much likelrosophila (Li et al., 2002).

In the study presented here we show that FHV amRY/G@ccumulation levels in
S2 cells were increased in the presence of thedeihbounds. This increase in
replication levels was also associated with a dgegrén the survival of the treated cells.
The decrease in survival was due to the combinatidroth the RIN compounds and the
virus, as the virus on its own or the compoundtsmin did not decrease cell survival.
We found that adult fruit flies infected with FHWé treated with RIN2 or RIN5 were
able to accumulate viral RNAs to higher levels thraantreated flies. Not only do they
accumulate viral RNAs to higher levels, but theeatéd flies also display a higher
mortality rate as compared to non-treated fliesalfy we expand our analysis of the RIN
compounds from fruit flies to nematodes. Wormsyeag the FR1gfp transgene that was
described in Lu et al., 2009 were used to test idreghe RIN compounds are effective in
C. elegans. Not only were they effective they were also ablenhibit dsSRNA

knockdown of theop-1 gene.
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4.2 Materials and Methods

4.2.1 Virus strains, virus propagation and purifiation

The original CrPV stock was achieved from Dr. An@&chneemann, and propagated in
S2 cells. FHV virions were purified frodrosophila S2 cells transfected with both
PMTFR1 and pMTFR2 plasmids, as described usindctfextene Transfection Kit
(QIAGEN Inc. Valencia, CA, USA) according to the mdacturer’s protocol (Li, et al.,
2002). Appropriate amount of cells (1.0-3.5 X ¢8lls per well) were seeded in a 10cm
plate in 10mL of Schneider’s insect medium (Prodimt S9895 Sigma-Aldrich, Inc. St.
Louis, MO, USA) containing serum and antibioticstba day before transfection. On the
day of transfection, ig pMTFR1 and ig pMTFR2 DNAs were diluted into a
microcentrifuge tube with the DNA-condensation kufBuffer EC, to a total volume of
100ul. After 3.2ul Enhancer was added, the samples were mixed ligxing for 2
seconds and incubated at room temperature for #16tes. After 1Ql Effectene reagent
was added to the solution the samples were mixeatgxing for 10 seconds and
incubated at room temperature for 10 minutes. Tdnestection complexes were added to
the cells and then the plate was swirled gentlythed incubated under their normal
growth conditions in a 27°C incubator. On the réay, 2 CuSQ, (0.5M) was added to
the plate to induce the transcription of FHV RNAIM&RNA2. The cells were incubated
at 27°C for 4-7 days, after which 0.5ml fresh mediwas added 3 days post transfection.
FHYV replication in theédrosophila cells induced a cytopathic effect (CPE), which is

characteristic clumping of the cells. The infectetls were observed every day for any
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symptoms of FHV infection. Infected cells and med&re collected when severe
symptom showed up or at day 7 after transfectiotiuidher purification and
propagation.

Virus particles were released from infected cejisrixing with 0.5% Nonidet P-
40 and by three freeze-thaw cycles. The sampleheamsdigested with RNase A (final
concentration 10ug/ml), and then pelleted throu@§B% sucrose cushion containing
0.05M HEPES (pH 7.0), 5 mM CacCl2, 0.1%4nercaptoethonaB¢(ME), and 0.1%
Bovine Serum Albumin (BSA). Ultracentrifugation wasrformed at 274,000 x g for 2.5
hours at 11°C in a SW 41T1 rotor in a ultraceng@uThe virus pellet was resuspended
in 300-40Qu HEPES buffer and the insoluble material was resdolyy centrifugation at
14,000 rpm at 4°C. The virion quality and concamrawas quantified using a
Biophotometer (Eppendorf, hDfor each sample), with an A260/280 ratio of ~21.5
indicating purified particles. The virions was alajed (10@l /microtube) and stored at -
80°C for future study.

Plague forming units per ml (pfu/ml) of the purdi&HV and CrPV suspensions
were determined by a standard plaque assay byrgjaiith 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyl-tetrazolium bromide (MTT) beforly injections. CrPV patrticles were
purified by Dr. Aliyari.

4.2.2 Propagation and Purification of FH\AB2 virions
The original FH\AB2 stock was achieved from Dr. A.L.N. Rao’s lab andpagated in
S2 cells which Ago-2 was depletbyg transfection of Ag&-specific dASRNAs

(0.2ug/ml media) one day before viral inoculatibhe FHVAB2 virions were purified
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through a 30% sucrose cushion following the pratémoFHYV purification described in
4.2.1.

4.2.3 Virus Infection in S2 cells

S2 cells were seeded and prepared as above arhtadun a 27°C incubator for 12
hours. Following the incubation period cells weeated with 30uM of RIN compound
dissolved in DMSO to a final concentration of 1% well and then incubated for
another 12 hours at 27°C. Cells were then infeatigtd 1000 pfu of FHV or FHWAB2

and allowed to replicate for 2 days and 5 daygeaetively. For time course analysis
samples were taken at the respective time poiotscéll survival assays, cells were
stained with Evans Blue, and then counted usingnadcytometer. Viral RNA analysis is

described below.

4.2.4 Culturing, Growth and dsRNA Treatment ofC. elegans Strains

Worm strains were maintained on standard Norma@rd/ledium (NGM) plates

(Table 4-1) seeded with the OPBOcoli strain in a 20°C incubator. For viral RNA
analysis or GFP fluorescence visualization wormeevpeepared as follows. Gravid adult
worms were washed off of NGM plates with M9 solat({d@able 4-2) and spun down in
microfuge tubes at 3000 rpm at room temperaturgelease and synchronize the worm
embryos, the worms were treated with a 50% bleakltien that dissolves the adult
worms while leaving the embryos intact. The embmyese then washed three times in
M9 solution and then plates onto NGM plates andgqadn a 20°C incubator. Once the
worms entered the fourth larval stage they weregalan a 33°C incubator for 3 hours to

induce the transcription of the FHV transgene/tgengs (pFR1-3 and pFR2). After the
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heat shock was complete the worm plates were plate@ 20°C incubator for 2-3 days
to allow for virus replication to occur. After tiecubation period was over the worms
were collected and used for further analysis. BRNIA treatment, worms were
synchronized as described above and placed on N@Montained 25ug/ml
Carbenicillin, ImM IPTG and seeded with tecoli expressegop-1 dsRNA. Worms
were fed on these plates for 2-3 days and theryzedfor thepop-1 RNAI phenotype.
For RIN treatment of worms, RIN compounds were miwgth OP50 and then placed on

NGM plates.

4.2.5 RNA Extraction from C. elegans

RNA extractions were carried out as follows. Womese washed off NGM plates using
M9 solution, collected in microfuge tubes and sdown at 3000 rpm to collect the
worms in a pellet at the bottom of the tube. 500fTRIzol (Invitrogen Life
Technologies, Burlington, Ontario, Canada) was dddehe tube and homogenized
using a Tissue Tearor Variable Speed Homogenizale(Rarmer) and homogenized for
2 minutes. After the worms were homogenized thesevedt to incubate at room
temperature for 10 minutes in the TRIzol and th@d (1| of chloroform was added to the
mixture and vortexed at high speed for 20 secohlds.mixture was then centrifuged for
10 minutes at 14,000 rpm on a table top centritug#then the supernatant was removed
and added to an equal volume (~300 pl) of isopropand then incubated at -20°C for
30 minutes to precipitate the RNA. After the inctilva period the samples were spun
down for 10 minutes at 14, 000 rpm to pellet theARRNellets were then washed once
with 70% ethanol and then resuspended in 30 pEobbdtfer. Samples were then
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incubated for 10 minutes at room temperature aed tbr 10 minutes at 65°C to
dissolved the pellet in the TE buffer. The RNA dyahnd concentration was checked by

using a Biophotometer.

4.2.3 Northern blot Analysis
Northern blot analysis of total RNA samples wadqgened as previously described in

chapter 2.

4.2.4 Fly Strains and Virus Inoculations

Canton S flies were used in these experimentsstblgks and infected flies were reared
on standard cornmeal-agar medium at room temperatiinus particles were diluted in 1
x PBS buffer. Twenty 4-6 day old adult flies of weransferred into a new vial with

fresh medium one day before they were infecte@sRhiere anaesthetized by exposure to
CO, during the injection process. Approximately 4@hé viral suspension (FHV:

3x10" pfu/ml) mixed with RIN2 or RIN5 was microinjectéuto the thorax of adult flies
with a microinjector (FemtoJET 5247, Eppendorf, iGa&ny). Injection of the same
volume of 1 x PBS buffer or RIN compounds were used control. All the infected

flies were observed and the survival rate was dsmbevery day. Survival curves were

the average of three independently repeated expetén

4.2.5 RNA Extraction from Adult Fruit Flies
Total RNA was extracted by using TRIzol accordiogite manufacturer’s directions
with some modifications. Approximately 20 adule8liwere collected from growth vials

and frozen in microtubes in a -80°C freezer. pDOf TRIzol reagent was added to each
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tube. The flies were then homogenized with a peafter homogenization, another 500
ul of TRIzol reagent was added and the samples meted and incubated for 5 or 10
minutes at room temperature. The insoluble mageware removed by centrifugation at
14,000 rpm for 10 minutes at 4 °C in a refrigeratedtrifuge (Centrifuge 5804R,
Eppendorf) and then the supernatant was transfesrashew tube and 2Q0 of

chloroform was added into each tube. The samplemieesd by vortexing for 15 seconds
and then incubated at room temperature for 2 ton8ites; the mixture was then spun at
14,000 rpm for 15 minutes at 4°C. The upper aquéoes was removed and transferred
to a new tube and 6QDof isopropyl alcohol was added. The samples werebated for

at least 30 minutes in a -20°C incubator to pregipithe RNA and then spun at 14,000
rpm for 15 minutes at 4°C to pellet the RNA. Thpesmatant was removed and then the
RNA pellets were washed with 1ml of 75% ethanaldaied for 10-15 minutes and then
resuspended in p0of RNase-free water. The RNA quality and concatintn was
checked by using a Biophotometer (btbr each sample; eppendorf), with an A260/280

ratio of at least 1.75.

4.3 Results

4.3.1 FHV and CrPV Infection in RIN treated S2 cdk Results in Cytotoxic Effects
Wild-type FHYV patrticles, containing RNA 1 and RNARgure 4.2a; FHV genome
structure) were used to infect S2 cells that wezatéd with 30uM of each of the RIN
compounds. Following FHV infection, total RNA wadracted from the infected cells
and Northern blot analysis was performed to ddietit FHV RNA 1 and RNA 3 levels.

RINs 1 and 2 showed a mild increase in viral RN¥ele as compared to the non-treated
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control (Figure 4.2b; compare lane 1 to lanes 34ndhis increase in viral RNA levels
in RIN1 or RIN2 treated cells was similar to therease found in Ago2 depleted cells
that were infected with FHV (Figure 4.2b; compaeds 1 and 2 to lanes 3 and 4).
Interestingly, no detectable viral RNA was obserirethnes loaded with RNA from cells
treated with either RINs 3, 4 or 5 (Figure 4.2beleh-7). Evans blue staining revealed
that nearly all the S2 cells that were treated \RilNs 3, 4 or 5 and infected with FHV
were dead, with RIN5 treated cell showing only 58 survival (Figure 4.2c). To test
whether this phenomenon was specific to FHV, singlgperiments were done with
Cricket paralysis virus (CrPV), a monopartite, ptesise RNA virus related to poliovirus
(Figure 4.2d; top panel)( Scotti et al., 1975).c82s were treated with 30uM of each
RIN compound and subsequently infected with CrPMRINL or RIN2 treated cells that
were infected with CrPV there was a detectablesimee in CrPV viral RNA levels as
compared to the non-treated control, as shown byhso blot analysis (Figure 4.2d;
compare lanes 2 and 3 to lane 1). Also, as wasabe with FHV, no viral RNAs were
detected in S2 cells that were treated with eiRI&ls 3, 4 or 5 and infected with CrPV
(Figure 4.2d; compare lanes 4, 5 and 6 with lan®dj together with the cytotoxic effect
data, it appears that RIN treatment of S2 celthénpresence of virus infection resulted
in an increase in viral RNA levels, similar to Agd@pletion. Furthermore, in the case of
RINs 3, 4 and 5, the combination of RIN treatmerd wirus infection led to reduced cell
survival, possible due to an intolerable increasdral RNA levels.

4.3.2 RIN5 Increases FHV Levels iD. melanogaster S2 cells
Given the previous data, we wanted to know whebhe&ot the cell death witnessed in

S2 cells treated with RIN5 and infected with FHVswhue to an increase in viral

101



replication. To answer this question, FHV partickese diluted 100-fold and then used
to infect S2 cells that were treated with 30uM &R Cell survival and viral RNA

levels were monitored over a 2 day time coursecamopared to FHV only infected cells
at each time point. The total RNA that was extrddtem these cells was subject to
Northern blot analysis to assay the levels of FHNRNAs 1 and 3. With RIN5
treatment viral replication was robust and viral&RNvels reached a plateau at 24 hours
post infection and maintained those levels un&l48 hour time point (Figure 4.3a). The
FHV only cells did not accumulate to the same Iagethe RINS treated cells, even after
48 hours (Figure 2.3a). Samples were also stairnigdEvans Blue to check for cell
survival after RIN5 treatment (Figure 4.3b). Céliat were treated with RIN5 and
infected with FHV had their survival drop to 55%eaftwo days, whereas RIN5 only and
FHV only cells had cell survival at 85% and aboWgg(re 4.3c). This confirmed our
previous hypothesis that the cell death that wasipusly observed was due to rampant
viral replication in the RIN5 treated cells.

FHV VviRNAs levels were also examined in the presanicRINS. S2 cells were
seeded in 10mL dishes, treated with 30uM of RIN® #wen infected with FHV, at the
100-fold dilution that was used in Figure 4.3a.eAfh 2 day infection period the low
molecular weight RNA fractions were collect fronet82 cells and then run out on
denaturing sequencing gels and then subject tchBiortBlot analysis. In the FHV only
treated cells there was very little FHV ViRNAs dagésl (Figure 4.3d; lane 3). In RINS
treated cells there was abundant ViRNA accumulasionilar to the levels detected in

cells where Ago2 has been knocked down (Figure; 4@upare lanes 1 and 2). The
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VIRNA phenotype that was detected in RINS treattsds consistent with the data
presented in chapter 3 that showed that RIN5S aget#he Ago2 mediated slicing
reaction.

4.3.3 RIN Treatment can rescue FH¥B2 in S2 Cells

Previous work from our lab has shown that FHV vijpasticles can be generated with a
mutation in the B2 open reading frame that renB&réunctionless (Aliyari et al., 2008).
When this FHV strain in used to infdat melanogaster S2 cells no viral RNAs can be
detected but an abundant amount of FHV specifit\AR can be detected (Aliyari et al.,
2008). S2 cells were treated with 30uM of each Bdpound and then infected with
FHVAB2 and allowed to replicate for 72 hours. S2 oddipleted for Ago2 were used as a
control. Cells were then collected and RNA isoldtadNorthern blot analysis for
detection of both FHV RNA 1 and RNA 3. In cellsttagere treated with RINs 1, 2, 3, or
4 there was a slight rescue of FAIB2 as compared to the non-treated control (Figure
4.4; Compare lanes 1 through 4 to lane 8). Two eotnations of RINS were used to treat
S2 cells, 15uM and 30uM, and also infected with ABY. Both these treatments
showed a strong rescue of viral replication as @megbto the non-treated control, with
the 30uM concentration showing better rescue of KB then the 15uM concentration
(Figure 4.4; compare lanes 5 and 6 to lane 8 amel3ato lane 6). The RINS treatment
rescued FHWABZ to levels that were similar to those found ino2glepleted S2 cells at
15uM and even higher at 30uM (Figure 4.4; compames 5 and 6 to lane 7). This data
corroborates the results showing that RIN5 actseatame level of the RNAI pathway as

Ago2 (Figure 4.3d). ViRNAs were also analyzed inAB2 infected cells that were
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treated with the RIN compounds. As has been preWaeported, S2 cells that were
infected with FH\AB2 showed very abundant vViRNA accumulation (Figtie lane 7).
In S2 cells in which Ago2 has been depleted thexg abundant viRNA accumulation,
however slightly less than in untreated S2 celigyfe 4.4; compare lanes 7 and 8).
RINS treated cells that were infected with FAB2 had abundant viRNA accumulation
proportional to the high molecular weight viral RBlfkat accumulated as compared to
Ago2 depleted cells (Figure 4.4; compare laneslérte 7). In RIN1, 2 or 3 treated cells
there was a sharp decrease in VIRNA accumulatieideas compared to the non-treated
control (Figure 4.4; compare lanes 1, 2 and 3rie B). Again, these results were
consistent with the data presented in chaptert3stimved that RINs 1-3 can inhibit the
upstream portions of the RNAI pathway.

4.3.4 RIN2 and RIN5 Treated AdultD. melanogaster Infected with FHV Display
Enhanced Disease Susceptibility

The results obtained in RIN treated nematodes ptesngs to ask if the RIN compounds
could inhibit antiviral RNAI in adulDrosophila melanogaster. RIN2 and RIN5S were
selected for these experiments as the former hexs $leown to inhibit dicing and the
latter inhibits slicing (Chapter 3). Flies wereanfed with FHV and treated with either 15
or 30uM of the RIN compounds. Mock (HEPES bufféblV only and RIN only

(30uM) flies were used as controls for the expentm20 flies per sample were injected
in triplicate and their survival rate was monitofed16 days post injectiomn both the
RIN2 and RIN5 only treated flies the chemical self had no effect on the survival of

the flies as compared to the mock infected san{plgsire 4.5a and 4.5b). Both the low
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and the high concentrations of RIN2 and RIN5 irddawith FHV had a significant
decrease on the survival of the flies as compakéd énly infected flies (Figure 4.5a and
4.5b). In the case of RIN2 there was an approxinatd5% decrease in the survival of
the flies at the low concentration and a 30% atilgh concentration as compared to
FHV only infected flies 16 days post injection (&ig 4.5a). In RIN5 treated flies there
was a 20% decrease in the survival of FHV infeflied as compared to FHV only
infected flies for both the high and low concentnag (Figure 4.5b). Interestingly there
was an immediate decrease in the survival of iks 8t the 30uM dose both RIN2 and
RINS5 flies infected with FHV only 1 day post injemt; 20% in the case of RIN2 and
30% in the case of RIN5 (Figure 4.5a and 4.5b)s Tbuld be due to the combination of
the sudden loss of the RNAI coupled with the infecof a virulent titer of FHV.

Viral RNAs were also analyzed from flies 8 daystpogection by Northern blot
analysis to detect FHV RNAs 1, 2 and 3. Both th@d® 30pM concentrations of RIN2
and RIN5 were able to increase the amount of ®RidAs as compared to FHV only
infected flies (Figure 4.5c, compare lanes 4, &nd 8 to lane 2). Furthermore, in RIN5
only treated flies there was a detectable amouwatraf RNAs 1, 2 and 3 (Figure 4.5c
lane 6). This is likely due to the fact that mdhymelanogaster fly stocks are persistently
infected at a low level with FHV and that RIN5 tira@nt was able to relieve the

repression RNAIi had on the virus and allowed FHYeglicate to detectable levels.
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4.3.5 RIN compounds can block Antiviral RNAi and he Exogenous RNAi Pathway
in Caenorhabditis elegans

C. elegans has proven to be a useful tool in studying bothAR&hd virus-host
interactions. The next step was to determine whetigeRIN compounds that were
discovered to inhibit both antiviral and exogen®MAi in S2 cells were effective in
nematodes. To do so the FR1gfp system that wasinidedet al., 2009 was used to
determine whether the RIN compounds could inhibiivéral RNAI in C. elegans. The
benefit of using this system is that the GFP igesged from RNA 3 which means that
GFP fluorescence can only be visualized once vepkcation has occurred. 10 FR1gfp
worms in the third larval stage were placed ongdahat were seeded with OP50
containing 30uM of either RINs 2, 4 or 5 and thie® worms were allowed to grow until
they reached the fourth larval stage. The wormwheen heat shocked for 2 hours at
36°C to induce transcription of the FR1gfp transgemethen incubated at 20 for 2
more days to allow for the viral RNA to replicatintreated FR1gfp worms amde-1
worms with the FR1gfp transgene were used as denWous derived GFP fluorescence
was visualized using a Leica MZIII Pursuit stereisnsscope and images were captured
with a 4MP RGB/gray SPOT camera. Worms treated Ritis 2, 4 or 5 had varying
expression levels of GFP in both GFP intensity landtion of fluorescence. Worms
treated with RINs 2 and 5 had GFP fluorescencautiirout the whole body but the
intensity of the GFP was stronger in RIN2 treatedms then in RINS treated worms
(Figure 4.6a). RIN4 had strong GFP expression ontiie pharynx with weaker GFP
fluorescence in the remainder of the body (Figuéay Untreated worms had no
detectable GFP fluorescence (Figure 4.6a). Wormie aiso treated with two other
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chemical concentrations, 60 and 100uM, using theegarocedure described above.
RINs 2, 4 and 5 showed a does dependent respo&eHrfluorescence; the higher the
RIN concentration the stronger the intensity of @f&P fluorescence (Figure 4.6b). RINs
2 and 4 treated worms showed a steady increasEmfldorescence from 30 to 100uM

while GFP fluorescence in RIN5 treated worms reaphateau at 60uM (Figure 4.6).

These resulted led us to ask if the RIN compounddédanhibit exogenous RNAI
in C. elegans as inDrosophila melanogaster. To address this, gravid N2 worms were
bleached and the resulting embryos were cleanethandlO0 embryos were placed onto
plates with bacteria expressing dsRNA that tartfeipop-1 gene was laced with each of
the RIN compounds. It has been previously repdtiatithe offspring of worms fed of
dsRNA targetingpop-1 fail to develop to adulthood, arresting in the eyobfKostic and
Roy 2002). Worms were then allowed to grow, feedl lagy eggs on the RIN treated
plates and then the adult worms were removed frenplates and the F1 generation was
allowed to grow for 2 more days. After the 2 dayiqe the plates were collected and the
percent survival of the worms was calculated aspaoed tarde-1, untreated N2 worms
and RIN treated worms that were not fedpop-1 dsRNA. As was the case in S2 cells,
RIN3 alone showed high mortality rates as comptremtreated worms while the other
compounds did not show such an effect (Figure 4BIs 1, 2, 4 and 5 were able to
rescue the embryonic lethadp-1(RNAI) phenotype to varying degrees with RIN1 and
RINS5 being the highest at 82% and 84% survival. Ridd the lowest survival rate at
46% (Figure 4.6¢). RIN2 had an intermediate abthityesistpop-1(RNAi) with a survival
rate of 67%. As was the case in fruit flies, th&lRbmpounds can also inhibit exogenous
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RNAI in nematodes which indicates that these comdeumay be used as a means of

control against nematode pests.

4.4 Discussion

Previous work from our lab has shown that whensasuare infected in RNAI
defective cells that the viral load and RNA ince=adramatically (Aliyari et al., 2008; Li
et al., 2002). The same is true in adult flies diéfe in RNAI that have been infected
with virus particles (van Rij et al., 2006; Wangaét 2006; Zambon et al., 2006). In the
work presented here we show that S2 cells that tvea¢ed with the RIN compounds
allowed for higher accumulation of FHV and CrPValiRNAs. In cells treated with
RINs 3, 4 or 5 virus replication reached leveld thduced cytopathic effects in the
infected cells. This phenotype was not seen in Al infected cells or in cells that
were only treated with RIN compounds. Further ekpents showed that when RIN5
treated cells are infected with FHV the VIRNA phpe was the same as in FHV S2
cells where Ago2 has been depleted (Figure 4.3d} i$ consistent with the idea that
RIN5 acts in the downstream portions of the RNAhpay as Ago2 has been shown to
act downstream of siRNA biogenesis being involvediRNA recruitment in siRISC as
well as RNA cleavage (Okamura et al., 2004; Toraad Zamore, 2005). More work has
shown that FHWAB2 replication can be rescued to varying degreéditreated S2
cells, further evidence that the RINs can inhibé &antiviral RNAi pathway, as FFHAB2
has only been shown to be able to replicate in Réi&icient organisms (Aliyari et al
2008; Li et al., 2002; Lu et al., 2005). In RIN1,3or 4 treated S2 cells infected with
FHVAB2 the viRNA accumulation levels were reduced asmared to untreated or
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dsAgo? treated cells indicated that ViRNA bioges@gs compromised in these cells
(Figure 4.4). This phenotype is in agreement withitlea that dicing of the dsRNA viral
precursor, mediated by Dcr-2, was perturbed ingfveis (Wang et al., 2006).
melanogaster Dcr-2 is also responsible for sSiRNA biogenesibath the endogenous and
exogenous RNAI pathways (Czech et al., 2008; Let. e2004; Miyoshi et al., 2010;
Okamura et al., 2008). Based on previous data predeén chapter 3, it is possible that
RIN4 inhibits the accumulation of secondary siRN#®rosophila. Seeing that very low
levels of ViIRNAs were detected in FIAB2 infected cells treated with RIN4 and
combined with the fact that RIN4 has no effect aing) or slicing, it is hypothetically
possible that RIN4 can block secondary siRNA bi@gen A possible target of this
function could be D-elpl, a subunit of RNA polynmsdl which has been shown to be
responsible ofle novo dsRNA formation which can then be used for secondé&NA
production (Lipardi and Paterson, 2009). More woik need to be done to establish if
this is the case or not. The RNA levels which wagtected in S2 cells treated with RINS
rivaled those in Ago2 depleted cells. This findsuggests that RIN5S can be used as a
tool for the propagation of FHAB2, which normally required transfection of dsAgo2
purify the particles. The usage of RIN5 could ¢ tosts of the propagation of this virus
as generation and transfection of dsRNA can bdycost

Previous studies have shown that viral RNAs canm@ctate to high levels in
adult flies and nematodes that carry mutationeeyRNAI genes (Lu et al., 2005; Lu et
al., 2009; van Rij et al., 2006; Wang et al., 20B&mbon et al., 2006). The replication of

FR1gfp in RIN treate. elegans serves as additional evidence that the RIN comg®un
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do in fact block antiviral RNAI as well as that RNi& an antiviral mechanism in
nematodes. Further experiments showed that RIXettegematodes are resistant to
feeding RNAI providing additional evidence that RN compounds can inhibit the
exogenous RNAI pathway. The results the RIN compsurad in nematodes prompted
the investigation of the effectiveness of themdulafruit flies where it was found that
RIN2 and RIN5 can subvert antiviral RNAI. These pbiypes were in agreement with
previous studies where RNAiI mutant flies injectathwirus particles supported higher
levels of viral RNA replication (Chotkowski et a2008; Galiana-Arnoux et al., 2006;
Wang et al., 2006; Zambon et al., 2006).

The decrease in survival of RIN treated fruit fliekected with FHV is akin to the
decrease in the survival witnessed in flies infeith FHV as well as other insect viruses
(Chotkowski et al., 2008; Galiana-Arnoux et al.0@0Wang et al., 2006; Zambon et al.,
2006). When viruses including CrPV, DXV, FHV and Wre injected in RNAiI mutant
flies there is an increase in viral RNAs and wslbadecrease in the survival of the flies.
Potential uses of the RIN compounds are as pessiclilit not in the traditional sense.
Since flies infected with FHV and treated with RIN2RINS show enhanced disease
susceptibility it is reasonable to hypothesize thattreatment insect pests with these
chemicals, or a combination of them, can render #wiviral immunity defunct and
allow for naturally occurring viruses to kill thegts by allowing them to replicate to
higher levels. An advantage of using this methatias the chemical itself does not kill
the pest but a naturally occurring virus does, Wiy limit the pest from acquiring

resistance to the chemicals. This idea is furtbpperted by the fact that RIN5 treated

110



fruit flies that were not infected with FHV accuratéd viral RNAs (Figure 4.5c lane 6).
This is due to the fact that many virus stockspeesistently infected with a low level of
virus and that RIN5 treatment removed the limitagiplaced by RNAi and allowed the

virus to replicate to detectable levels.
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From Yigit et al., 2006
Figure 4.1 Small RNA Pathways irC. elegans

On the left panel is a diagram of the microRNA pati which requires DCR-1 and the
mMiRNA specific ALG class of Argonaute proteins. @rthe miRNA'’s are processed and
loaded into either ALG-1 or ALG-2 they can causms$iational repression which leads
to the destabilization of the mRNA target. The eepanel depicts the exogenous RNAI
pathway. This pathway produces siRNAs via DCR-1ERD RDE-4 and either DRH-1
or DRH-2. Once siRNAs are produced they mediatavelge of target RNAs. On the
right is the endo-siRNA pathway which also requid&3R-1 and DRH-3 as opposed to
DRH-1 or 2. All these small RNA pathways competedocess the DCR-1 protein.
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Figure 4.2 FHV and CrPV Replication in RIN TreatedS2 cells

The genome organization of FHV (A) and CrPV (D).cells pretreated for 12 hours
with 30pM of RIN compound and infected with FHV (&) CrPV (D). Total RNA was
extracted 2 days post infection for Northern blmlgsis by a probe specific for the B2
region of FHV or to ORF 1 of CrPV. (C) Evans bldaiising with a 1% solution reveals
that RIN3, 4 or 5 treated S2 cells infected withvFRave greatly reduced rates of

survival.
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Figure 4.3 Dilution of FHV patrticles indicates CellDeath due to Abundant Viral

RNA Accumulation in RINS Treated Cells

(A) Northern blot of S2 cells pretreated for 12 reowith 30uM of RIN5 and infected
with an FHV inoculum diluted 1 to 100 from the exp®ent in figure 2.2. (B) and (C) S2
cells infected with FHV and either treated with DOISr RINS were stained with a 1%
Evans blue solution for cell survival studies. Grapepresent the average of three
independent experiments with error bars represgiiie standard deviation. (D) VIRNA
analysis of RIN5S treated cells infected with theneanoculum of FHV used in (A). The
filter was probed using oligonucleotides correspogdo FHV RNA 3.
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RNA 1

Figure 4.4 FHVAB2 Infection on RIN treated S2 cells

30uM pretreatment of S2 cells for 12 hours infeat&ti FHVAB2. Total RNA was
collected and size fractionated to separate high@m molecular weight RNAs. Low
molecular weight RNAs were analyzed by a 15% palglamide sequencing gel while
high molecular weight on an agarose gel. Bothrfiligere probed with a probe
complementary to FHV RNA 3.
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Figure 4.5 RIN2 and RIN5 treated adultDrosophila melanogaster and infected with
FHV particles display Enhanced Disease Susceptiliii

Survival curves of RIN2 (A) and RIN5 (B) treatecf at both 15 and 30uM infected
with FHV. Flies were infected and their survivalsseacked over a 16 day time course.
Mock infected, FHV only and RIN only treated flie®re used as controls. (C) Total
RNA was extracted from RIN treated, FHV infectaddl8 days post infection and used
for Northern blot analysis to detect RNAs 1, 2 8&P49 was used for a control to
insure equal loading.
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Figure 4.6 RIN treated worms phenocpy RNAI mutants

(A) Green fluorescence detected in FR1gfp wormetécewith 30uM of RINs 2, 4 or 5
two days post heat induction. (B) Green fluoreseatetected in FR1gfp worms treated
with 30pM, 60uM and 100uM of RINs 2, 4 or 5 two dgpst heat induction shows a
dose dependent response. (C) N2 wormpaprl(RNAI) feeder and treated with 30uM
of RIN compounds phenocopy rde mutant animals.gBaphs display the average of
three independent experiments with error bars atatig the standard deviation.
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Table 4-1 Small RNA Blot Analysis Buffers

Buffers for Small RNA Blot Analysis

Stacking Polyacrylamid 1 ml Polyacrylamide:Bis (19:1 40% w/v); 1 ml 5x TBEm|

gel water; 10Qul 10% (w/v) APS; 1Qul 0.5 M TEMED, pH 8.0.

Denaturing 12 ml Polyacrylamide:Bis (19:1 40% w/v); 1 ml 5x EE

Polyacrylamide gel 14.4g urea; add ddH20 to 30 ml, dissolved by strrising
a magnetic bar; 300 10% APS, 15J TEMED added in the
end

5x TBE 0.45M Tris-borate, 10 mM EDTA, pH 8
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Chapter 5. Conclusions and Future Directions
5.1 Conclusions
In this study genetic and chemical genetic appresebere taken in order to investigate
the role of RNA interference in boBrosophila melanogaster andCaenorhabditis
elegans. My data indicates that both of these approachase powerful tools in
deciphering the RNAI pathway in these organisms.

Firstly, the work presented here demonstratedtti@R1gfp cell line is a suitable
platform for conducting high-throughput screenirigmall molecules to identify
compounds that can allow for the replication of$R/deficient viral amplicon, which
cannot replicate under normal circumstances dtieetactivity of antiviral RNAI. Using
cellular, genetic and biochemical assays | was @béow that the compounds identified
in said screen, named RIN, are also inhibitorhefeéxogenous RNAIi pathway in
Drosophila, which has strong overlap with the antiviral RNy@thway as both pathways
use the Dcr-2/R2D2/Ago2 pipeline for generation atilization of small RNAs.
Treatment oDrosophila S2 cells with RIN compounds allowed for an inceeesRNA
levels of both Flock house virus and Cricket pasilyirus in infected cells. These
infected cells also showed a decrease in survihainwnfected with virus as compared to
the uninfected controls. Through the combinatiogerietic and biochemical approaches
the RIN compounds were positioned in the RNAI patiat distinct stages, with RIN3
working upstream of small RNA biogenesis (dicirfg)N1 and RIN2 being able to block
dicing, RIN4 having it's mode of action betweenidgcand slicing and finally RIN5

blocking slicing itself. The above data also highted that exogenous RNAi and
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antiviral RNAI targets have differing susceptilyilib the RNAI pathway. The use of the
RIN compounds in this study showed a different spsbility of endogenous mRNA and
viral RNA targets to the core RNAI machinery. T®bserved by the fact that the five
RIN compounds were similarly effective in suppragdRNAI targeting cyclin A mRNA
whereas RIN1 and RIN2 were less effective at inimgiRNAI against FHV as compared
to RINS.

Following experiments conducted in cell culture &mthemically active lysates,
RIN treatments were conducted in the whole anin@detsD. melanogaster andC.
elegans. In adult flies, RIN treatment followed by FHV &ttion led to both a decrease in
the survival of the flies as well as an increaseiial RNA levels. These results
phenocopied the results found in virus infected RM&tant flies, further confirming
that these compounds inhibit the RNAI pathway (Ga\rnoux 2006; van Rijj et al.,
2006; Wang et al., 2006). Tl elegans strain developed to express the FR1gfp
amplicon was treated with the RIN compounds. The E&dmpounds allowed for the
replication of FR1gfp in a dose dependent mannectwivas visualized by GFP
fluorescence. Wild-type N2 worms fed pop-1 dsRNAevalso exposed to RIN
treatment. It was found that asrofe-1 mutant worms, the RIN treated worms were
resistant to dsRNA feeding, with each RIN gran@ingarying degree to resistance
(Tabara et al., 2002). The experiment€irglegans highlight that the RIN compounds
target conserved steps in the RNAI pathway whighlars the ability of the molecules

to cross the species barrier.
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The second part in this work expands upon genattyais of antiviral RNAI in
C. elegansthat was initiated in our laboratory (Lu et al.08). The analysis presented
here added RDE-4 to the antiviral pathway as weRRF-1 and SID-1, genes involved
of the amplification and spreading of the silencéignal, respectively. Not only was the
antiviral RNAI pathway expanded upon, but it wasoadiscovered that nematodes
engineered to carry and replicate both FHV RNA d BNA 2 can produce FHV
particles that were infective to S2 cells. It isabf note that it is the particle itself that is
infective as virus isolates were treated with RNtas@sure that all unpackaged RNAs
were degraded.
5.2 Future Directions
5.2.1 RIN Treatment in Mosquitoes
It has been previously demonstrated that RNAI paysntiviral role in a variety of
mosquito species (Campbell et al., 2008; Khoo.eal0; Li et al., 2004; Sanchez-
Vargas et al., 2009). As there is much in commadwéen RNA. in fruit flies and
mosquitoes it is reasonable to hypothesize thaRthecompounds would have a similar
effect in mosquitoes as in fruit flies. This hypedls is strengthened by the fact the RIN
compounds had an inhibitory effect@ elegans, a further distantly related species to
fruit flies then mosquitoes are. Preliminary expennts can be conductedAnopheles
gambiae 4a-2s4 cells transfected with the pONRR2 plasmid which encodes
Nodamura virus (NoV) RNA 1 with a mutation in th& Bpen reading frame. Normally
the pONR1AB2 plasmid cannot replicate in 4a-2s4 cells, batreglicate in cells where

the PAZ domain of Agol or Ago2 have been knockedrdaith dsRNA. Accumulation
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of viral RNA 1 in RIN treated 4a-2s4 cells wouldigipreliminary evidence that the RIN
compounds could inhibit antiviral RNAI in mosquitod-urther experiments would
include RIN treatment in adult mosquitoes. Theransvailable SINV infection system
present inAe. Aegypti which can be used to test the RIN compounds. Aféatment

with the RINs, mosquitoes can be collected and R&N#&ls quantified via Northern blot
or gPCR. An increase in viral RNA levels would méaat inhibition of the RNAI
pathway was successful. Furthermore, survival sgidan be done to see investigate if
the increase in RNA levels causes lethality inahenals. If that were the case it would
highlight the potential these chemicals have agthod of control pathologically
important mosquito species.

5.2.2 RIN Treatment in Mammalian cell lines

Our initial results showed us that RIN2 has théditglib block the human Dicer protein

in invitro dicing assays. Future experiments should be caeduc mammalian cell

lines to test whether not only RIN2, but all theNRdlompounds can block RNAm vivo.

A simple and efficient method to do this would bezansfection based assay where cells
are co-transfected with a plasmid that expresséaGRNA as well as eGFP specific
SiRNAs. In untreated cells low to no GFP fluoresmeshould be detected as the siRNA
would knock down the GFP mRNA. If the RIN compouhdse an effect in mammalian
cells then there will an increase in the GFP flsoesce from those cells. The difference
in GFP fluorescence levels can be further confirlmggerforming either Northern blot

analysis or gPCR to detect eGFP mRNA levels irctis.
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Further analysis in Baby Hamster Kidney (BHK) celig be done to assay
whether or not RNAIi can be antiviral in mammaliati< It has been shown that NoV
can replicate very well in the BHK cell line (Balhd Johnson 1998). BHK cells would
be infected with NoV and treated with the RIN compds. Cells would be monitored
over a 4 day time course to see if cell survivalffected. After the 4 day time course
cells would be collected and viral RNAs would belsgmed via Northern blot analysis or
gPCR. An increase in in viral RNA levels would icgfie that the RIN compounds have a
similar effect in BHK cells that they do in S2 selThis would be strong support to the

idea that RNAI plays an antiviral role in mammalsystems.
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