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ABSTRACT

Ras is a dynamicprotein capable of interacting with plasma membrane
microdomains and intracellular membranes. Its activity, as controlled by- post
translational modifications, is essential in regulating cell growth, differentiation, and
death. Consequently, mutations thasult in constitutiveRas activity lead to cell
transformation, and are associated with over 30% of all human cancers. Reovirus is a
naturally oncolytic virus that preferentially replicates in fRasmsformed cells and is
currently undergoing clinical #ls as a cancer therapeutic. Vas previously
demonstrated that Rasahsformation promotesncoatingof the parental viriorduring
entry, production of infectious viral progeny, and virus release through apoptosis;
however the mechanism behind the kattis not well understood. This study set out to
determine whether reovirus alters the intracellular location of oncogenic Ras to induce
apoptosis of HFRasV12transformed fibroblasts. Heré, show that reovirus decreases
palmitoylaton levels of HRasV12 ad causesiccumulation of the oncogenic protein in
the Golgi body through Golgi fragmentation. With the Golgi body being the site of Ras
palmitoylation, treatment of target cells with the palmitoylation inhibit@,
bromopalmitate (2BP), promptsgreatermccumulation of FRasV12 in the Golgi body,
as well as a dosdependent increase in reovirus release and spread. Use of 2BP on cell
lines expressing H, N, oK-Ras oncogenic isoforms causas increase irreovirus
release that correlatesith the palmitoyation status of the respective Ras protein.
Alternatively, tethering H-RasV12 to the plasma membranand prevening its
movement back to the GoJgllows for efficient virus production, but resulis basal
levels of reovirusnduced cell death. Furtheore, treatment of HRasV12 cells with the
FKBP12 inhibitor, FK506, which is known to retain Ras the plasma membrane,
reducesvirus-related death and plague size. Analysis of Rlawnstream signalling
revealsthat cellsexpressing cycling HRasV12 haveelevated levels of phosphorylated
JNK, and that Ras retained #te Golgi body by 2BP increasextivation of the
MEKK1/MKK4/INK signalling pathwayto promote cell death. Collectivelyhe data
suggests that reovirus inducé€mlgi fragmentation of target k& and the subsequent
accumulation of oncogenic Ras the Golgi body initiateapoptotic signalling events
required for virus release.
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CHAPTER 1: INTRODUCTION

1.1. Ras

Therat sarcoma (Rasuperfamilyconsists of over 150 human members that exist
as small guanosine triphosphatases (GTPag@®nnerberg et al., 2005Pue to their
critical role in cellular functionthese genes havemainedevolutionarily coservedwith
orthologs identified in several eukaryotes, includingDrosophila melanogaster
Sactharomyces cerevisiagCaenorhabditis elegansand Danio rerio (Colicelli, 2004;
Cox and Der, 2010)Based on sequence and functional similaritiég, tuman Ras
superfamily is subdividethto five main branches: Ras, Rho, Rab, Ran, and RAnése
small GTPase®r monomeric Goroteins are approximately 20 to 25 kilodaltons (k)
sizeand function as binary molecular switch&uctural differences, postanslational
modifications, andpecificregulatory and effector proteimnablethese small GTPases
to control a wide aray of cellular processes, such pmoliferation, motility, vesicular
trafficking, polarity,differentiation, and death.

Some of the mostextensively studied small GPases are th&as family of
proteins This heightenedntereststems from initial observationsade during the 1960s
which concluded that viral oncogenesH-ras and v-K-ras) derived from rat sarcoma
virusescontributed tocellular transformation and cancer developmérarvey, 1964;
Kirsten and Mayer, 1967Jurther inquiries led to the discovery of human Ras oncogene
homologs and their involvement in human oncogenesis and digeladembresand
Barbacid, 2003)The following will focus onRasand its role incancer development
while highlighting a virus that utilizes aspects of theRas pathway for itsown

propagation.



1.1.1. Structure andFunction

There areghree humanmas genes thaencodefour proteinproducts Harvey {H)-
Ras, Neuroblastoma N)-Ras, Kirsten (K)-Ras4A, and KRas4B, with ke lattertwo
resuling from alternative splicing of th&-raslocus at exon 4Der et al., 1982; Shimizu
et al., 1983; Wang et al., 200T)hese 21 kD proteins function as molecular switcmes
bind guanosine diphosphat&DP) or guanosine triphosphat&TP) to cycle between
inactivated and activatestates, respectivelyPrior and Hancock, 2012)The highly
conserved Rasequence i488 to 189 amino acids in leng#nd is comprised of a G
domain and hypervariable region (HVR)he G domain, whichepresents tharst 165
amino acids, isiearly identicabetweenisoforms(> 90%) and contains the effector and
switchregions(Figure 1.1A). The effector domainwhich is also located in the switch |
region, enablesbinding of activated Ra® its downstream effectors, while the switich
and Il domains are responsible for conformational changes during GTP binding and
hydrolysis (Johnson and Mattos, 2013ras mainly exists in its GDBound form in
inactive and noividing cells. In the presence akrtain extracellular stimuli, Ras
quickly cycles into its GThound state with the help of guaninacleotide exchange
factors GEFs), such as son of sevenldS$S)and Ras guanyl nucleotigeleasing
protein (RasGRP}Vigil et al., 2010) The switch domainalter the structure of Ras to
increase its affinity for downstream effectors @sda resujtcertain signalling pathways
are initiated.Although Ras possesses its own intrinsic GTPaseityctit is relatively
inefficient and GTPase activating protein&APs), such as neurofibromiand pl120
promote GTP hydrolysis and return Ras back to its inactive,-Gddnd stateSingle

amino acid substitutions, typically at sites 12, 13, and 61,tresututated Ras proteins



(Bos, 1989) Consequently, tese proteins remairGTP-bound and constitutively
activatel; rendering RasGAPs ineffective and leaving signalling to downstream effectors
unregulatedThese mutationgive rise to the oncogenic form of Ras and unsurggigin
are foundn over 30% of all human cancers.

Since the isoforms display a high degree of sequence homology within their G
domains, and interact with common upstream activators and downstream effegtass, i
originally presumed that H N-, and kRas were functionally redundantdowever,
increasing scientific evidence muorts the notionthat the isoforms havespecific
functional roles (Castellano and Santos, 201MVhile essentially ulguitous, the
expression levels oH-, N-, and KRas actually varydepending on cell type and
developmental stagéeon et al., 1987)If murine tissue is considerel{;rastranscripts
are prevant in the gut and thymysbut are infrequently detected in skeletal muscle
ovary, liver,and skin.N-rastranscripts ar@abundanin the thymus andeses, but scarce
in the kidney and liverwhile H-ras transcripts are highest in the skskeletalmuscle,
ard brain, but lowest in the ovary and livén regards to the ¥Ras variantsexpression
of K-Ras4Bdominates over KRas4A in the majority of tissues, andaiso critical to
murine developmenPells et al., 1997)Mice deficient in KRas4A are able to develop
normaly if they arein the presence of a functioning-Ras4B isoform while those
harboring a homozygouk-ras null mutationare incapable of survivdlKoera et al.,
1997; Plowman et al., 2003H- and/or N-ras knock-out mice develop and reproduce
normally (Esteban et al., 2001)nterestingly replacing K-ras with the H-ras coding
sequenceavhile still under the control of thK-ras promote results in normal embryonic

development, but cardiomyopathies in adult mice; suggesting some overlap between the
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isoforms (Potenza et al., 2005 he variation in expression between the isoforms also
extends to their prevalence in certain human cangemandeaMedarde and Santos,
2011) For instanceK-ras mutations frequently occur in lurfg20%), colon (>40%)and
pancreatic (>95%) cancerf-ras mutations are commonly associated witelanomas
(~20%), thyroid (~17%), anchematologtal malignancies, such agukemiasand
lymphomas (1€20%). H-ras mutationsare not asfrequent but have beenrlinked to
bladder(~12%)and thyroid(<16%)cancers. While someancers have a cleassociation
with a specific Ras isoform, other tumors will formthe presence of any oncogenic Ras
or in some cases, will even contain all three activated forms (ie. thyroid malignancies)
(GarciaRostan et al., 2003Despite some redunadey, it is evidentthat Rasisoforms
have specific functional roles. This attributed to the hypervariablregionin the G

terminus thesite ofessentiaposttranslational modification@~igure1.1A).



Figure 1.1: Ras sequence comparison andstgoanslational modifications(A) A
schematic representing a typical Ras sequence. Numbers above and below indicate amino
acid number and sequence homology between isoforms, respectively, while roman
numerals designate the locations of switch | andbkhains. The enlarged hypervariable
region (HVR) highlights the functional differences between isoforms. The shaded grey
region represents the CAAX box while the bolded amino acids (red) indicate sites within
the HVR that enable correct membrane bindind ewracellular localization. (B) Newly
synthesized Ras undergoes prenylation by cytosolic farnesyltransferases (FTase). The
addition of a farnesyl lipid group (F) to the cysteine residue within the CAAX motif
targets Ras to the ER for cleavage by Ras edimg enzyme 1 (Rcel) and subsequent
carboxylmethylation by isoprenylcysteine carboxylmethyltransferase (lcmt). At this
point, K-Ras4B deviates from the pathway and is shuttled to the plasma membrane by an
unknown mechanism. The polybasic lysin€)Kestues in its @erminus enable stable
membrane binding. Phosphorylation of &R or calcium/calmodulin complex binding
releases KrRas4B from the plasma membrane, and allows it return to the
endomembranes. In contrast; And NRas are palmitoylated (P) bhe palmitoyl
acyltransferase (PAT), DHHESCP16, at the surface of the Golgi apparatus and sent to
the plasma membrane via vesicle transport. Depalmitoylation by thepitgin
thioesterase 1 (ART) releases Hand NRas from the plasma membrane alidves the
proteins to move by retrograde transport back to the Golgi apparatus for subsequent

palmitoylation. Image modified fromlor and Philis (2006)
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1.1.2. PostTranslational Modifications: Farnesylation

The hypervariable region represents the last 25 amino ecidie Ras sequence.
As each isoform undergoes a series of unique-fpasslational modifications,esjuence
homology withinthis region is extremely low (15%Prior and Hancock, 2001Yhe
posttranslational modificationdancrease the hydrophobicity of Ras aedable an
otherwise globular and hydrophilic protein to effectively participate in intracellular
trafficking, membrane bindingandbiologicalactivation(Ahearn et al., 2012A diagram
illustrating Ras postranslational moffications can be found ifigure 1.1B. The HVR
terminates with a CAAXNotif; a sequence belonging to a large family of proteins and an
indicator of prenylatior(Figure 1.1A). The CAAX box, which consists of cysteine (C),
two aliphatic (A) amino acids, and any (X) amino acid resjdsi¢he location of the first
set of posttranslational modificatiomto Ras Newly synthesized and inactive Ris
targeted by cytosolic farnesyltransferage$ases)for prenylation(Casey et al., 1989)
The FTase attaches a-tarbon isoprendilipid using a thioether linkag® the cysteine
residuein the CAAX motif, rendering Ras with a weak affinity for membraiaesi
causing it to accumulate on the surface ofd@hdoplasmic reticulum (ERER-resident
endoprotease, Ras converting enzyme 1 (Rcel), recogfamessylatedRas as its
substrate and cleaves the remainiAgX amino acids from thenotif (Boyartchuk et al.,
1997) Further modification occurs by another ERembranebound enzyme,
isoprenylcysteine carboxylmethyltransferase (Icmt), whigthylates thearboxy group
of the lipidated cysteine residPai et al., 1998)The activities of the FTase and Rcel
result in permanent modifications to Ras, whereas methylation is considered feversib

CAAX prenylation, proteolysis, and methylatioare designed to increase the



hydrophobicity of the @erminus andacilitate Ras totransiently interact with cellular
membraneskRas isoforms require a second signal to stably associate with meméananes
obtain full biological activity This occurs in the form of aadditionallipid modification

or inherent amino acid charge within their sequeitancock et al., 1990)

1.1.3. PostTranslational Modifications: Palmitoylation

At this point in Ras intracellular processing, the pathways divergeN+andK-
Ras4Atravel to theGolgi apparatus for modification by thmalmitoyl acyltransferase
(PAT), DHHC domaircontaining 9- Golgi complexassociated protein of 16 kD
(DHHC9-GCP16§ (Hancock et al., 1989, 1990; Swarthout et al., 2005)HC9-GCP16
is one of 25humanPAT family members(Mitchell et al., 2006) These PATshare a
common DHHC motif, butiffer with respect to theilocation and substrates within the
cell. Interestingly, knockdown of DHHC%has no effect on Ras palmiyation,
suggesting that addition&®ATs are capable ofexering their activity on RagRocks et
al., 2010) DHHC9-GCP1l16palmitoylates Ras on the cytosolic face of the Golgi apparatus
through the addition of a iGarbon palmitolygroupvia thioester linkagéo the HVR.In
H-Ras, there are two cysteinesiduegC181 and C184) that can be palmitoyla(€thoy
et al., 1999; Roy et al., 2005Palmitoylation of C181lis required for efficient
intracellular trafficking from theGolgi apparatusto the plasma membrane, while
palmitoylation of C184 isimportant for H-Ras nicrolocalization within the plasma
membrane itselfln contrast, NRas and KRas4A are monopalmitoylated at C181 and

C180, respectivelySurprisingly, the latter twisoformsalso possess a basic region of



amino acids upstream to their HVR that they regdar additional membrankinding
and stabilizatiorflLaude and Prior, 2008)

While Ras incurs a weak affinity for membes through farnesylationhe
addition of one or two palmitoyl groufiscreases this affinity (>10ld) and allows Ras
to transit via Golgi budded vesicles to the plasma membrane for actiy&taminian
and Silvius,1995) Other than vesicles, recycling endosorfiREs) have recently been
identified asa stopoverfor H- and NRas during their Golgi to plasma membrane
transition and 1 appears to be regulated by palmitoylativlisaki et al., 201Q)
Monopalmitoylated HRas (C181) is directly transported to the plasma membrane,
whereas dually palmitoylated -Ras (C181 and C184) associates WiRES
Unexpectedly monopalmitoylated NRas also localizeto REs, asits slightly upstream
basic region provides enoughlectrostatic interactiorbetween the protein and the
endosoral membrango incur stability Once at the plasma membramaslocalizesto
different menbrane microdomains based on f@lmitoylationand GTRloading status
(Roy et al.,, 2005) The plasma membrane it a homogeneous structure, and is
subdivided into lipid rafts and disordered membsafiRajendran and Simons, 2005)
Lipid rafts are highly ordered and tightly packsluctures that float freely throughout
the plasma membrane and are ricitholesterol and glycosphingolipids. If they contain
any of the caveolin family of proteins, they are referred to as caveolae. In contrast, the
disordered membrane refers to highilyid domains that are fulof unsaturated
phospholipids. NRas has been detected in both cavepdisitive and negative rafts
while H-Rasassociates with lipid rafts and the disordered bmame(Kranenburg et al.,

2001; Prior et al., 2001)nteresting, these microdomaioan befurther subdivided into



nanclusters A Ras nanocluster is an area of less than 20 nm in diameter that contains
approximately seven spatially concentrated Ras proteins and serves as a platform for
downstream effector recruitment and efficient signal propagdt@ho and Hancock,
2013) Ras must first interact with the galectin family of carbohydiateling proteins in
order toform a nanoclusterActivated HRas ecruitsgalectinl from the cytosoto the
plasma membrane where théyrm a complexin microdomains lacking cholesterol
(Belanis et al., 2008Acting as a scaffold, galectih stabilizes GTRound Ras, and the
resulting nanoclusters serve as a platform for Ras downstream signatlijpgression of
galectinl forces HRas out of the plasia membrane and causes its aitivo be
inhibited while overexpression of galectin increases the level cdctivated HRas
nanoclustering(Paz et al.,, 2001)In addition to directing protein trafficking and
conferring stability to ppteinrmembrane interactions, palmitoylation also dictates plasma
membrane microlocalizatiofMisaki et al., 2010; Roy eal., 2005) As previously
mentioned, monopalmitoylated -Ras (C181) is directly shuttled to the plasma
membraneand once therdt, is confined tdipid rafts. N-Ras, which can transit via REs
also localizes tdipid rafts. HRas requires gdmitoylation at C184 to move from lipid
rafts toraft-free regionsFurthermore, only GDBound HRas interacts with lipid rafts,
while activated HRas complexes with galectinto form nanoclusters in thmilk plasma
membrane(Rotblat et al., 2004, 20100verall, the postranslational modifications,
activation status, andstructure of the individual Ras isoformdetermine which
membranes they interact with on their way to the plasma membrantheindateral

movementwithin it.
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1.1.4. PostTranslational Modifications: Depalmitoylation

Unlike farnesylabbn, palmitoylation isa readily reversible processWhile
palmitoylation only occurs at the Golgi, depalmitoylation has been detected throughout
the cell(Rocks et al., 2005)n order for depalmitoylation to proceed, a small peptidyl
prolyl isomeras&known as FK50&inding protein 12 (FKBP12) must first birile G
terminus of H- or N-Ras (Ahearn et al.,, 20). FKBP12 catalyzes theis-trans
isomerization of proline (P179) within the HV&hd this conformational changeipes
Ras for depalmitoylatioby the putative acybrotein thioesterase 1 (API) (Duncan and
Gilman, 1998) The resulting dpalmitoylated Ras cycles back to the Golgi apparfatus
another round ofpalmitoylation and subsequent vesicular transport to the plasma
membrane(Rocks et al., 2005)Galectinl, which was previously mentioned for its
involvement in HRas nanoclustering, also acts as a molecular chapesnd returns
depalmitoylated FRas to the Golgi compleBelanis et al., 2008)nhibition of FKBP12
by FK506 results in plasma membrane accumulation -obHN-Ras (Ahearn et al.,
2011) This is also thease for shorterm inhibition of APF1 by palmostatin EDekker
et al., 2010) Longterm inhibitionof APT-1 causes a rdistributionof H- and NRas to
the endomembranes and a reversion of the transformed phenotype in MDCKRaalls.
itself has a haHlife of 24 h,but itspalmitoyl groups have a hdlife of 20 minto 2.4 hfor
N- and H-Ras, respectivelyLu and Hofmann, 1995; Magee et al., 198¥)Ras goes
through the deacylation cycfaster than HRas since only one palmitoyl group needs to
be removed, and as a resitltis also more abundant in the GolgpapatugRocks et al.,
2005) Intriguingly, GTP-loaded Ras is depalmitoylated faster than @idBnd Ras

(Baker et al., 2003)This further extends to the csiitutively active form, ashe
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palmitate turnove of oncogenic FRas is significantly reduced(<10 min) when
comparedto its wild-type counterpart. Thaltered conformatiorf the mutated FRas
causes thgalmitoylated cysteine residués becomemore acessible to the palmitoyl

thioesterase

1.1.5. PostTranslational Modifications: K -Ras4B

As opposed to the other Ras isoformsR&s4Bdoes not require palmitoylation
as its second signablightly upstream oits farnesylated cysteinesidue and stilvithin
its HVR, is a string of polybasic lysine residu@$arcock et al., 1990)K-Ras4B gets
shuttled directly from the ER to the plasma membrane by a poorly understood
mechanism that potentially involveset use of microtubulesnd/or cytosolic chaperones
(Nancy et al., 2002; Thissen et al., 199¥he positively charged lysine residuesK-
Ras4Binteract with the negatively charged phospholipid hexdbe plasma membrane
inner leaflet(Hancock et al., 1990)he electrostatic interaction provided by theine
residuescoupled withthe initial farnesylationmodification establishes stable membrane
association and allows-Ras4B toobtain full biological activity K-Ras4B preferentially
asseiates with the disordered mictomain of the plasma membramed usegalectin3
and actin tdorm naroclustergElad-Sfadia et al., 2004; ShaleFeuestein et al., 2009)
In order to leave the plasma membraneR#&s4B utilizes phosphorylaticas a farnesyl
electrostatic switcliBallester et al., 1987; Bivona et al., 200B)osphorylatiorof serine
(S181) by protein kinase C (PK@gutralizeghe net charge of the polybasic regiand
causes KRas4B to lose membrane affni ard localize to ermdomembranes.

Alternatively, it has been shown thgtutamatestimulated hppocampal neurons can
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recruit calcium/calmodulin complees to the plasma membrane and sequester Khe
Ras4Bfarnesylated membrane anchamd polybasic regioffFivaz and Meyer, 2005)
Similar to above, the ability to stably interact with membranes isalogtissociateK-
Ras4B returaback tointernal menbranessuch as the Golgi complex and endosarimes
either casepnly one modification can occur at a tinjdlvarezMoya et al., 2010)
Phosphorylatiorand calmodulinbinding both involve the ¥Ras4B polybasic region and
consequentlythe presence of or@evensthe other from occurring.

Taken collectively,it is clear that the HVRis modified by specific post
translational modifications to each of the Ras isoforfh&se modifications facilitate the
movement of Ras to the plasma membrane, stabilize its interaction for activation, and
when its activity is no longer required, release Ras back to intracellular membrféees.
following section will discuss Ras activation and highlight the main signalling pathways

and biological outcomes initiated by the activated protein.

1.1.6 Ras Activation and Downstream Signding
To recall, activated Rasinds to downstream effectors and initiasgnalling
cascadesvhichin turn, regulatesumerous and essential cellular procesghs. effectors
are identifiedby the presence of Ras association (RA) or-Biading domains (RBD)
that preferentially interact with GTPbound Ras(Wohlgemuth et al.,, 2005)These
domains lack primary sequentiomology, bushare a common tertiary structure known
as an ubiquitin superfolb(b UbbUB) . While not all protein:
Ras effectors, the ondsat interact with Raare well characterizedThe three main Ras

effectos are Raf, phosphoinositide -Einase (PI3K), andRaslike guanine nucleotide
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exchange factorRalGER. A simplified version ofRas downstream signalling can be
found inFigurel.2.

Of theseeffectors the Raf family (A-Raf, B-Raf, andRaf1) of serine/threonine
kinases wathe first to be identified in mamrhan cells, and their activity idependent
on Ras activation(Barnier et al., 1995)The pathway is first set in motiowhen growth
factors, such as epidermal growth factor (EGF), bind to their associated protein tyrosine
kinase receptors (PTKRLemmon and Schlessinger, 2000; Pawson, 2002)esponse,
the reeptors dimerize and phosphorylate the tyrosine residusn their cytosolic
domains. The residuesow act as docking sites for proteins containing an SH2 (Src
homology region 2) or PTB (phosphotyrosine binding) domain. The SH2 domain of the
adaptor prtein, growth factor receptebound 2 Grb2), bindsthe activated r@eptor and
recruitsSOSto the plasma membrane wherednstitutively bindsSOSusing its SH3
domaingMcKay and Morrison, 2007)Acting as a RasGEF, SOS removes the GDP from
posttranslationdy modified and plasma membraiassociated Raghereby allowing
GTP, which is more plentiful in the cytoplasthan GDP (1€fold), to take its place
(Colicelli, 2004) Activated Ras recruits Raf to the plaa membranevhere itinteracts
with the Ras binding domaiof Raf (Marais etal., 1995) Subsequent phosphorylation
eventslead toRaf activation, and as a serine/threonine kin@&sphosphorylates and
activates MAPK/Erk 1 and 2 (MEK1/2jSantarpia et al., 2012)n turn, MEK12
phosphorylatesand activate extracellular signategulated kinase 1 and (Erk1/2),
which are alsomitogenactivated protein kinases (MARK Erk1l/2 with over 200
downstreamtargets, can interactwith cytoskeletal elementsmembrane receptors,

cytosolic proteins (ie. 90 ribosomal S6 kinase), andnevenpass througkhe cytoplasm
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to the nucleus to phosphorylate transcriptfantors, such as EKL, ¢Fos, and €un
(Wortzel and Seger, 2011yVith its plethora of protein interactions, the Raf/MEK/Erk
signalling pathway is implicated irvarious biological outcomes, including cell
proliferaton, differentiation, and deatf.herefore, ti is no surprise thathis pathway is
linked to human oncogenesi&ctivating mutationstypically in theras or B-raf genes
lead to deregulation of this pathwapndresult inuncontrolled cell growth and sumal.
Early studies demonstrated thatroducingactivated Rafnto murine cell linesnduced
transformatio, and subsequenin vivo mouse models reinforced this pathway in
tumorigenesis(Cleveland et al., 1986; Cowley et al., 1994; Davies et al., 2002)
Mutations intheras andraf genes rarely overlajn human cancers. For instandéras
andB-raf mutations areachassociated with melanomas, but tumors rarely contain both
mutated formgAkslen et al., 2005)This suggest a level of redundancy betwedhe
activities ofRas and Raf, andtresses th@nportanceof the Raf/MEK/Erk pathway in
humanoncogenesis.

The secondnost extensively studieRas effector is PI3KClass | PI3Ks consist
of a regulatory p85 suwimit and a catalytic p110 subur{imenez et al., 2002)n
response to growth factgrSOSactivated Ras activates the p110 subunit of PW8Kich
catalyzes the conversion of phosphatidylinositol “jiSphosphate (PHP to
phosphatidylinositol (3,4,Syisphosphate (PHp (Cantley, 2002) PIP; directly binds
proteins containing a pleckstrin homology (PH) domain, such as phosphoinrositide
dependent kinase 1 (PDK1) and Akt, and recruits them toptasma membrane
Activation of Akt, which is also known as protein kinase B (PKB),ABK1 promotes

cell growth and survivaby regulating several downstream effectdfsr instance, Akt
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phosphorylags and inhibis glycogen synthase kinase 3 (GSK thereby preventing
cyclin D from degradation andllowing cell cycle progressn (Diehl et al., 1998)Akt
promotes cell survival by inhibiting theo-apoptoticfactor, BAD, causingthe release of
antrapoptotic proteia Bcl-2 and BctXL (Datta et al.,, 1997 The PI3K pathway is
regulated by the tumor suppressphosphatase and tensing homolog (PTEM)ich
dephosphorylateBIP; to PIR to terminate PI3K signallingMaehama and Dixon, 1998)
The PI3K pathway is also associated with RRaediatel oncogenesidn a study byGupta
et al. (2007) mice were g@erated withpoint mutations irpik3ca to prevent the p110
subunit from interacting with RasVhen theywere crossed with mice carrying the
oncogenicK-ras allele, which normallycausedung adenocarcinomdevelopmentthere
was almost noumorformation.This exemplifies howmportant the RaBI3K interaction
canbein Rasassociated tumorigenesls. addition to mutations in Ras, PI3K itself can
harbor activating mutations. This has beelservedin numerous human cancers,
including but not limited tobreast, colonendometrialliver, lung, brain, stomach, and
ovarian tumorgSamuels and Waldman, 201@imilar to Raf, Ras and PI3K mutations
tend to occur independently of one anothdut some overlap haseen detected in
endometrial and colorectal cancé@da et al., 2008yelho et al., 2005)Furthermore,
PTEN is one of the most commonly mutated tumor suppressors, and loss of its function
leads to unregulated PI3K signallinggbnormal growth,and cancer development
(RodriguezEscudero et al., 2011)

RalGEFis another well characterized Ras downstream effeltteerves as a link
between Ras and Ralnd consists of four human family members (RalGDS1,Rg2,

and Rgl3)(Neel et al., 2011)RalGEFs interact witiRasusing their RA domainsand
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subsequentlyactivate RalA and RalB small GTPases by exchang®®P to GTP
Similar to Ras, Bl can be inactivated by RalGARShirakawa et al., 2009Activated
Ral binds todownstream targetsuch as Rabinding protein 1 (R&P1), filamin, and
components of the exocyst complé8ec5 and Exo84) to contr@ndocytosis, actin
organization, anexocytosis respectively(Moskalenko et al., 2002; Nakashima et al.,
1999; Ohta et al., 1999)n addition to vesicular traffickingRal also associates with
transcription factors to regulateell proliferation and survivalRalB can cause its
downstream effector, Sec5, to compl ex
binding kinase 1 (TBK1)Chien et al., 2006)TBK1 phosphorylates and activateé®e

nuclear transcription factor,NF-e B to promote cell survival.l n t er ms

transbrming potential, it was originally believed to be limited and likely vary between

species.For instance, @ H-Ras effector mutant (2V/37G) thatcan only interact with

Ral, and notPI3K or Raf is unable to transform rodent fibroblasts, but can transform

primary human embryonic kidney celstrocytesand fibroblast§Hamad et al., 2002)

wi t h

of R

More recent studies indicate that the effector plays a strong role in human cancers and

their metastasigSmith et al., 2012)Elevated levels of Ral have been detected in

metastatic bladder, pancreatic, and presteancers, which is likely attributed to its

involvement in cytoskeletal organization and cell motilifurthermore,since Ral is

associated with activation of the aapoptotic transcription factoNF-a B, deregul at

of this pathway can lead to tumor cell survigidenry et al., 2000)
In addition to Raf, PBK, and RalGEF Ras interacts with numerous other
downstreaneffectors. These includeut are not limited toTiam1, MEKK1, Rin1,P L C U

and RASSEFEall of which have been linked tBasmediated oncogenesf&arnoub and

17



Weinberg, 2008)In brief T-cell ymphoma invasion and metastasiducing protein 1
(Tiaml) acts as a GEFotfacilitate Rasdependent activation of Rgtambert et al.,
2002) Activated Racis involved in actin organizatiorell migration and cell death, and
can also be activated by PI3K and RalGEH# Ras downstream effectddEK kinase

1 (MEKKZ1), is also involved in cell deailfruchs et al., 1998; Russell et al., 1995hce
activated, MEKK1 phosphorylates MKK4, which in tuactivates p38/JNK (ecjun N-
terminal kinase) signalling pathways to promote cell apoptdsdis. Ras interaction/
interference proteui (Rinl) is capable dilockingRas activity(Hu et al., 2005; Wang et
al., 2002) Rin1 competes with Raf for Ras binding amediatesthe endogtosis of
PTKRs to inhibit Ras signalling and cell transformatidrastly, members ofthe Ras
association domainontaining family RASSH function asumor suppress@and play a
role in cell cycle arrest,microtubule stabilizationand apoptosigRichter et al., 2009)
While the above demonstratéhe importance of Ras activation and downstream
signalling from the plasma membrane, the reality is that there is an encamoust of
crosstalk between signalling pathways, and that Ras activation and signalling is further
regulated by spatially distinct GEFs, GAPs, effectors, amdn the Ras isoforms

themselves
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Figure 1.2: Ras activation and signalling to downstream effect@rewth factors bind to

protein tyrosine kinase receptors (PTKR) and cause phosphorylation of tyrosine residues
and receptor activation. Grb2 binds to the activated receptor and recruits the RasGEF,
SOS, to activate Ras through a GDP to GTP exchange. Activated Ras interacts with its
effectors and initiates signalling to downstream pathways. The most studied pathways
include Raf, PI3K, and RalGEF. RasGAPs inactivate Ras by returning the protein to its

GDP-bound state.
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1.1.7. Compartmentalized Signalling Plasma Membrane

It was initially thought that the plasma membrane was the only membrane that
Ras could associate with for activatidRecent work has demonstrated that Ras is not
only functionalin plasma membrane microdomains, but that it is active in subcellular
locations such as the ERnitochondria,Golgi, and endosomg8ivona et al., 2006; Chiu
et al., 2002; Lu et al., 2009; Prior et al., 2001; Wolfman et al., 28@8) activation at the
plasma membrane is known to be transient and rapid, whereas activation at the
endomembranes is sustained and sloMost of what is known aboutRas
compartmentalizegignalling comesfrom artificially tethered constructs angutating
amino acid residues thaare essential to Raposttranslational modifications As
previouslymentionedthe plasma membranessidivided intolipid rafts and disordered
membranemicrodomains in which Ras associates with in an isofespecific manner
(Hancock, 2003; Hancock and Parton, 2005; Rajendran and Simons, 2005; Roy et al.,
2005) H-, N-, and kRas formnonoverlapping, spatially distinct nanoclustéosserve
as signalling platformsvithin these mirodomainsand also move laterally within the
plasma membrane based on their GTP status. Nanoclusters serve as the only site in the
plasma membranehere Ras activatabe RafMEK/Erk signallingcascaddTian et al.,
2007) At the plasma membrane,-Ras preferentially activates the PI13K/Agignalling
pathway, while KRas is more likely to activate RaflL. This also extends ttheir
constitutively activaté forms (Yan et al., 1998)In response to HRaf inhibition,
oncogenic N and K-Ras nanoclustering upregulated, while no changg observed in
oncogenic HRas nanoclustering (Cho and Hancock, 20)3 Interestingly,

phosphorylation of oncogenic-Ras was shown to prevelktRas nanocluster formation

21



in BHK and PC12 rodent cell ling®lowman et al., 2008)The same study concluded
that galectin3 and phosphorylation have separate sale K-Ras nanoclusteringin
contrast, a moreecentstudy notd that fhosphorylated and negphosphorylated forms of
oncogenicK-Ras4B segregate into distinct and +amerlapping nanoclustens HelLa
and HEK293 cells(Barcelé et al., 2013)The phosphorylated forms were primarily
located &the plasma membrane and generaiedogenic KRasnanoclusterso signal
preferentially to Rafl andPI3K. Thesedifferences are likely attributed to variations in
cell type and experimental conditions.

While oncogenic HRascan localize to endomembranesprimarily signas from
the plasma membrang.ommerse et al., 2005As suchtethered constructs tend to elicit
a similar responséMatallanas et al., 2006H-RasV12 tethered to lipid rafts or the bulk
membrane efficietly transforns murine fibroblastsand canactivade RalGEF, Erk, and
PI3K; however,JNK activationis diminishedin both casesTethering $ achieved by
incorporating an Nerminal LCK myristoylation signallipid raft associatedpr cluster
of differentiation 8alpha (C D 8) transmembrane domaifbulk membrane associated)
and further mutating the sites of palmitoylation (C181S and C184f)yefore mutating
Ras lipidation sitecauses differential localizatiofRas is confined to theytosol in
farnesylation deficient construct¢Cadwallader et al., 1994; Miyake et al.,, 1996)
Palmitoylation deficient N-Ras accumulatesin the ER and Golgi complex, while
palmitoylation deficient FRasexists in a dynamic equilibriurbetweenthe ER and the
cytosol, but haslso bendetected in the Golgi bod¥hiu et al., 2002; Goodwin et al.,
2005; Matallanas etl., 2006) The latteris unable to stably bind membranes and exhibits

decreased PI3K/Akt and Erk signallingurthermore, a mutation in C181 of-Rhs
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restricts the isform to the Golgi complex, whereasmutation in C184 still allows {Ras
to traffic to the plasma membran®oy et al., 2005) When tetheringH-Ras to a
particular plasma membrane microdomain or endomembrane, both palmitoylation sites

are mutaed toensure that the f&rminal tags the primary driver irH-Ras localization.

1.1.8. Compartmentalized Signalling: ER and Mitochondria

Extending thismethodology, Ras can be tethered to thebyRusing the amino
acid residues (1 to 66) of the avian infeas bronchitis virus M protein (M1) to the-N
terminus of RagSwift and Machamer, 1991FR-tetheredH-Rassupports proliferation
and transformation of murine fibroblasts, and efficiently activates RalGEF, PI3K,
Raf/Erk, andJNK downstream signallinVatallanas et al., 2006\Iso at the ERN-Ras
is known togenerate a strong argpoptotic signalsuggestinghat the ERmay play a
role in cell survival (Wolfman and Wolfman, 2000More commonly associated with
programmed cell death isignalling fromthe mitochondria(Bras et al., 2005)As
previously mentioned, phosphorylation of serine (S181) by PKC can catas4B to
localize to endomembranes, such as the ER, Golgi complex, and mitoch&ndviaa et
al.,, 2006) At the mitochondrial outer membrane-R@as interacts with BeXL to
promote cell apoptosig.his exemplifies how the location of-Ras results in completely
different biological outcomess signalling from thplasma memtane and ER promotes
cell proliferation and apoptosisespectively(Chiu et al., 2002Sung et al., 2013)in
contrast, NRas associates with outer and inner mitochondrial membranes to aid in
retrograde signalling ofuclear factor kappa BNFa B from the mitochondria to the

nucleus to promote cell survivAlVolfman et al., 2006)
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1.1.9. Compartmentalized Signalling: Golgi Complex

The largest discrepancy exists from Ras tethered to the Golgi complex. Tethering
Is achieved by fusing the KDEL receptor to théerminus of RagCaloca et al., 2003;
Cole et al., 1996)The KDEL receptor normallyunctions as a chaperone to transport
proteins from the Golgi compleback to the ERbut mutatingamino acidN193 inhibits
this movement and rendetise receptorasa resident Golgi proteirChiu et al. (2002)
demonstrated that-Rastethered to the Golgi complex transformed rodent fibroblasts
and efficiently activated PI3K/Akt and Erk signalling. The tethered construceddos
JNK activation when compared to the plasma membrane associated control. On the other
hand, Matallanas et al. (20063stablished that Golgethered Ras was not capable of
transforming murine fibroblasts and supported Ral 3N& downstream signalling.n
support of this, Ras tethered to the Golgi complex by thanatronchitis virus E1
protein 5 unable to induce cell transformati¢iHart and Donoghue, 1997Negative
regulators, such as Raf kinase trapping to Golgi (RKT@)ratinoic acidinducible gene
1 (RIG-1) also existo downregulate the Ras/Raf/Erk signalling pathwayshe Golgi
(Fan et al., 2008; Feng et al., 2007; Tsai et al.,, 20B&TG localizes to the Golgi
complex and sequesters Rabind BRaf, thereby blockingRasdownstream signalling.
RIG-1 resides at the ER and Golgi body, and functions by forming a complex with Ras to
prevent its activation. Another inconsistency exists Withactivation of Raat the Golgi
complex Some studies suggesiat Ras can be activated directly at the Golgi complex,
while others indicate that Ras must first travel to the péasnembrane and then
retrograde trafficback to the Golgi complexbefore initiating associated downstream

signalling pathwaygFehrenbacher et al., 2009; Mayinger, 201Hyen though some of
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the results areonflicting, the notion of conpartmentalized signalling isell supported.
The variation may be explained througas nanoclustering and the idea that distinct

microdomainsmay also exist imtracellularendomembranes.

1.1.10 Compartmentalized Signalling: Endosomes

Instead of traftking back to the Golgi complex, palmitoylated Ras can
accumulateon endosomes throughathrinmediated endocytosisl- and NRaslocalize
to endosomes through a conditional modification known as ubiquitinélima et al.,
2006) While poly-ubiquitination of any Ras isoforfeads toproteasomal degradation
monc or drubiquitination by the E3 ubiquitinigase, RabeX/RabGEF]1 causes
anchoring opalmitoylatedH- and NRas to endosomal membrar{&sm et al., 2009; Xu
et al.,, 2010) It is also regulated by the Ras effector, Risuggestinghat Ras may
regulate its own ubiquitinationSince Ras/Raf/Erk signalling primarily occurs aet
plasma membrane, rediténg H- and NRas to endosomes by ubiquitination reduces Erk
activation(Jura et al., 2006; Tian et al., 200If) support of thismutations that prevent
ubiquitination of HRas result in enhancedRiasplasmamembrane localization and Erk
adivation. As opposed to using ubiquitination to alter Ras intracellular localizattien,
deubiquitination enzyme, USP17, can indirectly sequestesind NRas to the cytosol
and ER by reducing the activityof the protease, R&e(Burrows et al., 2009)
Interestingly, USP17, does not blockR@as trafficking to the plasma membrane, and may
serve as a means of promotikgRas @wnstreanmsignalling over H and NRas(De-La
Vega et al., 2010K-Ras is rarelyetainedon endosomedhowever it can be internalized

by clathrirmediatedendaytosis and initiate MAPK signalling fromlate endosomes
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before lysosomal degradatigiou et al., 2009; Roy et al., 200Furthermore, KRas also
undergoes monabiquitination, but instead of endosomal localization, it results in
enhanced GTP loading and binding affinity iBaf and PI3K downstream effectors
(Sasaki et al., 2011)

As demonstrated aboveRas subcell@dr localization leads to variation in
signaling to downsream effectorsAs expected site-specific GEFs and GAPsxist to
regulate this responsgor example, RasGRF activates Ras in epithelial cells based on the
type of stimulus present. Calcium causes RasGRF to activate Ras at the plasma
membrane, whildysophosphatidic acid promotes its activation at the(BRzarena et
al., 2004) In lymphocytes, calum triggers recruitment fothe Golgispecfic GEF,
RasGRR, to the Golgi complex where it binds dy&glycerol and activates RgBivona
et al., 2003) At the samedime, plasma membranassociated Ras is inactivatbyg the
calciumreactive RasGAP, CAPRI. Modifying GEF or GAP function can also regulate
Ras signalling. The previously mentioned scaffaldt@in, galectin3, which functions in
K-Ras nanocluster formation, prevents RasGRP4 from activatimmnéiNRas isoforms
(ShalomFeuerstein et al., 2008)As a result, signalling from GTFBaded KRas
nanoclusters is promoted, and the activity of the other isoforms is suppressed. Likewise,
phosphorylation of GT#®ound KkRas sustains its activity #®I3K and Erkdownstram
effectors, while also preventing the RasGAP, pX&im inactivating the isoforn(Elad-
Sfadia et al., 2004)raken collectively, Ras signalling to downstream effectotsghly
regulated, andot only variesy Rassubcellularocalization, which is mainly attributed
to posttranslational modifications, but also by the stimulusd accessory proteins

present, and the type of cell in questidvith constitutively activated Ras involved in
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30% of all human cancers, and associated downstream pathwergsasing that
frequency to 50%it is no surprise thatany strategiebave been developed to inhibit

Ras activity (Calvo et al., 2010)

1.1.11 Targeting Ras for Cancer Therapy

The concept of inhibiting Ras signalling lends itself to theamobtf oncogene
addiction (Torti and Trusolino, 2011)The term referso cancer cellswhich, despite
having numerous genetic mutationbecome dependen on the activity of asingle
oncogee for their continuedproliferation and/or survivalThere are three recognized
models for oncogene addiction. The first, known as genetic streamlining, suggests that
nonessentialcellular pathways are inactivated over time as the tumor relies on the
signalling from the oncogémn protein (Kamb, 2003) Termination ofsignalling leads to
an attempt of cellular recovery, which ultimately fails, and endselhcycle arrest or
apoptosis. The second, termed oncogenic shock, postulates that oncogenes
simultaneousl stimulate both pro-survivd and preapoptotic signalswith the former
pathways dominatingh the tumor cell environmer{Sharma et al., 2006Pisruption of
the oncogenic proie leads to a rapid decline in peurvival signals and shifts the
balance in favour of death promoting signalling pathwagstly, the synthetic lethal
model describes a situation in whitie activities of two oncogenes functidgawards a
common downstameffector(Kaelin, 2005) When one is lost, the other is still capable
of maintaining celburvival; however the loss of both proves fatal.

Unfortunately, finding ways to target oncogeasand interruptits associated

downdream signallingis no small endeavor. If the direct approach is considehed,
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binding pocket or active site of Ras is made inaccessible due to the continuous occupancy
of GDPorGTPessent i al | y dgga bmli(dedingliR 2043) Rometheless,
some inhibitors do exist.he ScheringPlough inhibitors, such as SEH1292, are small
molecules that cahind in the active site without displaci@DP and likely function by
preventing the interaction of Ras with theasGEF, SOS(Taveras et al.,, 1997)
Furthermore, ewly discoveredsmall binding pockets in KRas havealso led to the
development ofcompoundsthat block SOSmediated Ras activatiofMaurer et al.,
2012) Alternatively, small molecules which prate GTP hydrolysis of oncogenic Ras
are also under consideratiglhhmadian et al., 1999)Another direct approach in
targetng oncogenic Ras is silencing its expression through RhArference (RNAI
Small interfering RNAshave beenshown tosilence oncogenic 4Ras expression in
tumor cell lines and inhibit their growttsmakman et al., 2005)nterestingly, another
study showed that tumor cell lines were sensitive tBa§ RNAI depending on the
degree of epithelial to mesenchymal transiti@mgh et al., 2009)Epithelial tumor cell
lines expressingnutant kRas were good candidates for RNAI, while thogpressing
mesenchymal markers were ndtis technique shows promise, but lacks in efficient
delivery, uptake by target cells, and effective gene silencing.

With direct targeting being rather unsuccessfuidirect methods stem from
inhibiting Ras downsti@m effectors or its association with membrangéle list of
inhibitors for Raf, MEK, Erk, PI3K, Akt, and RalGEFs is vast dmtause of their
efficacy as cancer therapeutiagimerous clirgal trials are currently underwayin
extensive review can be foumdselect chapters of The Enzymes, Vol.(8boper et al.,

2013; Gentry et al., 2013; Sheridan and Downward, 20IBg discovery that Ras
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requires posttranslational modifications for membrane association and activation
prompted an inhibition of the enzymes respons{klasey et al., 1989; Hancock et al.,
1990) The cytosolic farnesyltransferase was one of the first enzymes to be targeted.
Farnesyltrasferase inhiibors (FTIs) suppressea wide array of tumor cells both vitro
andin vivo, and were extremely effective in preventingRds farnesylation and reverting
cell transformation(Appels et al., 2005; Basso et al., 2Q0&urthermae, orally
developed FTls, such as Tipifarnib and Lonafarnitwere also well tolerated by
experimental groupsUnfortunately, clinical ials revealed that FTIs were unable to
targettumors driven byN- or K-Ras;the latter of which dominateim human cancers
(FernandeaMledarde and Santos, 2018s it turns out|f the farnesylation of Nor K-
Ras is inhibited, the proteinscan undergo alternate preylation by the
geranylgeranyltransferase type (GGTasel) (Whyte et al.,, 1997) Instead of
farnesylation, he GGTasd adds a 2&arbon geranylgerg! isoprenoid Ipid group to
the CAAX motif of N or K-Ras.This led to the development of GGTdsmhibitors
(GGTIs), which werealso tried in combination with FTIs, and the development of
compounds that served as dual prenyltransferase inhibitors)(PDRisanoi and Lu,
2013; Tucker et al., 2002kither treatmenbhas shown promise, but the concern lies with
doselimiting cytotoxicity. In order to achieve a significant reduction inRKs
prenylation, high dosesre required Unfortunately, in vivo studies revealedzero
survivability in mice at these level$-uture endeavomsith FTIs, GGTIs, and DPlmay
restin the delivery system where tumor cells arspecificallytargeted by antibodies or

nanoparticles.
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Palmitoylation is not considered an appropriate target for Ras inhibition as K
Ras4B does not require palmitoylation for activity, and palmitoylation mufantthe
other Ras isoformare still capable of GTP activation and some downstream signalling
(Fotiadou et al., 2007; Hancock et al., 1989; Matallanas et al., 26@&nitoylation
inhibitors, such as -Bromopalmitate (2BP), cerulenin, and tunicamyare broad
spectrum inhibitors and serve more as a molecular tool, than a cancer ther@dpeshic
2006) Other targets includethe postprenylation pocessing enaye, Icmt, and the
galectin family of Ras chaperon@€loog et al., 2013; Tamanoi and Lu, 201Bphockout
of lIcmt cause K-Ras to accumulate in the cytoplasm, prevé&ntas induced oncogenic
transformation,and improve myeloproliferative disease mice (Bergo et al., 2000,
2004; Wabhlstrom et al., 2008)Chemical compound screeningas led to the
identification of a potent Icmt inhibitor, knowas cysmethynillWinter-Vann et al.,
2005) Cysmethynil is highly specifior lcmt and causes growth inhibition or deaih
colon, prostate and liver cancer céMang et al., 2008, 2010)he main concern with
Icmt inhibitors is that the enzyme methylates many other proteickiding the Ras
downstream effector, Baf (Bergo et al., 2004)It is therefore important to determine
whether or not the inhibdan of Ras or other Icmt substrates are behind thetamor
effects.As opposed to targeting Ras modification enzyraelatively new approads
the inhibition of Ras chaperonedhe inhibitor, farnesylthiosalicylic acid (FTS,
Salirasib®) and its deratives selectively interfere with GHsound Ras and its
interaction with galectins to prevefas nanoclustering argignalling to downstream
effectors(Kloog et al., 2013)FTS can be taken orally and lacks clinical toxicity in mice

and humans. In terms of clirat efficacy, FTS has successfully targeted pancreatic and
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nonsmall cell lung carcinomas ipatients participating inphase Il clinical trials
(BustinzaLinares et al., 2010fFurthermorethe majority of studies assessing the effects
of FTS in combination witlcurrent cancer therapeutics hastown synergistic results
(Kloog et al., 2013)Whether direct or indirect, individual or in combination, targeting a
dynamic protein like Ras for cancer therapy is extremely difficult aifed with
countlesobstaclesFortunately, there is another avenue uraersideration that utilizes

biological agents aa therapeutic platform

1.112 Oncolytic Viruses

Oncolytic virotherapy refers to the use of live viruses in cancer theRpysell et
al., 2012) Theapproach idased on the notion theértainvirusescanselectively target,
replicatein, and destroy cancer cell®ncolytic viruses have uniguadvantages over
conventionalradiotherapyand chemotherapgKim et al., 2011) They generally target
cancer cells becausé their reduced pathogeity in normal &lls, and m comparison to
replicatiorincompetent vectorgandisseminate their viral progertg neighbouringor
distant cancer cells; thereldistributing a potent antumor responseDespite the aboye
there areconcerns with this@roach Firstly, to ensure that the virus efficiently targets
all cancer cells including those at sites of metast&ssondly to minimize damagé¢o
proliferatingcells and normal tissues, and lastty evade the natural immune response of
the hostsuch thathe virus is not eradicated before the cancer is destr&®ggghrdless of
thesechallengesmany virugs are currently undenvestigationas a cancer therapeutic,
and due to their demonstrated safety and effectiveanedmical trialswill lik ely result in

future commercialization and combination theragfegssell eal., 2012) These include
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adenovirus, herpes simplex virusieasles virusand vaccinia virus, which have been
geneticallyengineered to target tumor celldile redudng their pathogenicity to normal
tissues, as well as naturally oncolytic viruseshsasNewcastle disease virus, coxsackie
A virus, andreovirus When consideringoncolytic viruses which target Ragovirus is

the top contendetts affiliation with Ras and associated downstream pathwagded to

its usein phase I, Il, and liclinical trials (Coffey et al., 1998; Oncolytics Biotech Inc,
2014; Strong et al., B8). As such, the remainder of this chapter will focus on reovirus

and its interaction with Ras.

1.2. Reovirus

The Reoviridaefamily is made up o$mall, nonenveloped, doublstranded RNA
(dsRNA) viruses that anebiquitously found in the environmeand infect a wle range
of hosts(Gomatos and Tamm, 1963; Stanley, 19@¥ammalian REO rgspiratory
enteric orphan) virus ia member of this familyand derivesits name from its ability to
target humanupper respiratory and gastrointestinal traatgl generate a relatively
benign, and often asymptomatic, infecti@abin, 1959)Underthe orthoreovirus genus,
mammalian reovirus is classifiethto four main serotypesand five strains by
neutralization and hemagglutinatiamhibition assays(Attoui et al., 201; Ramos
Alvarez and Sabin, 1954; Rosen et al., 1960; Sabin, 19%@seinclude: Type 1 Lang
(T1L), Type 2 JoneéT2J), Type 3 AbneyT3A), Type 4 Ndelle (T4N)and the focus of

this study, Type 3 Dearin@ 3D).
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1.2.1. Structure and Life Cycle

The reovirusgenome consists of tetlsRNA segments, which are dividedtan
large (L), medium (M), and small (S) clasdesed onheir size(Ward et al., 2007)Each
of the segments encodes a singlal protein, with the exception df13 and S1 which
each encode twoA list of reovirus dsRNA segments and their respeet protein
products can be found iRigure 1.3A. The reovirus genome is encompassed by two
concentric, icosahedral protein capsids. The outer capsid is compriséds® , ¢ 1, and
| 2 structral proteins, and the inner capsid is made up2oéndl 1, as well ashe viral
replicat i on I&.nTheyremaising fosr proteins dre nstnuctural (NS) and
play a role in reovirus replication. The formation of viral inclusion bodies is aided by
sNS, a8 NS C, swshad recently been implicated in reovimduced cell
cycle arrest and apopiegBoehme et al., 2013; Kobayashi et al., 20@)ring its life
cycle, reovirus particles exist in three forms: mature virions, intermediate subviral
particles (ISVPs), r&d core particle§Borsa et al., 1973; Smith et al., 1969)

The reovirus life cycle begins with theinding of s1 to cell surface glycan
(Figure 1.3B) (Lee et al., 1981)These have been identified Bs linked 5N-acetyl
neuraminic acid sialic acidand ganglioside GM2 glycan for T3D and TI1L strains,
respectrely (Barton et al., 2001b; Reiss et al., 2Q12§ting as cereceptors, the cell
surface glycans allow reovirus to move laterally across the cell surface until it can bind
with higher affinity to its main receptofjunctional adhesion molecuke (JAM-A)
(Barton et al., 2001a)Following attachment, reovirus is internalized via receptor
mediated, clathridependent endocytosi€Ehrlich et al., 2004) This requires the

interaction of outecapsid protein,, 2, andb dintegrins(Maginnis etal., 2006) Caveolir
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mediated endocytosis may also be involved in ef@chulz et al., 2012After reovirus
enters the cell, it begins to disassemblearidified late endosomegMainou and
Dermody, 2012; Sturzenbecker et al., 19&A)steine proteases, such as cathepsin B, L,
or S, enable the virus to uncoat by digesta®jto reveale N and ¢ 1 (Ebert et al.,
2002; Golden et al., 2004)he former undergoes myristoylation, whtlee latter is
digested intohydr ophobi ¢ 0 (@hamdraniet dl.,r2808;nedlotdors and
Shatkin, 1992) These conformatio changes give rise to ISVPwhich penetrate the
endosomal membrane anduse transcriptionally active core particles to be released into
the cytosol(Mendez et al., 2008)SVPs can also be generated by intestinal proteases,
and by trypsin and chymotrypsim vitro (Bodkin et al., 198P As such, it is believed that
ISVPs may directly penetrate the plasmmembrane to enter theytoplasm,thereby
bypassing the endocytic procéBorsa et al., 1979; Chandran et al., 20@¥assembly

of the ISVP also causes activation of the RMApendent RNA polymerase3, and
primary transcription is initiated in the core particl@amakawa et al., 1982)Capped
MRNAs are released into the cytoplasm where they serve as templates for host cell
translational machineryAt this point, reovirus norstructural proteingsN S , @amds ,
eNSC and st r uct formdhe virplringlisien bodies er Zactories the
cytoplasm(Becker et al., 2001; Kobayashi et al., 200Bhese factories incorporate
cellular cytoskeletal structures, such mgrotubules and intermediate filaments, and
function as the main site of viral replication and asser{Babiss et al., 1979; Parker et
al., 2002; Sharpe et al., 198Progeny core particles begin to assemble, and within the
cores, the positivesense RNAs helpo complete the reovirus genome by servasy
templates for minus strand synthe§schonberg et al., 1971y he aldition of the outer
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capsd generatesaturevirions, and subsequent reoviriigluced apoptosis results in the
release of viral progenyOberhaus et al., 1997)n addition to infecting mucosal
epithelial cells, reovirus is naturally oncolytic virus thapreferentially targetsells
harboringconstitutivelyactivated Rasr one d its downstream effector@lashiro et al.,

1977; Strong et al., 1998)s a resultyeovirus exploits certain aspects of Ras signalling

to enhancats own replication.
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Figure 1.3: Reovirus structure and life cycl@A) Structure of a typical reovirus (left).
Translated products from the individual RNA strands of the reovirus genome (right). (B)
Reovirus life cycle begins by (1) attact) to host cell receptors, sialic acid and JAW
usings1 to induce receptemediated endocytosis. (2) Outer capsid protesisands3,

are shed and (3) the virus penetrates through the endosomal membrane resulting in core
particles in the cytoplasm. (4) Primary transcription of viral mMRNA occurs within these
core patrticles, and capped mRNAs are released and (5) translated by hoschbelery.

(6) As viral proteins accumulate in viral factories, new core particles are formed. (7)
Secondary transcription and (8) translation occur, and (9) assembly of the outer capsid
results in mature virions. (10) The virus is released via cell apispt¢ll) Direct
penetration of the cell membrane by reovirus ISVPs. Images modifiedStonulevitz

et al. (2005)
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1.2.2. Reovirus Utilizes the Ras Sigiiang Pathways

It has long beedemonstratethat reovirus is able teelectivelyinfect and kill a
wide variety of transformedells; however it was not until the 1990s that the link
between reovirus and Ras was establisfizuhcan et al., 1978; Hashiro et al., 1977)
Introduction of the epidermal growth factor receptor (EGFR)in a later study, its
constitutvely activated and truncated formendered reovirusesistant cells permissible
to reovirus infection(Strong and Lee, 1996; Strong et al., 1998hese findings
suggestedhat the signalling pathways downstream of EGFR, which iecRds, may
play a role in reowus oncolysis. In light of these findingsulsequentstudies showed
that murine cells transformed by SOS or Ras increased peemissivenesto reovirus
infection and deatl{Strong et al., 1998)With Ras implicated in efficient reovirus
oncolysis, researchers set out to determine which steps in the reovirus ldeveye
enhanced by the presence of an activated Ras pr¢hdarcato et al., 2007)
Constituively activated Ras contributetb reovirus replication by increasing the
efficiency of (1) reovirus mteolytic disassembly during entry, (2) infectious progeny
virion production, and (3) reovirus release by caspkegendent apoptosiBurthermore,
Rastransformed cellsare compromised in their abilityo induce and respond to
interferon beta (IFNb Y(Shmukvitz et al., 2010)During infection, pattern recognition
receptorssuch as RIE-like receptors, tollike receptors, and dsRNActivated protein
kinase (PKR)recognizeviral RNAs. In responselFN-U a n db ate Fupregulated,
which in turnstimulate genes that inhibit virus replication.Rastransformed cells, the
MEK/Erk pathway blocks signalling from RKE to inhibit IFN-b pr oduct i on, a

result, allows for efficient spread of the virus. Additionadysimilar situation may exist
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for PKR (Garcia et al.,, 2006)Upon binding viral dsRNA, PKR dimerizes and
autoplosphorylates itself for activation. PKR functions by inhibitifgst cell
translatioml machineryt h r o u g,lwhigh keasedreovirus protein synthesis in normal
cells (Bischoff and Samuel, 1989n Rastransforme cells, PKR phosphorylation ot
detected during reovirus infectiofbtrong et al., 1998)Therefore, Rasransformed cells
not only encourage certaisteps in the reovirus life cycle, but also reduce the antiviral

response of the host cell to enable efficnisreplication andpread.

1.2.3. Reovirusinduced Apoptosis

With the link between reovirus and Ri&gnly establishedit was imperative to
understand the mechanisms behts@poptosis of target cellReovirus triggers caspase
dependentell deathby utilizing both extrinsic and intrinsic apoptosis pathways.the
extrinsic pathway,tumor necrosis facterelated apoptosimducing ligand (TRAIL),
binds death receptors and recruits the adaptor proteiradsasiated death domain
(FADD). FADD activates caspas® which activates downsteen caspaseto initiate
apoptosis.inhibiting TRAIL, FADD or caspas® negatively affects reovirus oncolysis
(Clarke et al., 2000, 2001ayurthermoreijt has been shown that reovirigected cells
release TRAIL and downregulate the expression of cFhaIRRompetitive inhibitor of
caspaseé for FADD binding (Clarke and Tyler, 2007)The extrinsic pathway actually
feeds nto the intrinsic pathway through casp&sewvhich reovirus also requires for its
pathogenesigKominsky et al., 2002a, 2002bJCaspas® cleaves the preapoptotic
protein, Bd. Bid translocates to the mitochondria telease cytochrome C and

Smac/Diablo ¢econd mitochondriderived activator of caspasesdirect binding of
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inhibitor of apoptosis binding protein with low isoelectric point,, Rihich activate
caspase for cleavageof downstream apoptotic targets

Other deathrelated signalling pathways are also activated by reovirus. These
include stress activated protein kinasejurc N-terminal kinase (SAPKINK) pathways
and the transcription factorNF-a B A typical rewirus infection results in the
phosphorylation and activation of INKlarke et al., 2001b)n turn, JNK transloates to
the nucleus and activatesjun; thereby upregulating theexpression of pr@apoptotic
genes. JNK can also translocate to theoamondria where it can suppremstiapoptotic
proteins, such as B@ or BclXL, through direct phosphorylation or BAmediated
neutralization. Furthermore, JNK can stimulate the release of cytochrome C or
Smac/Diablo which are involved in activation of the caspase cascade and cellmnleath.
the context of reovirus infection, JNK inhibition blocks reovimduced cell éath by
delaying the release of cytochrome C and Smac/DidGllarke et al., 2004)T3
reovirusesend to induce more apoptosis than T1 remas) andhe ability to activate
JNK is linked tostraindiffererces in S1 and M2 reovirggenespoth of which are critical
for triggering apoptosidollowing virus disassemblyTyler et al., 1996, 1995)As
previously mentionedS1 encodes thattachment proteirs1l and the nosstructural
proteinsls, whil e M2 encodes.TBreowirusesnulefoslsarap si d |
unable to cause cell cycle arrest and induce lower levels of apoptmsicconpared to
the wild-type virus bothin vitro andin vivo (Boehme et al., 2013More work is needed
to determine hows1sis connected to th8NK or NFe B apopt ot Slightypat hwa
upstream of JNKis the Rasdownstream effdor, MEKK1. MEKK1 activates MKKA4,
which in turn phosphorylates and activates JNK. Consequemthyirus infection of
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murine embryonic fibroblasts that are null for MEKK show diminished caspaseivity
and reduced apoptogGlarke et al., 2004)

In addition to JNK, theeoviruse Cc o mp one nt s, alsaimpartamt in G , ar e
activatingcaspas@ andNF-a BpathwaygCoffey et al., 2006; Wisniewski et al., 2011)
During reovirus infectionNF-a Bsignalling is required for Bid activation, whichs
mentioned aboveis involved in theintrinsic apoptosis pathwagDanthi et al., 2010)
Interestingly, many reovirus infected agdictivateNF-a Bearlyon, butin later stages of
infection are found todownregulate its activitfClarke et al., 2003)NF-=e B r egul at e
both cell survival and deatlandperhapseovirus variests activity to achieve sufficient
progenynumbersbeforeinitiating cell apoptosisAlternatively, recent evidence suggests
that NFe B activation may no-induckdecellrdeathuand that f or
reovirus maytrigger necroptos through caspasendependentpathways(Berger and

Danthi, 2013)

1.2.4.Reovirus in Cancer Therapy

The ability of reovirus toeffectively induce apoptosisnia wide array of human
cancers haded to the establishmenbf the Canadian company)ncolytics Biotech
Incorporatedwhich investigates the thgreutic potential of reovirus (aka REOLYSIN®)
in human clinical trials. Currently, the company has thinyy ongoing or completed
phase I, I, or lll clinical trials(Oncolytics Biotech Inc, 2014)n brief, arly clinical
trials involving the intratumoral delivery of reovirusto malignant gliomas,and
subcutaneous and prostatenorsfound that it was safe, wetblerated by patients, and

had no dosdéimiting toxicities (Forsyth et al.,, 2008; Thirukkumaran et al., 2010)
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Furthermore, intravenous administration of reoviupatients withvarioustumors types
demonstrated the ability of reovirus to reach tumors systemically, as replication
competent viral progeny were isolated from tumor biopSidal et al., 2008)Multiple
doses of reovirus weralso well toleratedoy patientsand once again, producet
observable toxicityShowing promise, reovirus was tried in combination with sieshd
cheme and radiation therapies in patients with advanced cafidarsington et al., 2010;
Karapanagiotowet al., 2012) The total clinical benefit was high in all studies, and
prompted the first phase Il clinical trial of reovirusth carboplatin and paclitaxddbr

the treatment of head and neck cand@scolytics Biotech Inc, 2014)This trial is
currently underway with an initial enrollment of 80 patients; however, the trial was
recentlyexpanded by an additional 160 patients after the progression free survival data
was higher than expecte@iherefore,in order to maximize the efficacy of reovirus as a
cancer therapeutic, future trials will focus on combination thergmeshemotherapy,

radiation therapy, and targeted therapies) that provide synergistitianati effects.

1.3. Objectives

It is well established thateovirus preferentially targets Ramrsformed cells
(Coffey et al., 1998; Strong et al., 1998)is alsoknown thatRas controls a wide array
of downstream signalling pathwayshich in turn regulate essentiakllular processes,
such ascell growth, differentiation, and deatRajalingam et al., 200750 far, studies
have identified aspects of the reovirus life cycle that are enhanced in cells harboring
activated RagMarcato et al., 2007; Shmulevitz et al., 2018)t none have focused on

changes tamncogenicRas itself in response to reovirus infectibrset out to determine
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whetherreoviruscould alterthelocationof oncogenic Rgsand consequently, modify Ras
activity to initiate pro-apoptotic signking pathwaysrequiredfor viral progeny release
Considering that reovirus is currently undergoing clinical trialls, more important than
ever to idatify the mechasim behind its oncolysis, and provitlee potential to improve
its efficacy as a cancer therapeutic. With Ras being a major wmmgtiin human
oncogenesis, any study that characterizéise biological outcomes of its
compartmentalized sighing helps to expnd the current fieldand has té possibility to

reinforce old, and implememniew, therapeutic strategies.
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CHAPTER 2: MATERIALS AND METHODS

2.1. Cell Culture and Virus Synthesis
2.1.1. CellCulture and Reovirus Propagation

NIH3T3, L929, and 293T cell lines were purchased frothe American Type
Culture Collection (ATCCManassas, VAUSA). NIH3T3 cells were cultured iGibca®
Dul buccods Modi f(DMEM, Likeal gchnelogibbe @arlshan, CAISA)
and supplemented with 10%ewborn calf e'um (NCS, Thermo Fisher Scientific Inc.,
Huntsville, AL) and 1% v/v antibioticantimycotic(AA; Life Technologies). L929 cells
were cultured in GibcdModified Eagle Medium (ME) with 5% vi/v fetal bovine serum
(FBS), 1 mM sodium pyruvatel%v/v MEM nonessential amino aciqdlEAA) and1%
v/iv AA (Life Technologies)293T cells were cultured similarly to L929 cells with the
exception of DMEMand 10%v/v FBSbeingusedA |l | c el | l ines were me
in a 5% CQ humidified incubator with célculture medium beingeplacedevery 2 to 3
days.

Mammalian reovirus T3Dstocks were produced in L929 spinner cultures in
Jokl i kdos Modified ;ESggmaAdrichMeadada @akville,J ONE M
Canada supplementeavith 5% v/v FBS, 1mM sodium pyruvate, 1%/v MEM NEAA

and 1%v/v AA. The virus was purified as previously descrilfftEndez et al., 2000)

2.1.2. Molecular Constructs

H-RasV12 in pBMAE-puro was kindly provided bRr. Channing Der (University
of North Carolina NC, USA. N-Ras61K and KRasV12(4B variant)in pBABE-puro
were purchased from Addgene (Cataldi®43 and #12544; @aridge, MA, USA).
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Plasma membrane tether€@®8-HRasV1xx in pCEFL was a gift from Dr. Piero Crespo

(University of Cantabria, Cantabria, SpaifJD8HRasV1Xx was cloned into the

pBABE-puro vectorusing the primers listed imable 2.1. N-Ras61K and CDS8

HRasV12xx vectors werased as templates to clone the tethered and/or palmitoylation

deficient forms of activated Hand NRas into pBABEpuro (Table2.1). Palmitoylation

deficient constructs, denoted with an x or xx, refer to the replateofecysteine to

serine at sites 181 and 184 within the Ras sequence (C181S and C18&asVE2xx

and C181S in NRas61KXx).All constructs were verified by sequencing.

Table 2.1: List of primers and enzymseused in the cloning of tethered and/or
palmitoylation deficient Ras into the pBABguro retroviral vector.

Constructs Forward Primer Reverse Primer Restriction
56 to 3 56 t o 3¢ Enzymes
CD8HRasV12xx GTACAGATCTGCCGCC GAGTACGTCGACTCAG Bglll
ACCATGGCCTTACCAG GAGAGCACACACTTGC Sall
TGCTCATGCTGCC
CD8-NRas61Kx GTACAGATCTGCCGCC GAGTACCTCGAGCGCG Bglll
(Transmembrane ACCATGGCCTTACCAG GATCTCGGGAGGCT Xhol
portion)
CD8NRas61Kx GAGTACCTCGAGACTG GAGTACGTCGACTTAC Xhol
(N-Ras61Kx AGTACAAACTGGTGGT ATCACCACACATGGCA Sall
portion) G ATCCCATACTACCCTG
H-RasV12xx GAGTACGGATCCGCCG GAGTACGTCGACTCAG BamHlI
CCACCATGACGGAATA GAGAGCACACACTTGC Sall
TAAGCTGGTGG TGCTCATGCTGCC
N-Ras61Kx GAGTACGGATCCGCCG GAGTACGTCGACTTAC BamHI
CCACCATGACTGAGTA ATCACCACACATGGCA Sall
CAAACTGGTG ATCCCATACTACCCTG
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2.1.3 Retrovirus Synthesis,Infection and Gener ation of Cell Lines

To generate retrovirusencodingactivated RasnRNA sequences, ém disheof
293T cells were grown to 80% confluenty antibiotic free mediaAccording to the
manufactur d06s | prodt d°Radbyiarsiection magenwas added to
250 ¢ | -MBM® I @quced serurmedia (Life Technologies) | n anot her 25
Opt-MEM® media,2 . 6 e g of tetpBABERUm petrovi@lrvécandl . 4 € g
eachof plasmid MD2.G and pHIT60were addedThe regents were incubatddr 5 min
at room temperature (RTThe plasmid and lipofectamiontaining media wereixed
together and incubated for an additio@al mn at RT. The resulting mixturavasthen
added to the 293T cells for 6 &fter which the DNAcontaining media was replaced with
completemedia. Twentyfour hours laterthe retroviruscontaining mediavas collected
at 12 h intervalsuntil the cells begaio lose viability. The retrovirusontaining media
was pooledand centrifuged at 1000 g for 10i nm . The media was filt
aliquoted, and stored & 0 e C.

To infect NIH3T3 cellswith retrovirus, the cellsverefirst seeded at 6.25 x 10
cells/ml into a 6well plate. The following dg each well received ml of complete
medig 1 ml of the appropriateetrovirus, and Segdareneto a final concentratioof 8
ug/ml (SigmaAldrich Canada)After 4 h, the retrovirugontaining media was removed
and eplaced with complete medidwentyfour hours later, the cells were given
selection media contaimg 2 ¢ g/ ml o f Mopkinfeciech WiHBTB cells were
used as a control to monitor puromycin cytotoxicity. Once seledtedcells were
maintained for 3 to 4 weeks maximum, and if necessary, genen on 2% gelatin

coated plates
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2.2. Inhibitors

Unless otherwise indicated, inhibitors were adtteprewarmedmediaat 2 hours
postinfection (hpi). FK506 and FT4277 were purchased from Sigmddrich Canada
(Catalog #F4679 and #F9803) and usechatoncentr at i mmenayal, a 1 0
wor ki ng ¢ oncentwas utilized nfor 2dofomokeRadecaiic acid (2BP;
Catalog #s51714;Santa Cruz Bioteatology, Santa Cruz, CA, USA). InSolutith
Jun Nterminal kinase(JNK) inhibitor Il and caspase inhibitor I-YAD(OMe)-FMK
(ZVAD) were supplied by Calbiochem (Catal6420128 and #62761&MD Millipore,

Billerica, MA, USA) and used at a working concenmati o f  Bhe MEKM/2

e N

i nhibitor, uol126, was used at a concentrat

Technology, Danvers, MA, USANocodazole was used at a concentratioB of caktl
added directly to the cells 2 h before collecti@atalog #R17934; BIOMOL Research
Labs., Plymouth Meeting, PAJSA). All inhibitors were dissolved in dimethyl sulfoxide

(DMSO), which also served as the control in samples with no inhibitor treatment.

2.3 Cell Fractionation

At the indicated timgpostinfection,H-RasV12 cells were washeahd scraped in
phosphate buffered saline (PB8)yntaining potease inhibitor cocktail (PICSigma
Aldrich Canada The cells were passed througlB@&gauge needlenultiple times and
centrifuged at 700 g for 10 min. Thesultingsupernatant wasentrifuged at 100 000 g
for 25 minto isolate thesupernatant and total membrafiactions. The supernatant
cytoplasmicfraction was stored at-8 0 e C. The membrane pkl | et
RIPA buffer (50 mM TrisHCI, pH 7.4, 150 mMNaCl, 0.5% Nadeoxycholate, 1%
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IGEPAL CA®630) with PIC, syringal ten times and stored at8 0 eTBe samples were
later subjected tcsodium dodecyl sulfate polyacrylamide gel electrophoreSBS

PAGE) and western blot. Antibody information can be foundable2.2.

2.4. Ras-Activation Assay

Samples were collected according to the suggested protocol supplied by the Ras
activation assay kit (Catalog #P4.8; Upstate/Millipore EMD). In briefninfected(Ul)
or reovirusinfected cells were collected at the indicated times-pdsttion. The cd$
were washed twice with ieeold PBS, and scraped the provided 1x Mg lysis buffer
(MLB) with PIC. The samples were syringed with agztige needle and centrifuged at
14 000 g f o The poteimconcerdration®dfgh@ supernatants was détedn
by MicroBCA (Thermo Fisher Scientific Inc).

Inorderto puld o wn GTP b o u n dotaRell fysate was rotatgd wiihf
1 0 ¢Rafldras bindingdomain (RBD)agarosec onj ugat e f orThe45 min
beads were washed 3 times with MlbBgfore40 ¢ | olfaemthlk sample buffer was
added. The sampl es wer eloadeslatb &12% Trieglycine@ mi n &
acrylamidegel for SDSPAGE. A proportional amount of total cell lysatas loaded as

well. A western blotwas then performetb probe for RagTable2.2).
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Table 2.2: Antibody information for various experimental assays.

Anti body Host Working Concentration Supplier

Reovirus Rabbit 1:100 000 (WB) Patrick Lee Lab

1: 10000 (IF; ICC; FC)
Reovirus Rat 1: 10000 (WB; IF) Patrick Lee Lab
b-Actin (C4) Mouse 1:1000 (WB) Santa Cruz (sd7778)
Ras, clone RAS10 Mouse 1:10000 (WB) Upstate/Millipore (05516)

1: 400 (IF)

1 €g (IP)
HA Probe (¥11) Rabbit  1: 1000 (WB) Santa Cruz (s805)
TGN38 Rabbit  1: 400 (IF) Abcam (ab16059)
Calnexin Rabbit  1:100 (IF) Abcam(ab13504)
Golgin97 Rabbit  1: 40 (IF) Abcam (ab33701)
Transferrin Receptor ~ Rabbit  1: 200 (IF) Abcam (ab84036)
p 38 U20) C Rabbit  1:200 (WB) Santa Cruz (s635)
Phosphep38 MAPK Rabbit  1: 1000 (WB) Cell Signaling (#9215)
(Thr180/Tyr182)
Akt (pan) (C67E7) Rabbit  1: 1000 (WB) Cell Signaling (#4691)
PhospheAkt (Ser473) Rabbit 1: 1000 (WB) Cell Signaling (#4060)
ERK 1 (K-23) Rabbit  1: 800 (WB) Santa Cruz (s€4)
PhospheERK Mouse 1:400 (WB) Santa Cruz (s@383)
(E-4)
SAPK/INK Rabbit  1: 1000 (WB) Cell Signaling (#9252)
PhospheSAPK/INK Rabbit  1: 1000 (WB) Cell Signaling (#9251)
(Thrl83/Try185)
SEK1/MKK4 Rabbit  1: 1000 (WB) Cell Signaling (#9152)
Phosphe Rabbit  1: 1000 (WB) Cell Signaling (#9156)
SEK1/MKK4
(Ser257/Thr261)
Cy3-conjugated S.avidinii 1. 1 ¢ 1 (WB) Jackson ImmunoResearch
Streptavidin (016-160-084)
HRP-conjugated Goat 1: 10000 (WB) JacksorimmunoResearch
Goat antiRabbit IgG (111-035-003)
Cy2-conjugated Goat 1. 1000 (WB) Jackson ImmunoResearch
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Goat antiRabbit IgG 1: 50 (IF) (111-:225144)
1: 200 (FC)

Cy3-conjugated Goat 1: 1000 (WB) Jackson ImmunoResearch
Goat antiRabbit IgG 1: 50 (IF) (111-165144)
AF647-conjugated Goat 1: 1000 (WB) Jackson ImmunoResearct
Goat antiRabbit IgG 1: 50 (IF) (111-605144)

Alk P-conjugated Goat 1: 1000 (Ico) Jackson ImmunoResearct
Goat antiRabbit 1gG (112-055003)
HRP-conjugated Goat 1:10 000 (WB) Jackson ImmunoResearct
Goat antiRat IgG (112035003)
Cy3-conjugated Goat 1: 1000 (WB) Jackson ImmunoResearch
Goat antiRat IgG 1:50 (IF) (112165167)

DyLight 649 Goat 1: 1000 (WB) Jackson ImmunoResearct
conjugated 1: 50 (IF) (112-495167)
GoatantiRat IgG

HRP-conjugated Goat 1: 10000 (WB) Jackson ImmunoResearct
Goat antiMouse 1gG (115035003)
Cy2-conjugated Goat 1: 1000 (WB) Jackson ImmunoResearct
Goat antiMouse 1gG 1:50 (IF) (115225146)
Cy3-conjugated Goat 1: 1000 (WB) Jackson ImmunoResearch
Goat antiMouse 1gG 1:50 (IF) (115165146)
Cy5-conjugated Goat 1: 1000 (WB) Jackson ImmunoResearch
Goat antiMouse 1gG 1:50 (IF) (115175146)

WB: Western Blot; IF: Immunofluorescence; ICC: Immunocytochemistry; FC: Flow
Cytometry; IP: Immunoprecipitation; AF. Alexa Fluor; Cy: Cyanine; HA:
Hemagglutinin; HRP: Horseradish Peroxidase; IgG: Immunodjioieu

2.5. Acyl-Biotin Exchange Assay

H-Rad/12 and HRasV12xx transformed cells were infected with reovirus at a
multiplicity of infection (MOI) of 100.After 12 hpi, he cells weravashed once with iee
cold PBS, and incubated for 3 min ia palmitoylation lysis buffer § mM -
ethylenediaminetetraacetic aciB¥TA), 1% Triton X100, 50 mM Nethylmaleimide

(NEM), 1 mM NaVO,, 1 mM NaF, and0.1% PIC in PBS pH 7.4). The cells were

scraped, passed through agduge needle, and rotated for 1 Mag C . The | ysate

centrifuged at 10 000 g for 10 min at

supernatants was determined by MicroBCA.
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Cell lysates werepr ec|l eared for 1 h at 4eC uUusi n
Technologies) that were previoushcubated with normal mouse serum (NMS) fordt h
4eC. After 1 h, the magnetic beads were r
I mmunoprecipitate Ras, 1 mg of protein |ys
Protein G Dynabeads thatere prebound wi t h 2 ¢ JgableZ2). Fas anti
beads were washed 3 times with the palmitoylation lysis buffer, once with PBS, and then
incubated inN5S0 MM of NEM for 2 h at RTNEM forms stable thioether bonds with
reactive cysteine residues within the Ras sequeAtter treatment, the beads were
washed twice with PBS and then divided into two fractidmsrelease palmitate groups,
one fraction was atated with 1 M of hydroxylamine (pH =7.4) for 1 h at RT.
Hydroxylamine cleaves thioester bonds between Ras and its palmitoyl groups, but does
not cleave thioether bonds between Ras and its farnesyl githgsther fraction, which
served as a control,as treated with PBS for the same duration. Both fractions there
washed twice with PBS and incubatedi t h 3 2 0 -linM Biatidi-BMEZ"
(Catalog #21900; Thermo Fisher Scientific Infmj 1 h at RTwith rotation. EZ-Link
Biotin-BMCC™ forms a stablethioether linkage with any reactive cysteine residues
within the Ras sequenc&he samples were washed twice with PBS, and the beads were
resuspended in 30 el of 2x Laemnokr3minsaa mpl e
80eC and aB%diisylyeite acoylamidegel by SDSPAGE. TotalRaswas
detected by western blot using an d@Réis primary antibody andorseradish peroxidase
(HRP)-conjugated goat anthouse secondary antibody. Biotinylated protein, which

represents palmitoylated protein, wastected using CyB8onjugated Streptavidin. All
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antibody information can be found irable 2.2. Procedure modified frorbekker et al.

(2010)

2.6.Immunoprecipitation

In order to immunoprecipitate Ras or reovirus proteins,infected cells were
first lysed and collected according tthe palmitoyation lysis conditionsdescribed in
Section 2.5The protein concentration of the supeam$ was determined by MicroBCA,
and the e | | |l ysates were pr ecltem@ Bydabehds(Lifel h a
Technologies) that were previously incubated with normal maaseor rabbit serurfor
1 h at 4eC. After &regvedfrdmeghe oed lgsatestandcl mg efa d s
the precleared |ysatesithwbBgle ofot Rt edeiove@GnD
thatwere prebound with antibodies raised against Ras or reoyifable2.2). The beds
were washed 3 times witpamitoylation lysis bufferandr e suspended in 30
Laemmli sample buffer. The samples were heabed f 3 mi n at 80gC and
12% Trisglycine acrylamide gel by SDSPAGE. To determine if the
immunoprecipitatiorwas successfuthe membranesere probed usingntiRasor antt
reovirus primary antibodiesand HRPconjugated goat anthouse rabbit, or rat
secondary antibodies.The membranes were -pgobed to establish if ce

immunoprecipitation occurredll antibody information can be found Fable2.2.

2.7.SDSPAGE and Western Blotting

The @lls were collected at the indicated tiupeints and lysedaccordingly.
Samples destined for stdard SDSPAGE and western blotvere lysed irllx RIPA buffer
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with 0.1% PIC (see Section 2)3 The lysates were placeoh ice for 20 min, and
centrifuged at 14 000 r pm f orWhEneramminga t
protein phosphorylation.asnpkeswere washed twice with iceold PBS and lysed in 1x
RIPA buffer(see Section 2.3upplemented witBh.1% PIC,1 mM NaVO4, 5 mM NaF,

1 mM PMSF (phenylmethylsulfonyl fluoride), and 0.18osphatasénhibitor cocktail

lll. The cells were scrapedpnicated, placed on ice for 10 min, and centrifuged at 14 000

4 e (

rpm for 15 min at 4 el@eitheocasedHhprbteircconcentraon super

from the supernatamtas determined by MicroBCAhe @Il lysates were resuspended in

allratoo x Laemmli s amp]!l enerbapofeftehra ncooln t(abi ME)n ga nt

for 5 min at 95eC. Alternatively, |l ysat es

resuspended in a 1:1 ratio of 2x Laemmli sample buffer and boiled for 3 mig &8
proteinswere separated usidg-15% Trisglycine polyacrylamide gelsy SDSPAGE at

100 V for approximately2 h. Depending on the moleculareight of the target protein

the gels were transferred for 30 min to 1 h at 100 V onto PVDF mensbréhe
membranes wer@cubated for 1 h at RT or overnigita 4 e C i n bl%wX i ng
bovine serum albumin (BSAj Tris-buffered saline with 1% Twe&R0 (TBST) or 3%

w/v powderedmilk in TBST). Theprimary antibodies were diluted in the appropriate
TBST blocking buffer ¢eeTable2.2) and incubated on the membrgoe 1 h at RT. The
membranes were washed 3 times with TBST before a suitable Cy2, Cy3, Cy5, or HRP
conjugated secondary antibody was applied. After 1 h at R ,nmtembranes were
washed again with TBST and if necessary, developed using the Piefte Plus
western blotting substrate (Thermo Fishere8tific Inc.). The western blots were

visualized by the Typhoon 9410 variable mode imager (GE Healthcare Lifec8gjen
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Piscatavay, NJ, USA), and ImageJ 1.47v (National Institutes of He8ldthesda, MD,

USA) was used foprotein band quantification througlensitometry.

2.8. RNA Purification and Quantitative Reattime Pdymerase Chain Reacion
(QRT-PCR)

Total RNAwas extractedt 4 and 12 hpi using TRIZb{Life Technologies)To
isolate high quality RNA,e samples were treated with chlorofoaimd 100% ethanol
before being loaded onto the columns provided in the PurBLRI¥A purification kit
(Life Technologies).An oncolumn DNase | digestion was performed to remawy
residual DNA contamination, and the RNA was recovered according to the
manufact ur drndé sa p2rOo teolc orl e a cRNA wasusedZds €EDNA g o f
synthesisusing the suggesteprotocol fa SupeBcript® 1l reverse transcriptasg.ife
Technologies)yThe resulting c¢cDNA was -fdee Watet. Eagth wi t h
gRT-PCR reaction cont ai ne dsp&ificgptimere Table2B)] ut ed
nucleasdree watey and Promegd” GoTad gqPCR master mix(Thermo Fisher
Scientific Inc). After the initial denaturation step & 5 ef@@ 5 min the samples
underwent 40 amplificatiomycles @ 95e C f or 10 seawsingthed 60¢eC
Mx3000P™ realtime PCR system(Stratagene, Agilent Technologies Canada Inc.
Mississauga, ON, Canada@he samplegollected at 4 and 12 hpi were used to amplify
the reovirus S4§ and IFND genes respectively.Data was analyzed using MxPro gPCR
software (Stratagenednd mRNA levels were normalized to theglyceraldehyde 3

phosphate dehydrogenase@APDH) internal control.
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Table 2.3: List of gRT-PCRprimers.

Target Forward Primer Reverse Primer
50 to 360 50 to 360
GAPDH TGGCAAAGTGGAGATTGTTG AAGATGGTGATGGGCTTCCC
Reovirus S4) GGAACATTGTGAGAGCAGCA GCAAGCTAGTGGAGGCAGTC
IFN-b CCCTATGGAGATGACGGAGA CTGTCTGCTGGTGGAGTTCA

2.9. Detectionof Reovirus Infected Cells

Mock and reovirus infected celthat were treated with or withowdn inhibitor
were colected atl2 hpifor fluorescencectivated cell sorting (FACSYhe trypsinized
cells were washed with PBS, fixed @14% paraformaldehydén PBS solution, and
placedon ice for 30 min. The cells were washed with PBS andftéeftl h at RT or
over ni gihblockngbufferg32 BSA 0.1%Triton X-100 in PBS). The cells were
probedusing a polyclonal rabbitantireovirus primaryantibody ad a Cy2-conjugated
goat antirabbitsecondary antibodyf@ble2.2). Thewashed cellsvere quantified using a
FACScan flow cytomete(BD Biosciences, San Jose, CA, USA). Data was analyzed
using FCS Expre$¥ or CellQuest Prb” software (BD Biosciences).

Alternatively, at 12 hpithe cells underwent immunocytochemistry (ICC). The
plated cells were fixed and permeabilized inéodd mehanol for 5 min. The cells were
washed in PBS and |l eft for 1 h at RT o
The cells were probed using a polyclonal ralamitireovirus primary antibody andn
alkaline phosphatasmnjugated goat amntabbit secondary antibodyTable 2.2). The
cells were incubated with the appropriate antibody for 1 h at RTwasted3 timesin

PBS containing 0.1% Trito X-100 after each antibody incubatiorReovirus infected
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cells wee visualized through the use of a BCIP/NBT alkaline phosphatase substrate kit
IV (Vector Laboratories Ltd., Burlingame, CA, USA) diluted in 100 mMsTuffer in

ddH0 (pH = 9.5). Once reaws infected cells could be differentiated from uninfected
cells, a stop solution was added (5 mM EDTA in PBBje cells were photographed
using the Nikon Eclipse TS100 microscope and Nikon Coolpix 4500 caniikanrg
Canada Inc., Mississauga, ON, Canadample counting determineché number of

reovirus infected cells

2.10 Measures of Apoptosis and Cell Death

To determine the percentage of cells undergoing apoptosis and cell death, mock
or reovirusinfected cells that were cultured the presence absence of an inhibitor
were collected at 24 hpi for FACS analysis. The cells were stained with AnneRia V
and #AAD according to the manufaatue r 6 s I n st Biasdendey ansl ( BD
guantified using a FACScan flow cytometdirypan blue exclusion staing served as
another means ajuantifying cell deathLive cells prevent uptake of the dye, while dead
cells are unable to exclude the stain and turn Blt@4 hpi, trypsinized cells were mixed
in a 1:1 ratio with 0.4% trypan blue stain (Life Technadsy The cells were visualized
using the Nikon Eclipse TS100 microscopikon Canada Ing¢, and thenumber ofdead
to live cells wasdeterminedwith the aid ofa haemocytometenn either technige,
background cell deatinom uninfected cells was takem® account in orddo provide an

accurate representation of death caused by the virus and/or inhibitor.
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2.11 Plague Assay and Analysis

Non and Radransformed cells were cultured to 90% conflueacyl infected
with serial dilutions of reovirus. The cel
alzwe | | plate for 1 h at 37eC. The plates w
cells from drying out and to ensure even distribution ofines. After 1 h,an agar
mixture cosisting of 2% agafCatalog#BP1423; Thermo Fisher Scientific Inapd 2x
MEM (supplemented witR0% NCSand 2% AA in equal volumevas added to the cells
and allowed to set. Depending on the experiment, this mixtureetimes contained an
appropriate concentration of inhibitor or DMSO control. After the mixture solidified, the
plates were placed upside dow i n iacubat@re C

After 5 days, the cells were fixed in 10% formaldehydauted in PB$ for 20
min at RT. The agar plug was popped out and the cells were permeabilizeddalice
methanol for 5 min. The cells were washed in PBS and left for 1 h at RT or overnight at
4eC in bl o8&% B3$AgandbOuds fTetan XL00 in PBS. The cells were
incubated withpolyclonal rabbit antreovirus primary antibodyfor 1 h at RT and
subsequentlyalkaline phosphatasmnjugated goat antabbit secondary antibodfpr
the same duratiofiTable 2.2). After each of the antibody incubationthe cells were
washed in PBS containing 0.1% Tritor1X0. Reovirus plaquewere visualized through
the use of a BCIP/NBT alkaline phosphatase satestkit IV (Vector Laboratories Ltd.)
diluted in 100 mM Tris buffer in dd#® (pH = 95). Once reovirus plaquesuld be
differentiated from uninfected cells, a stop solution was added (5 mM EDTA in PBS).

The viral plaguesvere photographedusing theZeiss Stemi 2000C stereoscope and
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AxioCam HRC colour camergCarl Zeiss Canada Inc., Toronto, ON, Canaddaque
size was determined by measigrthelargestdiameterof everyplaquewithin each well

The plaque assay was also useddtermine theviral titer from a reovirus stock
preparation ofrom infected nonand Radransformed cellsA slightly different protocol
was followed.In the former, purified eéovirus from infected L928pinner cultures was
serially diluted to infect 90% confluent monolayert ltoghly permissive L929 cells.

After determining the titer of the reovirus stock preparation on L929 cells, a higher MOI
is required ¢ infect the same number of NBHi3 cells. Rovirus is over 10imes more
effective at binding L929 cellthan NIH3T3 cells,and as suchan MOI of 10 reovirus
pfu/cell is needed tanfect approximatelyl0i 30% of NIH3T3 cells (Marcato et al.,
2007) In the latter, reovirus infected noand Ragransformed cells were tected at 24

hpi to obtain total and release reovirus samples for titration. Reovirus release samples
were collected by removing 1/1®f the media volume, and centrifuging it for 5 min at
1000 g. To ensure that thamspleremained cell freepnly 80% ofthe supernatant was
removed and stored & O eAfer reovirus release was collected, the same well received
1/10" its original volumeof 10x RIPA buffer (10% NRIO, 5% Nadeoxycholate, 1%
PIC). The cells were scraped and store@dd e C .

Total and retdase reovirus samples were serially diluted to infect 90% confluent
monolayers of L929 cells, and as per above
alzwe | | plate for 1 h ateveByIOenth. Aftedrhle anpabaat es v
mixture made upof 2% agar and 2x MEM (supplemented with 10% FBS, 2 mM sodium
pyruvate, 2% MEM MEAA, and 2% AA) in equal volumevas added to the cells and

all owed to set. After the mixture solidifi
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incubator for 5 dag. After 5 days, the cells were fixed in 10% formaldehyde (diluted in
PBS) for 20 min at RT. The agar plug was popped out and the cells were permeabilized
in ice-cold methanol for 5 minCrystal violet 6 g in 50% ethandlwasthenusedas a
contrastingstain to highlight the viral plagues within the cell monolayé&eovirus
plagues were counted and tiiter wasdetermined. Titers are denotad plaque forming

units (pfu) / ml,or as % release.

2.12 Immunofluorescence (IF)Microscopy

Non and Radransformed cells were grown overnight on gelatiated cover
slips. To decrease the likelihood of the cells lifting off the cover slips, the cells were
infected with diluted reovirus in a vol ume
larger volume pvided enough surface coveragigchthat the plates did not need to be
shaken during infection. If required, 2BP or FA47 was added at 2 hpi. At 12 hpi, the
cells were fixed in 4% paraformaldehyde (in PBS) for 20 min, washed in PB3efand
fordhatRT or overnight at 4eC in bl d@kni ng bu
PBS). Reovirus e@ponential growthoccurs between 6 and 12 hpi, aritle latter time
point was chosen to assess dffiect of the virus on target cell§Shmulevitz et al., 2012)
Primary and Cyconjugated secondary antibodies (Fable2.2) were diluted in blocking
buffer and incubated on the cover slips for 1 h at RT. PBfagong 0.1% Triton X100
was used to rinse the cells. Covslips were mounted onto slides using FluoroShield
mounting medium$igmaAldrich Canadaand further sealed with nail polish. The cells
were visualized using théeiss LSM 510 Meta laser scanginonfocal ncroscope(Carl

Zeiss Canada Ing.and later analyzed by the LSM image browser.
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2.13 Statistical Analyses

All required statistical analyses were completed using SYSTAT 13 (Systat
Software Inc., Chicago, IL, USATwo sample tess were usedo compae the effect of
a single inhibitor on individual cell lineé& one-sample itest was performed to determine
whether a fold increase was greater than ¢ihthere was a high degree of variability
between individual trials, then a pairedest wa employed instead. One or tway
analysis of variance (ANOVA) was used when examining the effect ofdwmore
factors.A nested ANOVA was utilized for plaque size analysisjchtallowed the effect
of individual wells within each treatment to be takato accountT u k e y 6wase pai r

comparisons werthenused to identy significant differences betwedactors.
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CHAPTER 3: RESULTS

Reovirus is anaturally occurringoncolytic virus thatpreferentially targets Ras
transformed cellCoffey et al.,, 1998; Strong et al., 1998)s genome, which is
comprise of ten dsRNA segment&aveslittle room for genetic nmapulationin the
creation ofa functional virion As such, thestructure and size dhe reovirusgenome
suggests a level aenomic and proteomimultitasking during its infection of target
cells. Marcato et al. (2007highlighted certain stages of the reovirus life cyQke
disassembly, virion production, and apoptosigt were enhanced iRastransformed
cells, but the direct relanshipbetween reovirus andas haget to be examinedas is
a dynamic protein that functions at the center of a signalling hub to cantrimle array
of cellular processesincluding growth, differentiation, and deailPrior and Hancock,
2012) When Ras is constiutively activated through mutation its signalling to
downstream effectors becomdaregulatedand can lead t@ncogenesisWith reovirus
currentlyundergoing clinical trials and demonstrating its efficacy as a cancer therapeutic,
a lot of emphasis has beelaced on understanding the molecular mechanisms behind its
oncolysis (Oncolytics Biotech Inc, 2014)Taken collectively, his studyset out to
determine whethereovirus was capable ofmanipulaing oncogenic Ras to trigger
apoptosis of target cells by alterintg posttranslational modifications, intracellular

location, andsignalling to downstream effectors

3.1.Reovirus Infection RedistributesH-RasV12from the Plasma Membrane
The following experiments were designed to assess any variations in Ras

localization following reovirus infectiarJsing immunofluorescence, Ras was visualized
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in nontransformed and HRags/12 transformed cellsTo recall, when Ratransformed or
nontransformed cells armentioned throughout this chapter, it refers to NIH3T3 cells
that were freshly transformed by retrovirus containing activated Ras or the vector control
(PBABE-puro). Transformed NIH3T3 cells are a well establisheadsl system utilized

in our lab for the pst twenty years. While most cancers are of epithelial origin, the data
obtained from this model system has led to a better understanding of reovirus
pathogenesis and provided the basis for clinical investigation of reovirus as a cancer
therapeutic.Endog@ous Ras levels were faintly detected in 4t@msformed celldy
confocal microscopyFigure3.1A), and as a result of the retrovirbased celsystemH-
RasV12 wastlearly expressed in the Rasansformed cell{Figure 3.1B). H-RasV12
requires posprenylation processing and localizes to the Bnd Golgi body before
reaching the cell surfagéhearn et al., 2012)As expected, FHRasV12 showed distinct
plasma membrane and endomembrane localizatiaiminfected Rasransformed cells
(Figure 3.1B). Interestingly, reovirus infectionf H-Ras transformed cells appeared to
alter the normal distribution of RasV12. At 12 hpi, reovirus factories could clearly be
seen in the perinuclear region of the host cell, howev&abV12 seemed to lose its
plasma membrane localization and accuneulat nonoverlapping, punctate structures
(Figure 3.1B). Furthermore fractionation of reovirus infected celisto membrane and
soluble fractionsndicated an increase in soluble Ras during the first 18 hours of infection
(Figure 3.2). With immunofluorescencand cell fractionatiorsuggestingthat reovirus
infection alters thedistribution of Ras, co-immunoprecipitations were performed to
determinewhetherany direct interaction between oncogenic Ras and reovirus proteins

occurred Neither immunoprdpitations carried out by anRas nor antireovirus

62



antibodies yielded any indication that the proteins associatedonéfanotherduring
infection (Figure 3.3). These resultsvere consistent witthe lack of overlap observed

between reovirus factories and Ras punctate structures by confocal microscopy.
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Figure 3.1: Reovirus infection results in a redistribution ofR&sV12 from the plasma
membrane(A) Non-transformed cells were stained with aRas antibodies (green) and
imaged at 630x magnification by confocal microscopy to visualize endogenous Ras.
Scal e bar :-R&\WL2 ttansformedB¢lls vikre infected with reovirus at an MOI

of 20 andfixed at 12 hpi. The cells were stained with &Rés (green) and antgovirus

(red) antibodies, and visualized under 1000x magnification by confocal microscopy.
White squares highlight regions that ar e
indicate plasma membrane localization in uninfected cells and punctate formation
following reovirus i nfection. Scale bar:

independent experiments.
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Figure 3.2: Soluble Rasncreases during reovirus infectidd-RasV12 transformed cells

were mock or reovirus infected at an MOI of(Z).At the indicated times postfection,

the cells were collected and subjected to fractionation. The fractions were separated by
SDSPAGE ad probed with antRas and antb-actin antibodies. Ul: uninfected. (B)
Wholecell lysates were collected at the indicated times-pdsttion, and following
SDSPAGE, were probed using an argpvirus antibody. , € , S represent the

location of rewirus proteins. Blots are representative of three independent experiments.

66



A

ur 6 8 10 12 18 U 6 8 10 12 18 hpi

- « Unprocessed and Farnesylated Ras
«— Farnesylated and Palmitoylated Ras

[ eSS, -2 tin

Cytosolic Fractions Membrane Fractions

B

Ul 6

8 10 12 18 hpi

P8

n

Anti-Reovirus

67



Figure 3.3: Reovirus proteins do not interact with Ras during infectidrRasV12
transformed cells were infected with reowrat an MOI of 100 and collected at 12 hpi.
Precleared lysates were immunoprecipitated with the appropriate antibody and subjected
to SDSPAGE and western blot analysis (n = 2). (A) Ras immunoprecipitations were
probed using ariRas, antreovirus (rabbif, or antireovirus (rat) antibodies to determine

if any reovirus proteins were present in the Ras IPs. (B) Reovirus (rabbit or rat)
immunoprecipitations were probed with argbvirus (rabbit), antRas, or antreovirus

(rat) antibodies to determine ifng Ras was present in the reovirus IPs. Winelé
lysates were used as a conttql. € ,s indicatd the location of reovirus proteins on the
western blotsHeavy and light chains indicate antibody fragmehik. uninfected; V:

reovirus infected.
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3.2.Depalmitoylated H-RasV12 Increase during Reovirus Infection

Ras is a small GTPase that functions as a molecular switch. When bound to GDP,
Ras is imctive and unable to bindlownstream effectors. RasGEFs exchange GDP to
GTP to activate Ras amhable downstream signallirfyfigil et al., 2010) Single amino
acid substitutions, typically at sites 12, 13, and 61, result in mutated Ras proteins that are
unable to hydrolyze GTP intrinsically or through the action of RasGAPs, and
consequentlyremain constutively activated(Bos, 1989) Therefore, thdevel of GTR
bound Ras is also a measure of activated Basg a Ras activation assay, which pulls
down GTRbound Ras using the RafRBD, changes to the GilBading status of H
RasV12 were assessed in the context ofires infection. Total Raslevels,inclusive of
all GDP and GTkhound Rassoforms, remained constant durimgfection; however
activated Ras levelwere slightly upregulateah reovirus infected cellssthencompared
to the uninfected controlThe most notable change was not due to the levels of Ras
activation, but to the large gel mobility shift that occurred betvéeand 12 hpin lysates
t hat wer e not (Figuree3dA).eDde towthe additiof i Epid groups, H
RasV12 exists in many forms throughout the @tllany given timgincluding newly
synthegzed, farnesylatedand dualy and mongalmitoylated(Arozarena et al., 2011)
During SDSPAGE, lipidated Ras runsnore quickly through the gel tha its non
lipidated form as the lipid groups increase SDS binding and the overall negative charge
on the proteinGutierrez et al., 1989; Hancock et al., 198Bherefore, an upward gel
mobility shift of H-RasV12, like the one observed between 6 and 12itmpijes the
removal of lipid groupsrom the oncogenic proteirRasalso has a halife of 24 h,

which isapproximatelthe time it takedor reovirus to omplete its life cycle in NIH3T3
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cells (Magee et al., 1987)Since reovirus infection did not alter the expressemels of
total Ras, targeting Ras lipidation would provide a feasible means to manipulate the
oncogenic protein. After undergoing farnesylation, Rapelsmanently modifiedthus
making the reversible modification gbalmitoylationa more likely targetfor reovirus
(Ahearn et al., 2012)f this was the case, then treatment of the pull downpdes with
t he r educi nshould geave the thidedldt linkage betweeRasV12 and its
palmitoyl groups and abolish the gel mobility shifStickney et al., 2001)t is worth
noting that BbBbME is unabl e thatexisihetweereRas h e
and its farnesyl groub ME t r eohthefasrptlldowns eliminated the previously
observedyel shift andresulted in themigraton of Rasat its expectedmolecular weighof
~21 kD in both uninfected and reovirusfected samples; suggestinbat reovirus
infection may manipulate Ras palmitoylatigdfigure3.4).

Palmitoylation is a difficult modification to detefitinder and Deschenes, 2006)
There are ndknown antibodiesagainst palmitoyl groupand theclassical approach
involves metaboliclabelling by radioactivepalmitatewith long exposure time#\s such,
recently developed acyiotin exchange chemistry was performed to quantify the amount
of Ras palmitoylation following reovirus infectiofDrisdel et al., 2006)Acyl-biotin
exchange chemistrinvolves removing the palmitoyl group from Ras and replacing
with a detectable reagenin this casebiotinrBMCC. H-RasV12xx was engineered to be
palmitoylation deficien{C181S and C184S)ndserved as aontrol for this study The
lack of palmitoylation couldbe observed by the gel mobility shift in theR&sV12xx and
hydroxylaminetreated HRasV12 samplefFigure 3.5A). Unexpectedly, hydroxylamine

treatmenof immunoprecipitations from HRasV12 cellgesulted in prominent bandisat
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were double the size of Ras in the &Réis western blofThis observation was also noted
in N-Ras transformed cells, and subsequent treatment of the samplebMith
eliminated the upper Ras band (data not shoRichemical analysis has suggested that
solubleand farnesylated Ras can form dim@&oodwin et al., 2005)At 12hpi, asmall
amount of biotin was detected in theR&sV12xx control cells and the-RasV12 cells
treated with PBSThis was considered background levefsdetection and represented
cysteine residuewithin the Ras sequentieat were insufficiently quenched by NEM and
resultantly, available for biotinBMCC binding Longer NEM incubation timesver
guenched the system and thus, the western blot repreékentgtimized conditions for
this assaylIn the HRasV12 samples treated with hydroxylamipalmitoylated proteins
were represented by the presence of angtrbioin signal When compared to the
uninfected control, reovirus infection of-RasV12 transfaned cells dcreasedRas

palmitoylationlevelsby 296 at 12 hp(Figure3.5B).
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Figure 3.4: Reovirus nfection results in a gel mobility shift in GTsbund RasH-
RasV12 transformed cells were mock or reovirus infected at an MOI of 20 and collected
at the indicated times postfection. (A) Left and center panels: Cell lysates were
incubated with Rafl. RBD conjugated agarose beads to qudivn GTRbound Ras. The
resulting puldown was treated with 2x Laemmli buffer {#-mercaptoethanol) and
subjected to SD®AGE and antRas western blot probing. Right panel: Western blot of
wholecell lysates to deterine the total amount of Ras present at each-pioet.
Arrows indicate the location of Rad) As a control, western blots of whedell lysates

were probed using anteovirus and ardb-actin antibodies. Blots are representative of
three independent experimerits. ¢ ,s represent the location of reovirus proteins. Ul:

uninfected.
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Figure 3.5: Reovirus infection of FRasV12 cells decreasd®as palmitoylation.H-
RasV12 and FRasV12xx transformed cells were mock or reovirus infected at an MOI of
100 and collected at 12 hpi. (A) Cell lysates wanenunoprecipitated using arfdas
antibodies and treated with either PBS (control) or hydroxiylanto remove palmitate
groups from Ras. All samples underwent daigitin exchange chemistry and the
resulting western blots were probed with ééis and streptavidin. Ul: uninfected; V:
reovirus infected; C: beads + aRas (no cell lysate); H: hydrolamine treatment. (B)
Quantification of the acybiotin exchange assay. Western blot bands were analyzed by
densitometry and a paireedst was used to compare the data (£ S.E.; n = 3). (C) As a
control, western blots of wholeell lysates were probed ugi antireovirus and antfo-

actin antibodied., ¢ ,s represednt the location of reovirus proteins.
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3.3.Reovirus Infection Causes Golgi Fragmentation andhe Accumulation of
H-RasV12in the TGN

Ras is palmitoylated at the Golgi body, and wiglovirus infection reducing the
levels of palmitoylated Ragt prompted a closer investigation of the organelle itself.
Using confocal microscopy, the flattened stacks of the Cadgiplex, as well as the
typical perinuclear crescent formation could clgare seenri both uninfected nonand
H-RasV12 transformed cell§igure 3.6A-B; top panels). In reovirus infected cells, the
perinuclear stacks wet@oken up into punctate structures; an indication of early Golgi
fragmentation(Figure 3.6A-B; bottom panels). Golgi fragmentation is usually observed
during mitosis, but it can also occur as an early apigptoent or through cytoskeletal
interference(Colanzi et al.,, 2003; Mukherjee et al., 2007; Nozawa et al., 2062)
support & the later, uninfected HRasV12cells were treated with nocodazole to disrupt
microtubules and induce thedepolymerizationSimilar to reovirus infection, the Ggil
complex formed punctate structures in the presence of the(Biguye 3.6C). It is well
known that reovirus utilizes cytoskeletal elements to seimap inclusion bodies and that
the structur al pr ot ei n,(Pake? et al.a20@oStarpe etals wi t
1982) Since reovirus T3D inhibits cell proliferation of infected cgPoggioli et al.,
2000) it is likely the formation ofperinuclear reovirus factories and the lytic nature of
the virusthat contribute toGolgi fragmentation.

Earlier in this chapter, it was shown that oncogenic Ras formed punctate
structure following reovirus infection; howeverthe dentity of these structures was
unknown at the time.H-RasV12is subjected to podtanslational modifications that
enable its interaction with endomembranes and the plasma men{@iaean et al.,
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2012) Oncogenic HRas is typically associated with the plasma membrane, but when its
palmitate group is removedt cycles back to the Golgi body for @her round of
palmitoylation.Knowing that reovirus infection decreased the palmitoyldgealsof H-
RasV12and caused Golgi fragmentatjohwas likely that the punctate structures were
either the ER or the GolgiConfocal immunofluorescence microscopy of reovirus
infected HRas transformed cells revealed colocalization of Rastatm structures with

the TransGolgi marker, TGN3§Figure3.7). Therefore, reovirusnduced fragmentation

of the Golgi body leads to accumulation ofR4sV12 in this organelle.
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Figure 3.6: Reovirus infection causes fragmentation of the Golgi body in aod H

RasV12 transformed cell§¢A) Non-transformed and (B) HRasV12 transformed cells

were infected with reovirus at an MOI of 40 and 20, respectively. The cells were fixed at

12 hpi andstained with antibodies against Golgin97 (red) and reovirus (blue) proteins.
Imaging was performed at 630x magnification by confocal microscopy. White squares
denote regions that were further enlarged
(C) Prior to fixation, uninfected FRasV12 transformed cells were treated with
nocodazole for 2 h. The cells were stained with-&atigin97 (red) and anfkas (green)
antibodies, and visualized by confocal microscopg3ix magnificationScale bar: @

e m. | amargpeesentative of three independent experiments.
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Figure 3.7: H-RasV12 accumulates in the Trans Golgi Network (TGN) during reovirus
infection. (A) H-RasV12 transformed cells were infected witovirus at an MOI of 20.
The cells were fixed at 12 hpi and stained with-&as (green), antieovirus (blue), and

antrTGN38 (red) antibodies. Imaging was done by confocal microscopy at 630x

magnification. White squares highlight regions that are gndad under t he 0
heading. Scale bar: 20 e m. (B) A further
bar: 20 &m. |l mages are representative of t
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3.4 The Palmitoylation Inhibitor 2BP Causes Further Accumulation of H-

RasV12 in the Golgi body and’romotes Reovirus Spread

With reovirus infection causing HRasV12 to accumulate in the Golgi body and
decreasing Ras palmitoylation levels, it was speculated that the use of a palmitoylation
inhibitor could provide synergisticffects to reovirus oncolysis. Despite being fion
specific, 2BP is commonly used as a Ras palmitoylation inhibitor and is believed to target
the Ras PAT, DHHCECP16(Redh, 2006) 2BP is predicted to act as a palmitate analog
andcompete with palmitic acid to irreversibly bind targgsteine residues or incorporate
into the binding pocket of PATSs. It is also known to interfere with fatty aeickidation
and triacylgleerol biosynthesis.While it is more effective at preventing the
palmitoylation of monopalmitoylated-Ras, 2BP can reduce the levels of palmitoylation
in oncogenic HRas by ~20%(Roy et al.,, 2005; Webb et al., 200@)sing confocal
microscopy,2BP treatment ofeovirus infected H-RasV12cells resultedin twice the
amount of Ras puncta formation, which once agaimwed colocalizatiowith the Golgi
body (Figure 3.8A-C). Uninfected cells with and without 2BP treatment also showed
RasTGN colocalization, however the distinct punctate formation was not observed.
Furthermorereovirus infected cellsreatedwith 2BP were stained with the ER marker,
calnexin, and despite the formation of numerous Ras puncta, ER colocalization was not
observed Figure 3.8D). It is worth mentioning that immunofluorescence was originally
supposed to be performed using HBgged Ras constructs to distinguishiween
endogenous and retroviradigtroduced RasHowever, afte fusing single odoubleHA
tags onto the Nerminus ofall Ras constructs, it was found that the addition of thés}ag
reduced cell transformation and was considered unacceptable for use in reovirus studies
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(data not shown)Despite thetechnicalimpediment the above still demonstrates that
oncogenicRas accumulates in the Golgi body following reovirus infectiomovement
which can be enhanced in the presence of the palmitoylation inhibitor, 2BP.

To assesthe effect o2BP on reovirus oncolysis, a plaque assay was performed.
Non-transformed and HRasV12 transformed cells werénfected with reovirus and
treated with increasing concentrations of 2BP or DMSO coffEigure 3.9). Consistent
with previous data, reovirus spread was enhanced intRasformed cell§Marcato et
al.,, 2007) In comparison tdRastransformed cells, an-transformed cells are known to
produce a robust IFN responsad consequently, generate smaller reovirus plaques
(Shmulevitz et al., 2010)More noticeably was the effect that 2BP had on reovirus
oncolysis. In the presence of 2BP, reovirus plaque size markedly increased in a
concentration dependent manner inREY/12 transformed cells. In contrast, no
enhancement was observed in the -transformed cells. Taken cadlévely, the data
suggests that 2BP caus@ésther accumulation of HRasV12 in the Golgi bodyf
reovirus infected cells and that use tbé inhibitor has a positiveeffect on reovirus

oncolysis.
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Figure 3.8: 2BP enhances the accumulation of Ras in the TGN during reovirus infection.

(A) H-RasV12 transformed cells were infected with reovirus at an MO0 @ir@l treated

with 2BP (50 &gM). Uninfected cells were al
12 hpi and stained with arRas (green), anteovirus (blue), and arfiGN38 (red)

antibodies. Imaging was done by confocal microscopy at 400x magioificalhite
squares highlight regions that are enlarge
(B) A further enlargement of reovirus infected cells with 2BP treatment. Scale bar: 20

e m. (C) The number of Ras pun<c2BRtreatreesntul t i nc
was quantified. A paired-test was used to compare the data (£ S.E.; n = 3). (D) H
RasV12 transformed cells were infected with reovirus at an MOI of 20 and treated with
2BP (50 &gM). The cell s wer e -Ras greed), aati 12 h
reovirus (blue), and antialnexin (red) antibodies. Imaging was done by confocal
microscopy at 400x magnification. The white square highlights a region that is further

enl arged under the fAZoomo headi tvgofthee al e b

independent experiments.
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Figure 3.9: 2BP enhances reovirus spread irRESV12 transformed cell&\ reovirus

plague assay was performed on hamd HRasV12 transformed cells. Immediately
following infection, increasing concentrations of DMSO or 2BR 5 t o w&é& & M)
added. Immunocytochemistry was performed 5 days later to visualize reovirus plaques.

Images are representative of three independent experiments.
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3.5. 2BP Promotes ReovirusRelease based on the @mitoylation Status of

Oncogenic Ras

The Ras HVR sequence dictates which gomtslational modifications the
isoforms will receiveThe most notable variandgin the degredy which each isoform
Is palmitoylaed (Hancock etal., 1990; Roy et al., 2005K-Ras4Bdoes not require
palmitoylation for stable membrane binding, while &d N-Ras necessitate dual and
monopalmitoyléion, respectivelyCharacterization of tleeisoforms in the model system
indicated thalNIH3T3 cels transformed by retrovirus containing ogemic H, N-, or K-
Ras hadelevatedlevels of activated Ras in comparison to the-transformed control
(Figure 3.10B). The cells tplayed a higher capacitipr H-RasV12 expressionthan
oncogenic Nor K-Ras however all cells were clearly transform@dgure3.10A andC).
As mentioned above, 2BP is considerageaeral inhibitor of palmitoylatiofColeman et
al., 1992; Webb et al., 20QQ)Vhile it is effective atpreventing Ras palmitoylation, it
does not selectively inhibit specific proteins light of 2BP augmentingreovirus
oncolysis it was important to idcern whether the inhibitor was acting on Ras
palmitoylation and furthermore, which stage(s) of the reovirus life cycle was being
enhanced by its effect3o test this, cells transformed byRhAsV12, NRas61K, or K
RasV12 were infeted with reovirus, treated with 2BP and collected foranalysis.
Reovirus titers idicated that 2BP had no effect on the total amount of infectious virus
being produced In contrast,reovirus release titers suggested tBBP ircreased the
amount of virus being releasdry approximately 2 to 2.5 foldand that the increase
correlated wih the palmitoylation status of the oncogenic Ras prefegure 3.11A).
The largest increasen reovirus releasavas observed in MRas61K cells, as it is
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monopalmitoylated and highly susceptible to palmitoylation inbibitke 2BP. Thiswas
followed by a smaller increase cells transformed byually palmitoylated FRasV12
No changewas observed in cellsansfomed by kRas4B which utilizes a polybasic
domain over palmitoylation for membrane bindiMghen considering other steps in the
reovirus life cyck, 2BP did noaffect the numbeof cells infectedy the virus or théotal
amount of viral proteins being @duced(Figure 3.11B and C). In addition, reovirus
plague assays performed bR, N-, and kRastransformed cellseinforced the notion
thatthe palmitoylation status of the oncogenic Ras influencesftbet of 2BP treatment
onreovirus releasérigure3.12). N-Ras61K cells showed the dgst increase in reovirus
plague size when in the presence of 2BP. 2BP also increased reovirus plaque size in
infected HRasV12 cellsand causea slight increase in {Rad/12 transformed cells.
The plaque size increase in-ARasV12 cells was unexpected.n& cell death was
examined at 24 hpi angovirusplaque size was assessed after 5 days, then perhaps the
discrepancy exists within the tiniame of analysis. Another possible explanatites
with the nonspecificity of 2BP. The inhibitor could be suppsing endogenous,
palmitoylated Ras proteins or proteins with a longer palmitatelif@liuring the 5 days

it takes for reovirus plaque formatiofherefore, despite theon-specificity of 2BP, the
inhibitor clearlytargets Ras efficienty2BPis likely acting independently of reovirus to
promote its oncolysis Reovirusinducel fragmentationof the Golgi bodycauses H
RasV12 accumulatiom the TGN and decreases Ras palmitoylatighile 2BP inhibits
Ras palmitoylatiorat the Golgi Collectively, it leadsto a proteomic back log arfdrther
accumulatiorof the oncogenic proteim the Golgi body as it awaits palmitoylation and

vesicular transpotb the plasma membrane
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Figure 3.10: Activated Ras levs of H, N-, and kRas transformed cell¢A) Lysates

from H-, N-, and kRas transformed cells underwent western blot analysis to detect total
Ras levels. (B) Cell lysates from-HN-, and kRas transformed cells were incubated
with Rat1l RBD conjugated agarose beads to-golvn GTRbound Ras. Té resulting
pull-down was subjected to SEFSAGE and antRas western blotting. A proportional
amount of wholecell lysate was loaded to compare the amount of activated Ras to its
total. Since HRasV12 transformed cells contained a large amount of Rass8»sample

was loaded to prevent ovexkposure upon western blot development. T: tota; Ra
activated GTFbound Ras -aftin was used as a control. (Iages ofnon and Ras

transformed cells.
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Figure 3.11: The increase in reovisurelease by 2BRorrelates witithe degree of Ras
palmitoylation.(A) Reovirus total and release samples from infectedN+, and kRas
transformed cells in the presence of 2BP
plaque titration. The plaque assay was performed on L929 cells and 5 daydquiisin,

the cells were stained with crystal violet for plaque quantification. A paitest twas
performed to compare the effects of 2BP on reovirus titer (x S.E.; n = 3). (B)
Immunocytochemistry of reovirus infected,HN-, and KkRas transformed cells in the
presence of 2BP (50 €M) or DMSO control
reovirus protein synthesis over 6, 12, and 18 hpi4nNH, and KkRas transformedells

i n the presence of 2 BP-adirbserved &4)a cantrol fdd M& O
western blot. All cells were infected at an MOI of RQ. ¢ ,s represent the location of

reovirus proteins. Ul: uninfected.
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Figure 3.12: 2BP increases reovirus spread based on the palmitoylation status of cycling
Ras.(A) A reovirus plaque assay was performed on-namd Ras transformed cells.

| mmedi ately foll owing i nfection, DMSO or
immunocytochemistry was performed 5 days later to visualize reovirus plaques. Scale

bar: 2 mm. (B) The diameter of individual plagues was used to obtain reovirus plaque

size +f 2BP treatment. A nested ANOVA with Tukey test was performed to compare the

data(x S.E.; n = 3).
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3.6. Cycling H-RasV12 is a Requirement of Efficient Reovirus Oncolysis

To investigate the importance of Ras lacation during reovirus oncolysis,
constructs were generated to tether oncogeniand NRas to the plasma membrane, as
well asrender them palmitoylation deficient. Palmitoylation deficient constructs, denoted
as HRasV12xx and NRas61Kx,were created by mutatirgysteine to serine residues at
known sites of palmitoylatio(C181S and C184S for -RasV1xx; C181S for N
Ras61k). Tethering was achieved by the addition of the transmembrane domain of the
CD8U r docteeNt er mi nus of Ra s .iskrdbwnetoreSife8nther e c e p t
bulk/disordered microdomain of the plasma membr@atallanas et al., 2006 hese
constructavere designateisCD8HRasV12xx and CD&Ras61Kx A schematic of the
various Ras constructs asites of mutagenesis can be foundFigure 3.13A. Worth
mentioning is the transforming potential of these constructs. Ras tethered to the plasma
membrane resulted in highly transformeells; whereas palmitoylation deficient Ras
produced cellssimilar to the nontransformed control(Figure 3.13B). Further
characterdationof the HRasV12variantsrevealed similar levels of total and activated
Ras, as well as the presence of the expected partial HA tag in the tethered Ras construct
(Figure 3.14A-B). This was also the case for theR¥s tranformed cell lines (data not
shown).Confocal immunofluorescence microscogynfirmed differencesn localization
between théd-RasV12variants(Figure3.14C). Tethered FRasV12 colocalized with the
transferrin receptora marker for the disordered microdomain of the plasma membrane
where activatedH-Ras is known to interact with downstream efites (Figure 3.14D).

On the other hand, palmitoylation defici¢ftRasV12xxcolocalized with the ER marker,
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calnexin Figure 3.14E). This construct i&known to have reduced plasma membrane
affinity and to shuttldoetween the ERSolgi and cytoplasmic poolChiu et al., 2002)

With the constructs well established;R&sVR2xx and CD8HRasV12xxcell
lineswere examinedn the context of reovirus infection. This wis determinevhether
the movement of Ras from the plasma membrane to the Badywas a requirement of
efficient reovirus oncolysis. As such;-RasV12cell lineswere equally infected with
reovirus and codicted for cell death and viral titer analysis at 24 Iipgyre 3.15C).
Reovirusinduced cell death was highest inRR&sV12 cells, while cells transfoed by
plasma membrane tethered and/or palmitoylation deficieiabV12 showed basal
levels of cell death comparable to the +iansformed controlKigure 3.15A). Data
derived from reovirus release titers confirmed the abdveugh the total amount of
infectious virus produced was similar between cell lines, only cells transformed by H
RasV12 exhibited high levels of reovirus reledsigijre 3.15B).

Earlier in this chapter, it was shown that reovirus caused distinct Golgi
fragmentation and TGN colocalization ldfRad/12. To determine if Ras forndepuncta
in  reovirus infected CD®&RasV12xx and FRasV12xx cells confocal
immunofluorescence microscopy was once again utilizReovirus triggeredGolgi
fragmentation in both cell lines, but mhangewas detectedh the localization of Ras
from tetheredand/or palmitoylation deficient #RasV12 cells Figure 3.16 and Figure
3.17). Furthermoreas 2BP treatment causead increag in reovirusinduced cell death
and virus release in4Ra3/12 transformedcells, the dfect of 2BP wasalsoassessed in
tethered CD8-HRasV1xx cells. 2BP did not influenceeovirusinduced cell death or

virus release ICD8-HRasV12xxcells (Figure3.18). As expected, 2BP had no effect on
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reovirus plague size in nagnansforned cells, or in cells expressimasma membrane

tethered and/or palmitoylation deficient-RasV12 or NRas61K Figure 3.12). It is

worth noting thabncogenic Ras suppresses+6N pr oducti on t o promot
(Shmulevitz et al., 2010)To determine if the v@ous Ras constructs also suppresse
interferon and if 2BP promoted reovirus spread by further altdfibhgb production

gRT-PCR was performed. Unsurprisingly, assansformed cells drastically upregulated

IFN-b mRNA i n the pr esentnes s@aldly transfanied bsmys |, whi
oncogenic Ras expressed low levdiggre 3.19A-B). Additionally, 2BP had no effect

on the expression of IFN  mR (Figure3.19B).

It was recently discovered that the inhibitor, FK506, alters the normal distribution
of Ras(Ahearn et al., 2011FKBP12 is involved in priming Ras for depalmitoylation by
APT-1, and inhibition of FKBP12 by FK506 enriches the amount-&d$ on the plasma
membrane, while decreasing Ras lsvat the Golgi. With reovirus infection causing
basal levels of cell death in plasma membrane teth€@8tHRasV12xx cells, it was
postulated that use of FK506 would produce similar resultge3tothis,H-RasV12cell
lines were equally infected with relows, treated with FK506, and collected for cell death
guantification at 24 hpi and plaque size analysis at 5 daysirdestion (Figure 3.20C).

FK506 had no effect on reovirtisduced cell death or plaque size in fieensformed,
CD8HRasV12xx, or HRasV12xx cells Figure3.20A-B). In contrast, FKB6 decreased
reovirusinduced cell death and plaque size in cyclingRésV12 cells to levels and sizes
comparable to its plasma membrane tethered form. Therefore, restricting Ras to the

plasma membrane during reovirus infection reduces the ability ofithe to induce
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apoptosis and progeny release. In other words, efficient reovirus oncolysis requires

oncogenic HRas to be released from the plasma mambdrand accumulate in the Golgi.
Reinforcing the importance of Ras localizatiarridg reovirusoncolyss wasuse

of the farnesylationnhibitor, FTI277. Western blot analysis revealed the effectiveness

of the inhibitor on Hand NRas transformed cells by the presence of a large gel mobility

shift indicative of unprocessed Rdadure3.21A). Using low concentrations of FAA77

(10 ¢4Mgnd NRds transformed cells were equally infected with reovirus and

collected for cell dah and plaque size analysis. FAT7 had no effect on reovirus

induced cell death at 24 hpi, but did decrease reoytague sizein H- and NRas

transformed cellat 5 days posinfection Figure3.21B-D).

100



Figure 3.13. A representation of Ras constructs and cell lif@3. Schematic of the
various Ras constr uct s -dreiédsnutationd that reduleed in h e
cysteine to serine exchanges within the Ras amino acid sequence. Tm: CD8
transmembrane domain; F: farnesylation site; P: palmitoylation (8)elmages of the

various Ras cell lines generated through retrovirus infection and antibiotic selection.
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Figure 3.14: Characterization of the activated statel docaleof H-RasV12cell lines

(A) Lysates from noitrandormed andH-RasV12cells lineswere incubated with R&l

RBD conjugated agarose beads to plolivn GTRbound Ras. The resulting pualbwn

was subjected to SBBAGE and antRas western blotting. A proportional amount of
wholecelllysa e was | oaded to compare t heactmmount
was used as a control. T: total Ras; A: activated Gdthd Ras. (B) Lysates from non
transformed and CDBIRasV12xx cells were subjected to SPAGE and subsequent
western blot proing by antiRas and aniH A a nt i {aatirdsereed as a bontrol. Tm:

Ras containing the CD8 transmembrane domain. (C)-thorgormed andH-RasV12

cell lineswere fixed and stained with afRRias (green). Imaging was done by confocal
microscopy at 400mma gni f i cat i on. S ¢ aHRasV12x transfo2n@d & m. (
cells were fixed and stained with aRas (green) and artiansferrin receptor (red)
antibodies. Imaging was done by confocal microscopy at 1000x magnification. Scale bar:
10e m. H-RAa3V1xx cells werefixed and stained with anRas (green) and anti

calnexin (red) antibodies. Imaging was done by confocal microscopy at 400x

magni fication. Scale bar: 20 &m.
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Figure 3.15. Reovirusinduced celdeath and virus release is dependent on the ability of
H-RasV12 to move from the plasma membrane during infechNam-trangormed and
H-RasV12cell lineswere infected with reovirus at a particular MOI to achieve similar
levels of percent infected (MObf 20 for HRasV12 cells, MOI of 40 for nen
transformed and HRasV12xx cells, and MOI of 80 for CBl8RasV12xx cells). (A) At

24 hpi, the cells were photographed (right) and collected for cell death analysis (left) by
trypan blue exclusion staining. An AN@ with Tukey test was performed to compare
the levels of reovirumduced death between cell lines (= S.E.; n = 3). (B) Reovirus total
and release samples from infected #w@msformed andH-RasV12 cell lines were
collected at 24 hpi for plaque titratiomhe plaque assay was performed on L929 cells
and 5 days posnhfection, the cells were stained with crystal violet for plaque
guantification. An ANOVA with Tukey test was performed to compare the reovirus titer
between cell lines (£ S.E.; n = 3). (C) A2 hpi, the cells were fixed for FACS analysis.
The cells were stained with amgovirus antibodies to determine the percentage of cells
infected by the virus. An ANOVA with Tukey test was performed to compare the number
of reovirus infected cells betweesll lines (+ S.E.; n = 3). *: significantly different from

other cell lines.

105



2>

— — — —
2 +~ (=2} o®
L " L )

Reovirus-Induced Cell Death (%)

i
%
£°2

>
)

ja—
2
L

Reovirus Release Titer (%) w %Q
= =

S N s O ®
s

f=1
=

D L B O =) oo
o O O O ©o o O
L L L L L L L

Reovirus Infected Cells (%) ( !460
— =) b
o (=]

(=}
'

Non-Transformed

~[B
£
2
=
=)

+ Reovirus

O
)
& 4\"’4? &'ﬁ
Qﬁ' & &
S
&
~5.0E+08 1
* £ 4. 5E+08 -
£ 4.0E+08 1
T 3.5E+08 A
£30E+08
' 2.5E+08
E20B+08 -
2 1 5E+08
9_‘ 1. 0E+08 -
g 5.0E+07 -
= 0.0E+00 -
Q)
\
$ &"*‘? 4\"? S
U & o Qé%
S K <P
& &
v
N
& & &
& ¢

106

H-RasV12

CD8-HRasV12xx H-RasV12xx




Figure 3.16. Reovirus infection causes fragmentation of the Golgi body in plasma
membrane tethered and palmitoylatiateficient HRasV12 cell lines. (A) CD8
HRasV12xxand (B) HRasV12xx cell linesvere infected with reovirus at an MOI of 80

and 40, respectively. The cells were fixed at 12 hpi and stained using antibodies against
Golgin97 (red) and reovirus (blue) prote Imaging was performed at 630x
magnification by confocal microscopy. White squares denote regions that were further
enl arged under the fAZoomo heading. Scale

independent experiments.
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Figure 3.17: Tethered and/or palmitoylation deficientRasV12 does not relocate to the

TGN following reovirus infection(A) CD8-HRasV12xx or (B)H-RasV12xx cell lines

were mockor reovirus infected at an MOI of 100. Thellgevere fixed at 12 hpi and

stained with antRas (green), anteovirus (blue), and arfiGN38 (red) antibodies.

Imaging was done by confocal microscopy at 400x magnification. Insets enlarge a single
cel l from within the flmaesdre oepreseniateravof threc a |l e

independent experiments.
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Figure 3.18: 2BP does not affect reovirusduced cell death and virus release in tethered

H-RasV12 cells(A) H-RasV12 transformed cells weirgected with reovirus at an MOI
of 20 and treated with 2BP (50 €M) or
(right) and stained with Annexin -YYE and 7AAD to determine the level of cell
apoptosis and death by FACS analysis (bottom panels). Emgehn cell death by 2BP
was represented as a fold increase (left) and a one saitgsie (hypothesis > 1) was

employed to compare the data (+ S.E.; n = 3). (B) €R&AsV12xx transformed cells

were infected with reovirus at an MOI of 80 and treated @BP ( 50 &€ M) or

DMS ¢

DM

24 hpi, the cells were photographed (right) and stained with trypan blue to determine the

percentage of cell death (left). A two samptest was employed to compare the effects
of 2BP on cell death (£ S.E.; n = 3). (C) Reovirusitand release samples from infected

CD8HRasV12xx transformed cells were collected at 24 hpi for plaque titration. The

plague assay was performed on L929 cells and 5 daysirfestion, the cells were
stained with crystal violet for plaque quantificaticA two sample-test was employed to

compare the effects of 2BP on reovirus release (£ S.E.; n = 3).
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