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ABSTRACT 

Ras is a dynamic protein 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 that result in constitutive Ras 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 Ras-transformed cells and is 

currently undergoing clinical trials as a cancer therapeutic. It was previously 

demonstrated that Ras transformation promotes uncoating of the parental virion during 

entry, production of infectious viral progeny, and virus release through apoptosis; 

however, the mechanism behind the latter is not well understood. This study set out to 

determine whether reovirus alters the intracellular location of oncogenic Ras to induce 

apoptosis of H-RasV12-transformed fibroblasts. Here, I show that reovirus decreases 

palmitoylation levels of H-RasV12 and causes accumulation 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 inhibitor, 2-

bromopalmitate (2BP), prompts a greater accumulation of H-RasV12 in the Golgi body, 

as well as a dose-dependent increase in reovirus release and spread. Use of 2BP on cell 

lines expressing H, N, or K-Ras oncogenic isoforms causes an increase in reovirus 

release that correlates with the palmitoylation status of the respective Ras protein. 

Alternatively, tethering H-RasV12 to the plasma membrane, and preventing its 

movement back to the Golgi, allows for efficient virus production, but results in basal 

levels of reovirus-induced cell death. Furthermore, treatment of H-RasV12 cells with the 

FKBP12 inhibitor, FK506, which is known to retain Ras at the plasma membrane, 

reduces virus-related death and plaque size. Analysis of Ras downstream signalling 

reveals that cells expressing cycling H-RasV12 have elevated levels of phosphorylated 

JNK, and that Ras retained at the Golgi body by 2BP increases activation of the 

MEKK1/MKK4/JNK signalling pathway to promote cell death. Collectively, the data 

suggests that reovirus induces Golgi fragmentation of target cells, and the subsequent 

accumulation of oncogenic Ras in the Golgi body initiates apoptotic signalling events 

required for virus release. 

  



x 

 

LIST OF ABBREVIATIONS AND SYMBOLS USED 

˚C - Degrees Celsius 

2BP - 2-Bromohexadecanoic Acid / 2-Bromopalmitate 

AA - Antibiotic-Antimycotic 

AF - Alexa Fluor 

Alk P - Alkaline Phosphatase 

ANOVA - Analysis of Variance 

APT-1 - Acyl-Protein Thioesterase 1 

ATCC - American Type Culture Collection 

βME - Beta Mercaptoethanol 

BSA - Bovine Serum Albumin 

C - Cysteine 

CAAX - Cysteine, Aliphatic residue, Aliphatic residue, Any amino acid 

CD8 - Cluster of Differentiation 8 

CO2 - Carbon Dioxide 

Cy - Cyanine 

DHHC9 - DHHC Domain-Containing 9 

Diablo - Direct Binding of IAP binding protein with low isoelectric point, PI 

DMEM - Dulbucco’s Modified Eagle Medium 

DMSO - Dimethyl Sulfoxide 

DNA - Deoxyribonucleic Acid 

DNase - Deoxyribonuclease 

dsRNA - Double-stranded RNA 

DPI - Dual Prenyltransferase Inhibitor 

EDTA - Ethylenediaminetetraacetic acid 



xi 

 

EGF - Epidermal Growth Factor 

EGFR - Epidermal Growth Factor Receptor 

ER - Endoplasmic Reticulum 

ERK 1/2 - Extracellular Signal-Regulated Kinases 1 and 2  

FACS - Fluorescence-Activated Cell Sorting 

FC - Flow Cytometry 

FKBP12 - FK506-Binding Protein 12 

FTase - Farnesyltransferase 

FTI - Farnesyltransferase Inhibitor 

FTS - Farnesylthiosalicylic Acid 

G - Glycine 

GAP - GTPase Activating Protein 

GAPDH - Glyceraldehyde 3-Phosphate Dehydrogenase 

GCP16 - Golgi Complex-Associated Protein of 16 kDa 

GDP - Guanosine Diphosphate 

GEF - Guanine Nucleotide Exchange Factor 

GGTase-I - Geranylgeranyltransferase Type I 

GGTIs - Geranylgeranyltransferase Inhibitors 

Grb2 - Growth Factor Receptor-Bound 2 

GSK-3 - Glycogen Synthase Kinase 3 

GTP - Guanosine Triphosphate 

GTPase - Guanosine Triphosphatase 

h - Hour(s) 

HA - Hemagglutinin 

hpi - Hours Post-Infection 



xii 

 

H-Ras - Harvey Rat Sarcoma Viral Oncogene Homolog 

HRP - Horseradish Peroxidase 

HVR - Hypervariable Region 

ICC - Immunocytochemistry 

Icmt - Isoprenylcysteine Carboxylmethyltransferase 

IF - Immunofluorescence 

IFN-β - Interferon Beta 

IgG - Immunoglobulin G 

IP - Immunoprecipitation 

ISVP - Intermediate Subviral Particle 

JAM - Junctional Adhesion Molecule 

JMEM - Joklik’s Modified Eagle Medium 

K - Lysine 

kD - Kilodaltons 

KDEL - Lysine, Aspartic Acid, Glutamic Acid, Leucine 

K-Ras - Kirsten Rat Sarcoma Viral Oncogene Homolog 

MAPK - Mitogen-Activated Protein Kinase 

MEM - Modified Eagle Medium 

MEK 1/2 - MAPK/ERK Kinase 

MEKK1 - MEK Kinase 1 

MLB - Mg
2+

 Lysis Buffer 

MOI - Multiplicity of Infection 

NEAA - Non-Essential Amino Acids 

NEM - N-Ethylmaleimide 

NF-κB - Nuclear Factor Kappa B 



xiii 

 

NMS - Normal Mouse Serum  

N-Ras - Neuroblastoma Rat Sarcoma Viral Oncogene Homolog 

NT - No Treatment 

P - Proline 

PAT - Palmitoyl Acyltransferase 

PBS - Phosphate Buffered Saline 

PDK1 - Phosphoinositide Dependent Protein Kinase-1  

pfu - Plaque Forming Unit 

PH - Pleckstrin Homology 

PI3K - Phosphoinositide 3-Kinase 

PIC - Protease Inhibitor Cocktail 

PIP2 - Phosphatidylinositol (4,5)-Bisphosphate 

PIP3 - Phosphatidylinositol (3,4,5)-Trisphosphate 

PKB - Protein Kinase B (also known as Akt) 

PKC - Protein Kinase C 

PKR - dsRNA-Activated Protein Kinase  

PMSF - Phenylmethylsulfonyl Fluoride 

PTB - Phosphotyrosine Binding 

PTEN - Phosphatase and Tensing Homolog  

PTKR - Protein Tyrosine Kinase Receptor 

qRT-PCR - Quantitative Real-Time Polymerase Chain Reaction 

RA - Ras Association 

Ral - Ras-like 

RalBP1 - Ral Binding Protein 1 

Ras - Rat Sarcoma 



xiv 

 

RasGRP - Ras Guanyl Nucleotide-Releasing Protein 

RASSF - Ras Association Domain-Containing Family 

RBD - Ras Binding Domain 

Rce1 - Ras Converting Enzyme 1 

RE - Recycling Endosome 

Reovirus - Respiratory Enteric Orphan Virus 

RIG-1 - Retinoic Acid-Inducible Gene 1 

Rin1 - Ras Interaction/Interference Protein-1  

RKTG - Raf Kinase Trapping to Golgi 

RNA - Ribonucleic Acid 

RNAi - RNA Interference 

rpm - Revolutions Per Minute 

RT - Room Temperature 

S - Serine 

SAPK/JNK - Stress Activated Protein Kinase/Jun N-Terminal Kinase 

SDS-PAGE - Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

SH2 - Src Homology Region 2 

Smac - Second Mitochondria-Derived Activator of Caspases   

SOS - Son of Sevenless  

T3D - Type 3 Dearing 

TBK1 - Tank Binding Kinase 1 

TBST - Tris-Buffered Saline Tween 

TGN - Trans Golgi Network 

Tiam1 - T-Cell Lymphoma Invasion and Metastasis-Inducing Protein 1 

TRAIL - Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand 



xv 

 

UI - Uninfected 

V - Valine  

WB - Western Blot  



xvi 

 

ACKNOWELDGEMENTS 

Foremost, I would like to thank my supervisor, Dr. Patrick Lee, for giving me the 

opportunity to develop my own research project, and work independently in pursuit of 

my Ph.D. degree. I have the utmost respect for you and appreciate your continued 

enthusiasm in research. Many thanks to two former Lee Lab members: Dr. Maya 

Shmulevitz and Dr. Luzhe Pan, who provided amazing guidance, scientific expertise, 

silliness, and life-long friendship. You are both such wonderful people and I wish the 

absolute best for you and your families. I miss having you both around very much. Also, 

to former member, Dr. Da Pan, I admire your work ethic, crazy memory skills, and 

willingness to help anyone. Thank you for all of your help and heartfelt discussions over 

the years. I would also like to thank the rest of the Lee Lab: Cheryl for putting up with all 

of us and lending a kind listening ear; Derek for ridiculous impressions and making me 

smile; and Dan and Tanveer for both your honesty and discussions on life (I hope things 

turn out amazing for both of you).  

I would like to thank the members of my supervisory committee: Dr. Roy 

Duncan, Dr. Chris Richardson, Dr. Neale Ridgway, and Dr. Kirill Rosen for providing 

excellent discussion, suggestions, and guidance throughout the years. It was nice to gain 

different perspectives on my research and I know my work is better because of you all.  

Many thanks to the wonderful administration at Dalhousie University. Specifically, Susan 

White, Donalda Mitchell-Snell, and Christine Anjowski in the Department of 

Microbiology and Immunology, and Danielle Pottie in the Faculty of Graduate Studies. 

Also, a big thank you to Stephen Whitefield in the Cellular & Molecular Digital Imaging 



xvii 

 

Facility and to Mary-Ann Trevors in the flow cytometry facility for their fantastic 

technical support. 

Also, thank you to the various funding agencies that have supported me and my 

research over the years. These include personal scholarships and fellowships from 

NSERC, Killam, and NSHRF, as well as, in-house graduate scholarships and President’s 

awards.  

Last, but certainly not the least, I would like to thank all of my family and friends. 

I know my work has been hard on all of you, and has made me miss out on a lot of 

things, but I sincerely appreciate all of your support and understanding over the years, 

and cherish the times when we could get together. I could not have finished this degree 

without the support, laughter, and love from my husband, Rémi. I am so lucky to have 

you in my life, and I cannot wait for the next chapter of our lives to begin. You mean the 

world to me. 

 



1 

 

 

CHAPTER 1: INTRODUCTION 

1.1. Ras 

The rat sarcoma (Ras) superfamily consists of over 150 human members that exist 

as small guanosine triphosphatases (GTPases) (Wennerberg et al., 2005). Due to their 

critical role in cellular function, these genes have remained evolutionarily conserved with 

orthologs identified in several eukaryotes, including Drosophila melanogaster, 

Saccharomyces cerevisiae, Caenorhabditis elegans, and Danio rerio (Colicelli, 2004; 

Cox and Der, 2010). Based on sequence and functional similarities, the human Ras 

superfamily is subdivided into five main branches: Ras, Rho, Rab, Ran, and Arf. These 

small GTPases or monomeric G-proteins are approximately 20 to 25 kilodaltons (kD) in 

size and function as binary molecular switches. Structural differences, post-translational 

modifications, and specific regulatory and effector proteins enable these small GTPases 

to control a wide array of cellular processes, such as proliferation, motility, vesicular 

trafficking, polarity, differentiation, and death.  

Some of the most extensively studied small GTPases are the Ras family of 

proteins. This heightened interest stems from initial observations made during the 1960s 

which concluded that viral oncogenes (v-H-ras and v-K-ras) derived from rat sarcoma 

viruses contributed to cellular transformation and cancer development (Harvey, 1964; 

Kirsten and Mayer, 1967). Further inquiries led to the discovery of human Ras oncogene 

homologs and their involvement in human oncogenesis and disease (Malumbres and 

Barbacid, 2003). The following will focus on Ras and its role in cancer development 

while highlighting a virus that utilizes aspects of the Ras pathway for its own 

propagation. 
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1.1.1. Structure and Function 

There are three human ras genes that encode four protein products: Harvey (H)-

Ras, Neuroblastoma (N)-Ras, Kirsten (K)-Ras4A, and K-Ras4B, with the latter two 

resulting from alternative splicing of the K-ras locus at exon 4 (Der et al., 1982; Shimizu 

et al., 1983; Wang et al., 2001). These 21 kD proteins function as molecular switches and 

bind guanosine diphosphate (GDP) or guanosine triphosphate (GTP) to cycle between 

inactivated and activated states, respectively (Prior and Hancock, 2012). The highly 

conserved Ras sequence is 188 to 189 amino acids in length and is comprised of a G 

domain and hypervariable region (HVR). The G domain, which represents the first 165 

amino acids, is nearly identical between isoforms (> 90%) and contains the effector and 

switch regions (Figure 1.1A). The effector domain, which is also located in the switch I 

region, enables binding of activated Ras to its downstream effectors, while the switch I 

and II domains are responsible for conformational changes during GTP binding and 

hydrolysis (Johnson and Mattos, 2013). Ras mainly exists in its GDP-bound form in 

inactive and non-dividing cells. In the presence of certain extracellular stimuli, Ras 

quickly cycles into its GTP-bound state with the help of guanine nucleotide exchange 

factors (GEFs), such as son of sevenless (SOS) and Ras guanyl nucleotide-releasing 

protein (RasGRP) (Vigil et al., 2010). The switch domains alter the structure of Ras to 

increase its affinity for downstream effectors and as a result, certain signalling pathways 

are initiated. Although Ras possesses its own intrinsic GTPase activity, it is relatively 

inefficient and GTPase activating proteins (GAPs), such as neurofibromin and p120, 

promote GTP hydrolysis and return Ras back to its inactive, GDP-bound state. Single 

amino acid substitutions, typically at sites 12, 13, and 61, result in mutated Ras proteins  
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(Bos, 1989). Consequently, these proteins remain GTP-bound and constitutively 

activated; rendering RasGAPs ineffective and leaving signalling to downstream effectors 

unregulated. These mutations give rise to the oncogenic form of Ras and unsurprisingly, 

are found in 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 effectors, it was 

originally presumed that H-, N-, and K-Ras were functionally redundant. However, 

increasing scientific evidence supports the notion that the isoforms have specific 

functional roles (Castellano and Santos, 2011). While essentially ubiquitous, the 

expression levels of H-, N-, and K-Ras actually vary depending on cell type and 

developmental stage (Leon et al., 1987). If murine tissue is considered, K-ras transcripts 

are prevalent in the gut and thymus, but are infrequently detected in skeletal muscle, 

ovary, liver, and skin. N-ras transcripts are abundant in the thymus and testes, but scarce 

in the kidney and liver, while H-ras transcripts are highest in the skin, skeletal muscle, 

and brain, but lowest in the ovary and liver. In regards to the K-Ras variants, expression 

of K-Ras4B dominates over K-Ras4A in the majority of tissues, and is also critical to 

murine development (Pells et al., 1997). Mice deficient in K-Ras4A are able to develop 

normally if they are in the presence of a functioning K-Ras4B isoform, while those 

harboring a homozygous K-ras null mutation are incapable of survival (Koera et al., 

1997; Plowman et al., 2003). H- and/or N-ras knock-out mice develop and reproduce 

normally (Esteban et al., 2001). Interestingly, replacing K-ras with the H-ras coding 

sequence while still under the control of the K-ras promoter results in normal embryonic 

development, but cardiomyopathies in adult mice; suggesting some overlap between the 
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isoforms (Potenza et al., 2005). The variation in expression between the isoforms also 

extends to their prevalence in certain human cancers (Fernández-Medarde and Santos, 

2011). For instance, K-ras mutations frequently occur in lung (>20%), colon (>40%), and 

pancreatic (>95%) cancers. N-ras mutations are commonly associated with melanomas 

(~20%), thyroid (~17%), and hematological malignancies, such as leukemias and 

lymphomas (10-20%). H-ras mutations are not as frequent, but have been linked to 

bladder (~12%) and thyroid (<16%) cancers. While some cancers have a clear association 

with a specific Ras isoform, other tumors will form in the presence of any oncogenic Ras 

or in some cases, will even contain all three activated forms (ie. thyroid malignancies) 

(Garcia-Rostan et al., 2003). Despite some redundancy, it is evident that Ras isoforms 

have specific functional roles. This is attributed to the hypervariable region in the C-

terminus; the site of essential post-translational modifications (Figure 1.1A). 
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Figure 1.1: Ras sequence comparison and post-translational 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 I and II domains. 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 binding and intracellular 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 converting enzyme 1 (Rce1) and subsequent 

carboxylmethylation by isoprenylcysteine carboxylmethyltransferase (Icmt). At this 

point, K-Ras4B deviates from the pathway and is shuttled to the plasma membrane by an 

unknown mechanism. The polybasic lysine (K
+
) residues in its C-terminus enable stable 

membrane binding. Phosphorylation of the HVR or calcium/calmodulin complex binding 

releases K-Ras4B from the plasma membrane, and allows it return to the 

endomembranes. In contrast, H- and N-Ras are palmitoylated (P) by the palmitoyl 

acyltransferase (PAT), DHHC9-GCP16, at the surface of the Golgi apparatus and sent to 

the plasma membrane via vesicle transport. Depalmitoylation by the acyl-protein 

thioesterase 1 (APT-1) releases H- and N-Ras from the plasma membrane and allows the 

proteins to move by retrograde transport back to the Golgi apparatus for subsequent 

palmitoylation. Image modified from Mor and Philips (2006).   
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1.1.2. Post-Translational Modifications: Farnesylation 

The hypervariable region represents the last 25 amino acids in the Ras sequence. 

As each isoform undergoes a series of unique post-translational modifications, sequence 

homology within this region is extremely low (15%) (Prior and Hancock, 2001). The 

post-translational modifications increase the hydrophobicity of Ras and enable an 

otherwise globular and hydrophilic protein to effectively participate in intracellular 

trafficking, membrane binding, and biological activation (Ahearn et al., 2012). A diagram 

illustrating Ras post-translational modifications can be found in Figure 1.1B. The HVR 

terminates with a CAAX motif; a sequence belonging to a large family of proteins and an 

indicator of prenylation (Figure 1.1A). The CAAX box, which consists of cysteine (C), 

two aliphatic (A) amino acids, and any (X) amino acid residue, is the location of the first 

set of post-translational modifications to Ras. Newly synthesized and inactive Ras is 

targeted by cytosolic farnesyltransferases (FTases) for prenylation (Casey et al., 1989). 

The FTase attaches a 15-carbon isoprenoid lipid using a thioether linkage to the cysteine 

residue in the CAAX motif, rendering Ras with a weak affinity for membranes and 

causing it to accumulate on the surface of the endoplasmic reticulum (ER). ER-resident 

endoprotease, Ras converting enzyme 1 (Rce1), recognizes farnesylated Ras as its 

substrate and cleaves the remaining -AAX amino acids from the motif (Boyartchuk et al., 

1997). Further modification occurs by another ER membrane-bound enzyme, 

isoprenylcysteine carboxylmethyltransferase (Icmt), which methylates the carboxyl group 

of the lipidated cysteine residue (Dai et al., 1998). The activities of the FTase and Rce1 

result in permanent modifications to Ras, whereas methylation is considered reversible. 

CAAX prenylation, proteolysis, and methylation are designed to increase the 
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hydrophobicity of the C-terminus and facilitate Ras to transiently interact with cellular 

membranes. Ras isoforms require a second signal to stably associate with membranes and 

obtain full biological activity. This occurs in the form of an additional lipid modification 

or inherent amino acid charge within their sequence (Hancock et al., 1990). 

 

1.1.3. Post-Translational Modifications: Palmitoylation   

  At this point in Ras intracellular processing, the pathways diverge. H-, N-, and K-

Ras4A travel to the Golgi apparatus for modification by the palmitoyl acyltransferase 

(PAT), DHHC domain-containing 9 - Golgi complex-associated protein of 16 kD 

(DHHC9-GCP16) (Hancock et al., 1989, 1990; Swarthout et al., 2005). DHHC9-GCP16 

is one of 25 human PAT family members (Mitchell et al., 2006). These PATs share a 

common DHHC motif, but differ with respect to their location and substrates within the 

cell. Interestingly, knockdown of DHHC9 has no effect on Ras palmitoylation, 

suggesting that additional PATs are capable of exerting their activity on Ras (Rocks et 

al., 2010). DHHC9-GCP16 palmitoylates Ras on the cytosolic face of the Golgi apparatus 

through the addition of a 16-carbon palmitoyl group via thioester linkage to the HVR. In 

H-Ras, there are two cysteine residues (C181 and C184) that can be palmitoylated (Choy 

et al., 1999; Roy et al., 2005). Palmitoylation of C181 is required for efficient 

intracellular trafficking from the Golgi apparatus to the plasma membrane, while 

palmitoylation of C184 is important for H-Ras microlocalization within the plasma 

membrane itself. In contrast, N-Ras and K-Ras4A are monopalmitoylated at C181 and 

C180, respectively. Surprisingly, the latter two isoforms also possess a basic region of 
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amino acids upstream to their HVR that they require for additional membrane binding 

and stabilization (Laude and Prior, 2008).  

While Ras incurs a weak affinity for membranes through farnesylation, the 

addition of one or two palmitoyl groups increases this affinity (>100-fold) and allows Ras 

to transit via Golgi budded vesicles to the plasma membrane for activation (Shahinian 

and Silvius, 1995). Other than vesicles, recycling endosomes (REs) have recently been 

identified as a stopover for H- and N-Ras during their Golgi to plasma membrane 

transition, and it appears to be regulated by palmitoylation (Misaki et al., 2010). 

Monopalmitoylated H-Ras (C181) is directly transported to the plasma membrane, 

whereas dually palmitoylated H-Ras (C181 and C184) associates with REs. 

Unexpectedly, monopalmitoylated N-Ras also localizes to REs, as its slightly upstream 

basic region provides enough electrostatic interaction between the protein and the 

endosomal membrane to incur stability. Once at the plasma membrane, Ras localizes to 

different membrane microdomains based on its palmitoylation and GTP-loading status 

(Roy et al., 2005). The plasma membrane is not a homogeneous structure, and is 

subdivided into lipid rafts and disordered membranes (Rajendran and Simons, 2005). 

Lipid rafts are highly ordered and tightly packed structures that float freely throughout 

the plasma membrane and are rich in cholesterol 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 highly fluid domains that are full of unsaturated 

phospholipids. N-Ras has been detected in both caveolin-positive and negative rafts, 

while H-Ras associates with lipid rafts and the disordered membrane (Kranenburg et al., 

2001; Prior et al., 2001). Interesting, these microdomains can be further subdivided into 
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nanoclusters. 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 propagation (Cho and Hancock, 

2013). Ras must first interact with the galectin family of carbohydrate-binding proteins in 

order to form a nanocluster. Activated H-Ras recruits galectin-1 from the cytosol to the 

plasma membrane where they form a complex in microdomains lacking cholesterol 

(Belanis et al., 2008). Acting as a scaffold, galectin-1 stabilizes GTP-bound Ras, and the 

resulting nanoclusters serve as a platform for Ras downstream signalling. Suppression of 

galectin-1 forces H-Ras out of the plasma membrane and causes its activity to be 

inhibited, while overexpression of galectin-1 increases the level of activated H-Ras 

nanoclustering (Paz et al., 2001). In addition to directing protein trafficking and 

conferring stability to protein-membrane interactions, palmitoylation also dictates plasma 

membrane microlocalization (Misaki et al., 2010; Roy et al., 2005). As previously 

mentioned, monopalmitoylated H-Ras (C181) is directly shuttled to the plasma 

membrane, and once there, it is confined to lipid rafts. N-Ras, which can transit via REs, 

also localizes to lipid rafts. H-Ras requires palmitoylation at C184 to move from lipid 

rafts to raft-free regions. Furthermore, only GDP-bound H-Ras interacts with lipid rafts, 

while activated H-Ras complexes with galectin-1 to form nanoclusters in the bulk plasma 

membrane (Rotblat et al., 2004, 2010). Overall, the post-translational modifications, 

activation status, and structure of the individual Ras isoforms determine which 

membranes they interact with on their way to the plasma membrane and their lateral 

movements within it. 
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1.1.4. Post-Translational Modifications: Depalmitoylation    

Unlike farnesylation, palmitoylation is a readily reversible process. While 

palmitoylation only occurs at the Golgi, depalmitoylation has been detected throughout 

the cell (Rocks et al., 2005). In order for depalmitoylation to proceed, a small peptidyl-

prolyl isomerase known as FK506-binding protein 12 (FKBP12) must first bind the C-

terminus of H- or N-Ras (Ahearn et al., 2011). FKBP12 catalyzes the cis-trans 

isomerization of proline (P179) within the HVR and this conformational change primes 

Ras for depalmitoylation by the putative acyl-protein thioesterase 1 (APT-1) (Duncan and 

Gilman, 1998). The resulting depalmitoylated Ras cycles back to the Golgi apparatus for 

another round of palmitoylation and subsequent vesicular transport to the plasma 

membrane (Rocks et al., 2005). Galectin-1, which was previously mentioned for its 

involvement in H-Ras nanoclustering, also acts as a molecular chaperone and returns 

depalmitoylated H-Ras to the Golgi complex (Belanis et al., 2008). Inhibition of FKBP12 

by FK506 results in plasma membrane accumulation of H- or N-Ras (Ahearn et al., 

2011). This is also the case for short-term inhibition of APT-1 by palmostatin B (Dekker 

et al., 2010). Long-term inhibition of APT-1 causes a re-distribution of H- and N-Ras to 

the endomembranes and a reversion of the transformed phenotype in MDCK cells. Ras 

itself has a half-life of 24 h, but its palmitoyl groups have a half-life of 20 min to 2.4 h for 

N- and H-Ras, respectively (Lu and Hofmann, 1995; Magee et al., 1987). N-Ras goes 

through the deacylation cycle faster than H-Ras since only one palmitoyl group needs to 

be removed, and as a result, it is also more abundant in the Golgi apparatus (Rocks et al., 

2005). Intriguingly, GTP-loaded Ras is depalmitoylated faster than GDP-bound Ras 

(Baker et al., 2003). This further extends to the constitutively active form, as the 
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palmitate turnover of oncogenic H-Ras is significantly reduced (<10 min) when 

compared to its wild-type counterpart. The altered conformation of the mutated H-Ras 

causes the palmitoylated cysteine residues to become more accessible to the palmitoyl 

thioesterase. 

 

1.1.5. Post-Translational Modifications: K-Ras4B   

 As opposed to the other Ras isoforms, K-Ras4B does not require palmitoylation 

as its second signal. Slightly upstream of its farnesylated cysteine residue and still within 

its HVR, is a string of polybasic lysine residues (Hancock et al., 1990). K-Ras4B gets 

shuttled directly from the ER to the plasma membrane by a poorly understood 

mechanism that potentially involves the use of microtubules and/or cytosolic chaperones 

(Nancy et al., 2002; Thissen et al., 1997). The positively charged lysine residues of K-

Ras4B interact with the negatively charged phospholipid heads of the plasma membrane 

inner leaflet (Hancock et al., 1990). The electrostatic interaction provided by the lysine 

residues coupled with the initial farnesylation modification establishes stable membrane 

association and allows K-Ras4B to obtain full biological activity. K-Ras4B preferentially 

associates with the disordered microdomain of the plasma membrane, and uses galectin-3 

and actin to form nanoclusters (Elad-Sfadia et al., 2004; Shalom-Feuerstein et al., 2009). 

In order to leave the plasma membrane, K-Ras4B utilizes phosphorylation as a farnesyl-

electrostatic switch (Ballester et al., 1987; Bivona et al., 2006). Phosphorylation of serine 

(S181) by protein kinase C (PKC) neutralizes the net charge of the polybasic region and 

causes K-Ras4B to lose membrane affinity and localize to endomembranes. 

Alternatively, it has been shown that glutamate stimulated hippocampal neurons can 
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recruit calcium/calmodulin complexes to the plasma membrane and sequester the K-

Ras4B farnesylated membrane anchor and polybasic region (Fivaz and Meyer, 2005). 

Similar to above, the ability to stably interact with membranes is lost and dissociated K-

Ras4B returns back to internal membranes, such as the Golgi complex and endosomes. In 

either case, only one modification can occur at a time (Alvarez-Moya et al., 2010). 

Phosphorylation and calmodulin binding both involve the K-Ras4B polybasic region and 

consequently, the presence of one prevents the other from occurring.   

 Taken collectively, it is clear that the HVR is modified by specific post-

translational modifications to each of the Ras isoforms. These 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 membranes. The 

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 Signalling 

 To recall, activated Ras binds to downstream effectors and initiates signalling 

cascades, which in turn, regulate numerous and essential cellular processes. The effectors 

are identified by the presence of Ras association (RA) or Ras-binding domains (RBD) 

that preferentially interact with GTP-bound Ras (Wohlgemuth et al., 2005). These 

domains lack primary sequence homology, but share a common tertiary structure known 

as an ubiquitin superfold (ββαββαβ). While not all proteins containing these domains are 

Ras effectors, the ones that interact with Ras are well characterized. The three main Ras 

effectors are Raf, phosphoinositide 3-kinase (PI3K), and Ras-like guanine nucleotide 
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exchange factor (RalGEF). A simplified version of Ras downstream signalling can be 

found in Figure 1.2.  

Of these effectors, the Raf family (A-Raf, B-Raf, and Raf-1) of serine/threonine 

kinases was the first to be identified in mammalian cells, and their activity is dependent 

on Ras activation (Barnier et al., 1995). The pathway is first set in motion when growth 

factors, such as epidermal growth factor (EGF), bind to their associated protein tyrosine 

kinase receptors (PTKR) (Lemmon and Schlessinger, 2000; Pawson, 2002). In response, 

the receptors dimerize and phosphorylate the tyrosine residues within their cytosolic 

domains. The residues now act as docking sites for proteins containing an SH2 (Src 

homology region 2) or PTB (phosphotyrosine binding) domain. The SH2 domain of the 

adaptor protein, growth factor receptor-bound 2 (Grb2), binds the activated receptor and 

recruits SOS to the plasma membrane where it constitutively binds SOS using its SH3 

domains (McKay and Morrison, 2007). Acting as a RasGEF, SOS removes the GDP from 

post-translationally modified and plasma membrane-associated Ras, thereby allowing 

GTP, which is more plentiful in the cytoplasm than GDP (10-fold), to take its place 

(Colicelli, 2004). Activated Ras recruits Raf to the plasma membrane where it interacts 

with the Ras binding domain of Raf (Marais et al., 1995). Subsequent phosphorylation 

events lead to Raf activation, and as a serine/threonine kinase, it phosphorylates and 

activates MAPK/Erk 1 and 2 (MEK1/2) (Santarpia et al., 2012). In turn, MEK1/2 

phosphorylates and activates extracellular signal-regulated kinase 1 and 2 (Erk1/2), 

which are also mitogen-activated protein kinases (MAPKs). Erk1/2, with over 200 

downstream targets, can interact with cytoskeletal elements, membrane receptors, 

cytosolic proteins (ie. p90 ribosomal S6 kinase), and can even pass through the cytoplasm 
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to the nucleus to phosphorylate transcription factors, such as Elk-1, c-Fos, and c-Jun 

(Wortzel and Seger, 2011). With its plethora of protein interactions, the Raf/MEK/Erk 

signalling pathway is implicated in various biological outcomes, including cell 

proliferation, differentiation, and death. Therefore, it is no surprise that this pathway is 

linked to human oncogenesis. Activating mutations, typically in the ras or B-raf genes, 

lead to deregulation of this pathway and result in uncontrolled cell growth and survival. 

Early studies demonstrated that introducing activated Raf into murine cell lines induced 

transformation, and subsequent in vivo mouse models reinforced this pathway in 

tumorigenesis (Cleveland et al., 1986; Cowley et al., 1994; Davies et al., 2002). 

Mutations in the ras and raf genes rarely overlap in human cancers. For instance, N-ras 

and B-raf mutations are each associated with melanomas, but tumors rarely contain both 

mutated forms (Akslen et al., 2005). This suggests a level of redundancy between the 

activities of Ras and Raf, and stresses the importance of the Raf/MEK/Erk pathway in 

human oncogenesis.  

 The second most extensively studied Ras effector is PI3K. Class I PI3Ks consist 

of a regulatory p85 subunit and a catalytic p110 subunit (Jimenez et al., 2002). In 

response to growth factors, SOS-activated Ras activates the p110 subunit of PI3K, which 

catalyzes the conversion of phosphatidylinositol (4,5)-bisphosphate (PIP2) to 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3) (Cantley, 2002). PIP3 directly binds 

proteins containing a pleckstrin homology (PH) domain, such as phosphoinositide-

dependent kinase 1 (PDK1) and Akt, and recruits them to the plasma membrane. 

Activation of Akt, which is also known as protein kinase B (PKB), by PDK1 promotes 

cell growth and survival by regulating several downstream effectors. For instance, Akt 
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phosphorylates and inhibits glycogen synthase kinase 3 (GSK-3), thereby preventing 

cyclin D from degradation and allowing cell cycle progression (Diehl et al., 1998). Akt 

promotes cell survival by inhibiting the pro-apoptotic factor, BAD, causing the release of 

anti-apoptotic proteins Bcl-2 and Bcl-XL (Datta et al., 1997). The PI3K pathway is 

regulated by the tumor suppressor, phosphatase and tensing homolog (PTEN), which 

dephosphorylates PIP3 to PIP2 to terminate PI3K signalling (Maehama and Dixon, 1998). 

The PI3K pathway is also associated with Ras-mediated oncogenesis. In a study by Gupta 

et al. (2007), mice were generated with point mutations in pik3ca to prevent the p110α 

subunit from interacting with Ras. When they were crossed with mice carrying the 

oncogenic K-ras allele, which normally causes lung adenocarcinoma development, there 

was almost no tumor formation. This exemplifies how important the Ras/PI3K interaction 

can be in Ras-associated tumorigenesis. In addition to mutations in Ras, PI3K itself can 

harbor activating mutations. This has been observed in numerous human cancers, 

including but not limited to, breast, colon, endometrial, liver, lung, brain, stomach, and 

ovarian tumors (Samuels and Waldman, 2010). Similar to Raf, Ras and PI3K mutations 

tend to occur independently of one another, but some overlap has been detected in 

endometrial and colorectal cancers (Oda et al., 2008; Velho et al., 2005). Furthermore, 

PTEN is one of the most commonly mutated tumor suppressors, and loss of its function 

leads to unregulated PI3K signalling, abnormal growth, and cancer development 

(Rodríguez-Escudero et al., 2011).  

 RalGEF is another well characterized Ras downstream effector. It serves as a link 

between Ras and Ral, and consists of four human family members (RalGDS, Rgl1, Rgl2, 

and Rgl3) (Neel et al., 2011). RalGEFs interact with Ras using their RA domains, and 
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subsequently activate RalA and RalB small GTPases by exchanging GDP to GTP. 

Similar to Ras, Ral can be inactivated by RalGAPs (Shirakawa et al., 2009). Activated 

Ral binds to downstream targets, such as Ral binding protein 1 (RalBP1), filamin, and 

components of the exocyst complex (Sec5 and Exo84) to control endocytosis, actin 

organization, and exocytosis, respectively (Moskalenko et al., 2002; Nakashima et al., 

1999; Ohta et al., 1999). In addition to vesicular trafficking, Ral also associates with 

transcription factors to regulate cell proliferation and survival. RalB can cause its 

downstream effector, Sec5, to complex with and activate the atypical IκB kinase, Tank 

binding kinase 1 (TBK1) (Chien et al., 2006). TBK1 phosphorylates and activates the 

nuclear transcription factor, NF-κB, to promote cell survival. In terms of Ral’s 

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

species. For instance, an H-Ras effector mutant (12V/37G) that can only interact with 

Ral, and not PI3K or Raf, is unable to transform rodent fibroblasts, but can transform 

primary human embryonic kidney cells, astrocytes, and fibroblasts (Hamad et al., 2002). 

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

their metastasis (Smith et al., 2012). Elevated levels of Ral have been detected in 

metastatic bladder, pancreatic, and prostate cancers, which is likely attributed to its 

involvement in cytoskeletal organization and cell motility. Furthermore, since Ral is 

associated with activation of the anti-apoptotic transcription factor, NF-κB, deregulation 

of this pathway can lead to tumor cell survival (Henry et al., 2000). 

In addition to Raf, PI3K, and RalGEF, Ras interacts with numerous other 

downstream effectors. These include, but are not limited to: Tiam1, MEKK1, Rin1, PLCε 

and RASSF; all of which have been linked to Ras-mediated oncogenesis (Karnoub and 
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Weinberg, 2008). In brief, T-cell lymphoma invasion and metastasis-inducing protein 1 

(Tiam1) acts as a GEF to facilitate Ras-dependent activation of Rac (Lambert et al., 

2002). Activated Rac is involved in actin organization, cell migration, and cell death, and 

can also be activated by PI3K and RalGEFs. The Ras downstream effector, MEK kinase 

1 (MEKK1), is also involved in cell death (Fuchs et al., 1998; Russell et al., 1995). Once 

activated, MEKK1 phosphorylates MKK4, which in turn activates p38/JNK (c-jun N-

terminal kinase) signalling pathways to promote cell apoptosis. The Ras interaction/ 

interference protein-1 (Rin1) is capable of blocking Ras activity (Hu et al., 2005; Wang et 

al., 2002). Rin1 competes with Raf for Ras binding and mediates the endocytosis of 

PTKRs to inhibit Ras signalling and cell transformation. Lastly, members of the Ras 

association domain-containing family (RASSF) function as tumor suppressors and play a 

role in cell cycle arrest, microtubule stabilization, and apoptosis (Richter et al., 2009). 

While the above demonstrates the importance of Ras activation and downstream 

signalling from the plasma membrane, the reality is that there is an enormous amount of 

cross-talk between signalling pathways, and that Ras activation and signalling is further 

regulated by spatially distinct GEFs, GAPs, effectors, and even the Ras isoforms 

themselves.  
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Figure 1.2: Ras activation and signalling to downstream effectors. Growth 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 activation. Recent work has demonstrated that Ras is not 

only functional in plasma membrane microdomains, but that it is active in subcellular 

locations, such as the ER, mitochondria, Golgi, and endosomes (Bivona et al., 2006; Chiu 

et al., 2002; Lu et al., 2009; Prior et al., 2001; Wolfman et al., 2006). Ras activation at the 

plasma membrane is known to be transient and rapid, whereas activation at the 

endomembranes is sustained and slow. Most of what is known about Ras 

compartmentalized signalling comes from artificially tethered constructs and mutating 

amino acid residues that are essential to Ras post-translational modifications. As 

previously mentioned, the plasma membrane is subdivided into lipid rafts and disordered 

membrane microdomains, in which Ras associates with in an isoform-specific manner 

(Hancock, 2003; Hancock and Parton, 2005; Rajendran and Simons, 2005; Roy et al., 

2005). H-, N-, and K-Ras form non-overlapping, spatially distinct nanoclusters to serve 

as signalling platforms within these microdomains, and also move laterally within the 

plasma membrane based on their GTP status. Nanoclusters serve as the only site in the 

plasma membrane where Ras activates the Raf/MEK/Erk signalling cascade (Tian et al., 

2007). At the plasma membrane, H-Ras preferentially activates the PI3K/Akt signalling 

pathway, while K-Ras is more likely to activate Raf-1. This also extends to their 

constitutively activated forms (Yan et al., 1998). In response to B-Raf inhibition, 

oncogenic N- and K-Ras nanoclustering is upregulated, while no change is observed in 

oncogenic H-Ras nanoclustering (Cho and Hancock, 2013). Interestingly, 

phosphorylation of oncogenic K-Ras was shown to prevent K-Ras nanocluster formation 
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in BHK and PC12 rodent cell lines (Plowman et al., 2008). The same study concluded 

that galectin-3 and phosphorylation have separate roles in K-Ras nanoclustering. In 

contrast, a more recent study noted that phosphorylated and non-phosphorylated forms of 

oncogenic K-Ras4B segregate into distinct and non-overlapping nanoclusters in HeLa 

and HEK293 cells (Barceló et al., 2013). The phosphorylated forms were primarily 

located at the plasma membrane and generated oncogenic K-Ras nanoclusters to signal 

preferentially to Raf-1 and PI3K. These differences are likely attributed to variations in 

cell type and experimental conditions.  

While oncogenic H-Ras can localize to endomembranes, it primarily signals from 

the plasma membrane (Lommerse et al., 2005). As such, tethered constructs tend to elicit 

a similar response (Matallanas et al., 2006). H-RasV12 tethered to lipid rafts or the bulk 

membrane efficiently transforms murine fibroblasts and can activate RalGEF, Erk, and 

PI3K; however, JNK activation is diminished in both cases. Tethering is achieved by 

incorporating an N-terminal LCK myristoylation signal (lipid raft associated) or cluster 

of differentiation 8 alpha (CD8α) transmembrane domain (bulk membrane associated) 

and further mutating the sites of palmitoylation (C181S and C184S). Therefore, mutating 

Ras lipidation sites causes differential localization. Ras is confined to the cytosol in 

farnesylation deficient constructs (Cadwallader et al., 1994; Miyake et al., 1996). 

Palmitoylation deficient N-Ras accumulates in the ER and Golgi complex, while 

palmitoylation deficient H-Ras exists in a dynamic equilibrium between the ER and the 

cytosol, but has also been detected in the Golgi body (Chiu et al., 2002; Goodwin et al., 

2005; Matallanas et al., 2006). The latter is unable to stably bind membranes and exhibits 

decreased PI3K/Akt and Erk signalling. Furthermore, a mutation in C181 of H-Ras 
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restricts the isoform to the Golgi complex, whereas a mutation in C184 still allows H-Ras 

to traffic to the plasma membrane (Roy et al., 2005). When tethering H-Ras to a 

particular plasma membrane microdomain or endomembrane, both palmitoylation sites 

are mutated to ensure that the N-terminal tag is the primary driver in H-Ras localization.  

 

1.1.8. Compartmentalized Signalling: ER and Mitochondria 

Extending this methodology, Ras can be tethered to the ER by fusing the amino 

acid residues (1 to 66) of the avian infectious bronchitis virus M protein (M1) to the N-

terminus of Ras (Swift and Machamer, 1991). ER-tethered H-Ras supports proliferation 

and transformation of murine fibroblasts, and efficiently activates RalGEF, PI3K, 

Raf/Erk, and JNK downstream signalling (Matallanas et al., 2006). Also at the ER, N-Ras 

is known to generate a strong anti-apoptotic signal, suggesting that the ER may play a 

role in cell survival (Wolfman and Wolfman, 2000). More commonly associated with 

programmed cell death is signalling from the mitochondria (Bras et al., 2005). As 

previously mentioned, phosphorylation of serine (S181) by PKC can cause K-Ras4B to 

localize to endomembranes, such as the ER, Golgi complex, and mitochondria (Bivona et 

al., 2006). At the mitochondrial outer membrane, K-Ras interacts with Bcl-XL to 

promote cell apoptosis. This exemplifies how the location of K-Ras results in completely 

different biological outcomes, as signalling from the plasma membrane and ER promotes 

cell proliferation and apoptosis, respectively (Chiu et al., 2002; Sung et al., 2013). In 

contrast, N-Ras associates with outer and inner mitochondrial membranes to aid in 

retrograde signalling of nuclear factor kappa B (NF-κB) from the mitochondria to the 

nucleus to promote cell survival (Wolfman 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 the N-terminus of Ras (Caloca et al., 2003; 

Cole et al., 1996). The KDEL receptor normally functions as a chaperone to transport 

proteins from the Golgi complex back to the ER, but mutating amino acid N193 inhibits 

this movement and renders the receptor as a resident Golgi protein. Chiu et al. (2002) 

demonstrated that H-Ras tethered to the Golgi complex transformed rodent fibroblasts 

and efficiently activated PI3K/Akt and Erk signalling. The tethered construct caused low 

JNK activation when compared to the plasma membrane associated control. On the other 

hand, Matallanas et al. (2006) established that Golgi-tethered Ras was not capable of 

transforming murine fibroblasts and supported Ral and JNK downstream signalling. In 

support of this, Ras tethered to the Golgi complex by the avian bronchitis virus E1 

protein is unable to induce cell transformation (Hart and Donoghue, 1997). Negative 

regulators, such as Raf kinase trapping to Golgi (RKTG) and retinoic acid-inducible gene 

1 (RIG-1) also exist to down-regulate the Ras/Raf/Erk signalling pathways at the Golgi 

(Fan et al., 2008; Feng et al., 2007; Tsai et al., 2006). RKTG localizes to the Golgi 

complex and sequesters Raf-1 and B-Raf, thereby blocking Ras downstream 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 with the activation of Ras at the Golgi 

complex. Some studies suggest that Ras can be activated directly at the Golgi complex, 

while others indicate that Ras must first travel to the plasma membrane and then 

retrograde traffic back to the Golgi complex before initiating associated downstream 

signalling pathways (Fehrenbacher et al., 2009; Mayinger, 2011). Even though some of 
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the results are conflicting, the notion of compartmentalized signalling is well supported. 

The variation may be explained through Ras nanoclustering and the idea that distinct 

microdomains may also exist in intracellular endomembranes. 

 

1.1.10. Compartmentalized Signalling: Endosomes 

Instead of trafficking back to the Golgi complex, palmitoylated Ras can 

accumulate on endosomes through clathrin-mediated endocytosis. H- and N-Ras localize 

to endosomes through a conditional modification known as ubiquitination (Jura et al., 

2006). While poly-ubiquitination of any Ras isoform leads to proteasomal degradation, 

mono- or di-ubiquitination by the E3 ubiquitin ligase, Rabex-5/RabGEF1, causes 

anchoring of palmitoylated H- and N-Ras to endosomal membranes (Kim et al., 2009; Xu 

et al., 2010). It is also regulated by the Ras effector, Rin1, suggesting that Ras may 

regulate its own ubiquitination. Since Ras/Raf/Erk signalling primarily occurs at the 

plasma membrane, redirecting H- and N-Ras to endosomes by ubiquitination reduces Erk 

activation (Jura et al., 2006; Tian et al., 2007). In support of this, mutations that prevent 

ubiquitination of H-Ras result in enhanced H-Ras plasma membrane localization and Erk 

activation. As opposed to using ubiquitination to alter Ras intracellular localization, the 

deubiquitination enzyme, USP17, can indirectly sequester H- and N-Ras to the cytosol 

and ER by reducing the activity of the protease, Rce1 (Burrows et al., 2009). 

Interestingly, USP17, does not block K-Ras trafficking to the plasma membrane, and may 

serve as a means of promoting K-Ras downstream signalling over H- and N-Ras (De-La 

Vega et al., 2010). K-Ras is rarely retained on endosomes; however, it can be internalized 

by clathrin-mediated endocytosis, and initiate MAPK signalling from late endosomes 
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before lysosomal degradation (Lu et al., 2009; Roy et al., 2002). Furthermore, K-Ras also 

undergoes mono-ubiquitination, but instead of endosomal localization, it results in 

enhanced GTP loading and binding affinity for Raf and PI3K downstream effectors 

(Sasaki et al., 2011). 

As demonstrated above, Ras subcellular localization leads to variation in 

signalling to downstream effectors. As expected, site-specific GEFs and GAPs exist to 

regulate this response. For example, RasGRF activates Ras in epithelial cells based on the 

type of stimulus present. Calcium causes RasGRF to activate Ras at the plasma 

membrane, while lysophosphatidic acid promotes its activation at the ER (Arozarena et 

al., 2004). In lymphocytes, calcium triggers recruitment of the Golgi-specfic GEF, 

RasGRP1, to the Golgi complex where it binds diacylglycerol and activates Ras (Bivona 

et al., 2003). At the same time, plasma membrane associated Ras is inactivated by the 

calcium-reactive RasGAP, CAPRI. Modifying GEF or GAP function can also regulate 

Ras signalling. The previously mentioned scaffold protein, galectin-3, which functions in 

K-Ras nanocluster formation, prevents RasGRP4 from activating H- and N-Ras isoforms 

(Shalom-Feuerstein et al., 2008). As a result, signalling from GTP-loaded K-Ras 

nanoclusters is promoted, and the activity of the other isoforms is suppressed. Likewise, 

phosphorylation of GTP-bound K-Ras sustains its activity to PI3K and Erk downstream 

effectors, while also preventing the RasGAP, p120, from inactivating the isoform (Elad-

Sfadia et al., 2004). Taken collectively, Ras signalling to downstream effectors is highly 

regulated, and not only varies by Ras subcellular localization, which is mainly attributed 

to post-translational modifications, but also by the stimulus and accessory proteins 

present, and the type of cell in question. With constitutively activated Ras involved in 
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30% of all human cancers, and associated downstream pathways increasing that 

frequency to 50%, it is no surprise that many strategies have 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 the notion of oncogene 

addiction (Torti and Trusolino, 2011). The term refers to cancer cells which, despite 

having numerous genetic mutations, become dependent on the activity of a single 

oncogene for their continued proliferation and/or survival. There are three recognized 

models for oncogene addiction. The first, known as genetic streamlining, suggests that 

non-essential cellular pathways are inactivated over time as the tumor relies on the 

signalling from the oncogenic protein (Kamb, 2003). Termination of signalling leads to 

an attempt of cellular recovery, which ultimately fails, and ends in cell cycle arrest or 

apoptosis. The second, termed oncogenic shock, postulates that oncogenes 

simultaneously stimulate both pro-survival and pro-apoptotic signals, with the former 

pathways dominating in the tumor cell environment (Sharma et al., 2006). Disruption of 

the oncogenic protein leads to a rapid decline in pro-survival signals and shifts the 

balance in favour of death promoting signalling pathways. Lastly, the synthetic lethal 

model describes a situation in which the activities of two oncogenes function towards a 

common downstream effector (Kaelin, 2005). When one is lost, the other is still capable 

of maintaining cell survival; however, the loss of both proves fatal.  

Unfortunately, finding ways to target oncogenic Ras and interrupt its associated 

downstream signalling is no small endeavor. If the direct approach is considered, the 
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binding pocket or active site of Ras is made inaccessible due to the continuous occupancy 

of GDP or GTP; essentially deeming Ras “undruggable” (Mattingly, 2013). Nonetheless, 

some inhibitors do exist. The Schering-Plough inhibitors, such as SCH-54292, are small 

molecules that can bind in the active site without displacing GDP and likely function by 

preventing the interaction of Ras with the RasGEF, SOS (Taveras et al., 1997). 

Furthermore, newly discovered small binding pockets in K-Ras have also led to the 

development of compounds that block SOS-mediated Ras activation (Maurer et al., 

2012). Alternatively, small molecules which promote GTP hydrolysis of oncogenic Ras 

are also under consideration (Ahmadian et al., 1999). Another direct approach in 

targeting oncogenic Ras is silencing its expression through RNA interference (RNAi). 

Small interfering RNAs have been shown to silence oncogenic K-Ras expression in 

tumor cell lines and inhibit their growth (Smakman et al., 2005). Interestingly, another 

study showed that tumor cell lines were sensitive to K-Ras RNAi depending on their 

degree of epithelial to mesenchymal transition (Singh et al., 2009). Epithelial tumor cell 

lines expressing mutant K-Ras were good candidates for RNAi, while those expressing 

mesenchymal markers were not. This technique shows promise, but lacks in efficient 

delivery, uptake by target cells, and effective gene silencing. 

With direct targeting being rather unsuccessful, indirect methods stem from 

inhibiting Ras downstream effectors or its association with membranes. The list of 

inhibitors for Raf, MEK, Erk, PI3K, Akt, and RalGEFs is vast and because of their 

efficacy as cancer therapeutics, numerous clinical trials are currently underway. An 

extensive review can be found in select chapters of The Enzymes, Vol. 34 (Cooper et al., 

2013; Gentry et al., 2013; Sheridan and Downward, 2013). The discovery that Ras 
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requires post-translational modifications for membrane association and activation 

prompted an inhibition of the enzymes responsible (Casey et al., 1989; Hancock et al., 

1990). The cytosolic farnesyltransferase was one of the first enzymes to be targeted. 

Farnesyltransferase inhibitors (FTIs) suppressed a wide array of tumor cells both in vitro 

and in vivo, and were extremely effective in preventing H-Ras farnesylation and reverting 

cell transformation (Appels et al., 2005; Basso et al., 2006). Furthermore, orally 

developed FTIs, such as Tipifarnib and Lonafarnib, were also well tolerated by 

experimental groups. Unfortunately, clinical trials revealed that FTIs were unable to 

target tumors driven by N- or K-Ras; the latter of which dominates in human cancers 

(Fernández-Medarde and Santos, 2011). As it turns out, if the farnesylation of N- or K-

Ras is inhibited, the proteins can undergo alternate prenylation by the 

geranylgeranyltransferase type I (GGTase-I) (Whyte et al., 1997). Instead of 

farnesylation, the GGTase-I adds a 20-carbon geranylgeranyl isoprenoid lipid group to 

the CAAX motif of N- or K-Ras. This led to the development of GGTase-I inhibitors 

(GGTIs), which were also tried in combination with FTIs, and the development of 

compounds that served as dual prenyltransferase inhibitors (DPIs) (Tamanoi and Lu, 

2013; Tucker et al., 2002). Either treatment has shown promise, but the concern lies with 

dose-limiting cytotoxicity. In order to achieve a significant reduction in K-Ras 

prenylation, high doses are required. Unfortunately, in vivo studies revealed zero 

survivability in mice at these levels. Future endeavors with FTIs, GGTIs, and DPIs may 

rest in the delivery system, where tumor cells are specifically targeted 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 mutants for the 

other Ras isoforms are still capable of GTP activation and some downstream signalling 

(Fotiadou et al., 2007; Hancock et al., 1989; Matallanas et al., 2006). Palmitoylation 

inhibitors, such as 2-bromopalmitate (2BP), cerulenin, and tunicamycin are broad 

spectrum inhibitors and serve more as a molecular tool, than a cancer therapeutic (Resh, 

2006). Other targets include the post-prenylation processing enzyme, Icmt, and the 

galectin family of Ras chaperones (Kloog et al., 2013; Tamanoi and Lu, 2013). Knockout 

of Icmt causes K-Ras to accumulate in the cytoplasm, prevents K-Ras induced oncogenic 

transformation, and improves myeloproliferative disease in mice (Bergo et al., 2000, 

2004; Wahlstrom et al., 2008). Chemical compound screening has led to the 

identification of a potent Icmt inhibitor, known as cysmethynil (Winter-Vann et al., 

2005). Cysmethynil is highly specific for Icmt and causes growth inhibition or death in 

colon, prostate and liver cancer cells (Wang et al., 2008, 2010). The main concern with 

Icmt inhibitors is that the enzyme methylates many other proteins, including the Ras 

downstream effector, B-Raf (Bergo et al., 2004). It is therefore important to determine 

whether or not the inhibition of Ras or other Icmt substrates are behind the anti-tumor 

effects. As opposed to targeting Ras modification enzymes, a relatively new approach is 

the inhibition of Ras chaperones. The inhibitor, farnesylthiosalicylic acid (FTS, 

Salirasib®) and its derivatives selectively interfere with GTP-bound Ras and its 

interaction with galectins to prevent Ras nanoclustering and signalling to downstream 

effectors (Kloog et al., 2013). FTS can be taken orally and lacks clinical toxicity in mice 

and humans. In terms of clinical efficacy, FTS has successfully targeted pancreatic and 
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non-small cell lung carcinomas in patients participating in phase II clinical trials 

(Bustinza-Linares et al., 2010). Furthermore, the majority of studies assessing the effects 

of FTS in combination with current cancer therapeutics have shown 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 and filled with 

countless obstacles. Fortunately, there is another avenue under consideration that utilizes 

biological agents as a therapeutic platform. 

 

1.1.12. Oncolytic Viruses 

Oncolytic virotherapy refers to the use of live viruses in cancer therapy (Russell et 

al., 2012). The approach is based on the notion that certain viruses can selectively target, 

replicate in, and destroy cancer cells. Oncolytic viruses have unique advantages over 

conventional radiotherapy and chemotherapy (Kim et al., 2011). They generally target 

cancer cells because of their reduced pathogenicity in normal cells, and in comparison to 

replication-incompetent vectors, can disseminate their viral progeny to neighbouring or 

distant cancer cells; thereby, distributing a potent anti-tumor response. Despite the above, 

there are concerns with this approach. Firstly, to ensure that the virus efficiently targets 

all cancer cells including those at sites of metastasis. Secondly, to minimize damage to 

proliferating cells and normal tissues, and lastly, to evade the natural immune response of 

the host such that the virus is not eradicated before the cancer is destroyed. Regardless of 

these challenges, many viruses are currently under investigation as a cancer therapeutic, 

and due to their demonstrated safety and effectiveness in clinical trials will likely result in 

future commercialization and combination therapies (Russell et al., 2012). These include 
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adenovirus, herpes simplex virus, measles virus, and vaccinia virus, which have been 

genetically engineered to target tumor cells while reducing their pathogenicity to normal 

tissues, as well as naturally oncolytic viruses, such as Newcastle disease virus, coxsackie 

A virus, and reovirus. When considering oncolytic viruses which target Ras, reovirus is 

the top contender. Its affiliation with Ras and associated downstream pathways has led to 

its use in phase I, II, and III clinical trials (Coffey et al., 1998; Oncolytics Biotech Inc, 

2014; Strong et al., 1998). As such, the remainder of this chapter will focus on reovirus 

and its interaction with Ras. 

 

1.2. Reovirus 

The Reoviridae family is made up of small, non-enveloped, double-stranded RNA 

(dsRNA) viruses that are ubiquitously found in the environment and infect a wide range 

of hosts (Gomatos and Tamm, 1963; Stanley, 1961). Mammalian REO (respiratory 

enteric orphan) virus is a member of this family, and derives its name from its ability to 

target human upper respiratory and gastrointestinal tracts and generate a relatively 

benign, and often asymptomatic, infection (Sabin, 1959). Under the orthoreovirus genus, 

mammalian reovirus is classified into four main serotypes and five strains by 

neutralization and hemagglutination-inhibition assays (Attoui et al., 2001; Ramos-

Alvarez and Sabin, 1954; Rosen et al., 1960; Sabin, 1959). These include: Type 1 Lang 

(T1L), Type 2 Jones (T2J), Type 3 Abney (T3A), Type 4 Ndelle (T4N), and the focus of 

this study, Type 3 Dearing (T3D). 
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1.2.1. Structure and Life Cycle 

The reovirus genome consists of ten dsRNA segments, which are divided into 

large (L), medium (M), and small (S) classes based on their size (Ward et al., 2007). Each 

of the segments encodes a single viral protein, with the exception of M3 and S1, which 

each encode two. A list of reovirus dsRNA segments and their respective protein 

products can be found in Figure 1.3A. The reovirus genome is encompassed by two 

concentric, icosahedral protein capsids. The outer capsid is comprised of 1, 3, μ1, and 

2 structural proteins, and the inner capsid is made up of 2 and 1, as well as the viral 

replication enzymes, μ2 and 3. The remaining four proteins are non-structural (NS) and 

play a role in reovirus replication. The formation of viral inclusion bodies is aided by 

NS, μNS, and μNSC, while 1s has recently been implicated in reovirus-induced cell 

cycle arrest and apoptosis (Boehme et al., 2013; Kobayashi et al., 2009). During its life 

cycle, reovirus particles exist in three forms: mature virions, intermediate subviral 

particles (ISVPs), and core particles (Borsa et al., 1973; Smith et al., 1969). 

The reovirus life cycle begins with the binding of 1 to cell surface glycans 

(Figure 1.3B) (Lee et al., 1981). These have been identified as α- linked 5-N-acetyl 

neuraminic acid / sialic acid and ganglioside GM2 glycan for T3D and T1L strains, 

respectively (Barton et al., 2001b; Reiss et al., 2012). Acting as co-receptors, the cell 

surface glycans allow reovirus to move laterally across the cell surface until it can bind 

with higher affinity to its main receptor, junctional adhesion molecule-A (JAM-A) 

(Barton et al., 2001a). Following attachment, reovirus is internalized via receptor-

mediated, clathrin-dependent endocytosis (Ehrlich et al., 2004). This requires the 

interaction of outer capsid protein, 2, and β1-integrins (Maginnis et al., 2006). Caveolin-
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mediated endocytosis may also be involved in entry (Schulz et al., 2012). After reovirus 

enters the cell, it begins to disassemble in acidified late endosomes (Mainou and 

Dermody, 2012; Sturzenbecker et al., 1987). Cysteine proteases, such as cathepsin B, L, 

or S, enable the virus to uncoat by digesting 3 to reveal μ1N and μ1C (Ebert et al., 

2002; Golden et al., 2004). The former undergoes myristoylation, while the latter is 

digested into hydrophobic δ and φ fragments (Chandran et al., 2003; Tillotson and 

Shatkin, 1992). These conformation changes give rise to ISVPs, which penetrate the 

endosomal membrane and cause transcriptionally active core particles to be released into 

the cytosol (Mendez et al., 2008). ISVPs can also be generated by intestinal proteases, 

and by trypsin and chymotrypsin in vitro (Bodkin et al., 1989). As such, it is believed that 

ISVPs may directly penetrate the plasma membrane to enter the cytoplasm, thereby 

bypassing the endocytic process (Borsa et al., 1979; Chandran et al., 2002). Disassembly 

of the ISVP also causes activation of the RNA-dependent RNA polymerase, 3, and 

primary transcription is initiated in the core particles (Yamakawa et al., 1982). Capped 

mRNAs are released into the cytoplasm where they serve as templates for host cell 

translational machinery. At this point, reovirus non-structural proteins (NS, μNS, and 

μNSC) and structural protein, μ2, form the viral inclusion bodies or factories in the 

cytoplasm (Becker et al., 2001; Kobayashi et al., 2006). These factories incorporate 

cellular cytoskeletal structures, such as microtubules and intermediate filaments, and 

function as the main site of viral replication and assembly (Babiss et al., 1979; Parker et 

al., 2002; Sharpe et al., 1982). Progeny core particles begin to assemble, and within the 

cores, the positive-sense RNAs help to complete the reovirus genome by serving as 

templates for minus strand synthesis (Schonberg et al., 1971). The addition of the outer 
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capsid generates mature virions, and subsequent reovirus-induced apoptosis results in the 

release of viral progeny (Oberhaus et al., 1997). In addition to infecting mucosal 

epithelial cells, reovirus is a naturally oncolytic virus that preferentially targets cells 

harboring constitutively activated Ras or one of its downstream effectors (Hashiro et al., 

1977; Strong et al., 1998). As a result, reovirus exploits certain aspects of Ras signalling 

to enhance its own replication.  
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Figure 1.3: Reovirus structure and life cycle. (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) attaching to host cell receptors, sialic acid and JAM-A, 

using 1 to induce receptor-mediated endocytosis. (2) Outer capsid proteins, 1 and 3, 

are shed and (3) the virus penetrates through the endosomal membrane resulting in core 

particles in the cytoplasm. (4) Primary transcription of viral mRNA occurs within these 

core particles, and capped mRNAs are released and (5) translated by host cell machinery. 

(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 apoptosis. (11) Direct 

penetration of the cell membrane by reovirus ISVPs. Images modified from Shmulevitz 

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

It has long been demonstrated that reovirus is able to selectively infect and kill a 

wide variety of transformed cells; however, it was not until the 1990s that the link 

between reovirus and Ras was established (Duncan et al., 1978; Hashiro et al., 1977). 

Introduction of the epidermal growth factor receptor (EGFR), or in a later study, its 

constitutively activated and truncated form, rendered reovirus-resistant cells permissible 

to reovirus infection (Strong and Lee, 1996; Strong et al., 1993). These findings 

suggested that the signalling pathways downstream of EGFR, which include Ras, may 

play a role in reovirus oncolysis. In light of these findings, subsequent studies showed 

that murine cells transformed by SOS or Ras increased their permissiveness to reovirus 

infection and death (Strong et al., 1998). With Ras implicated in efficient reovirus 

oncolysis, researchers set out to determine which steps in the reovirus life cycle were 

enhanced by the presence of an activated Ras protein (Marcato et al., 2007). 

Constitutively activated Ras contributed to reovirus replication by increasing the 

efficiency of (1) reovirus proteolytic disassembly during entry, (2) infectious progeny 

virion production, and (3) reovirus release by caspase-dependent apoptosis. Furthermore, 

Ras-transformed cells are compromised in their ability to induce and respond to 

interferon beta (IFN-β) (Shmulevitz et al., 2010). During infection, pattern recognition 

receptors, such as RIG-1-like receptors, toll-like receptors, and dsRNA-activated protein 

kinase (PKR) recognize viral RNAs. In response, IFN-α and IFN-β are upregulated, 

which in turn stimulate genes that inhibit virus replication. In Ras-transformed cells, the 

MEK/Erk pathway blocks signalling from RIG-1 to inhibit IFN-β production, and as a 

result, allows for efficient spread of the virus. Additionally, a similar situation may exist 
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for PKR (García et al., 2006). Upon binding viral dsRNA, PKR dimerizes and 

autophosphorylates itself for activation. PKR functions by inhibiting host cell 

translational machinery through eIF2α, which ceases reovirus protein synthesis in normal 

cells (Bischoff and Samuel, 1989). In Ras-transformed cells, PKR phosphorylation is not 

detected during reovirus infection (Strong et al., 1998). Therefore, Ras-transformed cells 

not only encourage certain steps in the reovirus life cycle, but also reduce the antiviral 

response of the host cell to enable efficient virus replication and spread.  

 

1.2.3. Reovirus-Induced Apoptosis 

With the link between reovirus and Ras firmly established, it was imperative to 

understand the mechanisms behind its apoptosis of target cells. Reovirus triggers caspase-

dependent cell death by utilizing both extrinsic and intrinsic apoptosis pathways. In the 

extrinsic pathway, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), 

binds death receptors and recruits the adaptor protein Fas-associated death domain 

(FADD). FADD activates caspase-8, which activates downstream caspases to initiate 

apoptosis. Inhibiting TRAIL, FADD or caspase-8 negatively affects reovirus oncolysis 

(Clarke et al., 2000, 2001a). Furthermore, it has been shown that reovirus infected cells 

release TRAIL and downregulate the expression of cFLIP, a competitive inhibitor of 

caspase-8 for FADD binding (Clarke and Tyler, 2007). The extrinsic pathway actually 

feeds into the intrinsic pathway through caspase-8, which reovirus also requires for its 

pathogenesis (Kominsky et al., 2002a, 2002b). Caspase-8 cleaves the pro-apoptotic 

protein, Bid. Bid translocates to the mitochondria to release cytochrome C and 

Smac/Diablo (second mitochondria-derived activator of caspases / direct binding of 
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inhibitor of apoptosis binding protein with low isoelectric point, PI), which activate 

caspase-3 for cleavage of downstream apoptotic targets.  

Other death-related signalling pathways are also activated by reovirus. These 

include stress activated protein kinase / c-jun N-terminal kinase (SAPK/JNK) pathways 

and the transcription factor NF-κB. A typical reovirus infection results in the 

phosphorylation and activation of JNK (Clarke et al., 2001b). In turn, JNK translocates to 

the nucleus and activates c-jun; thereby, upregulating the expression of pro-apoptotic 

genes. JNK can also translocate to the mitochondria where it can suppress anti-apoptotic 

proteins, such as Bcl-2 or Bcl-XL, through direct phosphorylation or BAD-mediated 

neutralization. Furthermore, JNK can stimulate the release of cytochrome C or 

Smac/Diablo which are involved in activation of the caspase cascade and cell death. In 

the context of reovirus infection, JNK inhibition blocks reovirus-induced cell death by 

delaying the release of cytochrome C and Smac/Diablo (Clarke et al., 2004). T3 

reoviruses tend to induce more apoptosis than T1 reoviruses, and the ability to activate 

JNK is linked to strain differences in S1 and M2 reovirus genes; both of which are critical 

for triggering apoptosis following virus disassembly (Tyler et al., 1996, 1995). As 

previously mentioned, S1 encodes the attachment protein 1 and the non-structural 

protein 1s, while M2 encodes the outer capsid protein μ1. T3 reoviruses null for 1s are 

unable to cause cell cycle arrest and induce lower levels of apoptosis when compared to 

the wild-type virus both in vitro and in vivo (Boehme et al., 2013). More work is needed 

to determine how 1s is connected to the JNK or NF-κB apoptotic pathways. Slightly 

upstream of JNK is the Ras downstream effector, MEKK1. MEKK1 activates MKK4, 

which in turn phosphorylates and activates JNK. Consequently, reovirus infection of 
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murine embryonic fibroblasts that are null for MEKK show diminished caspase-3 activity 

and reduced apoptosis (Clarke et al., 2004).  

In addition to JNK, the reovirus μ1C components, δ and φ, are also important in 

activating caspase-8 and NF-κB pathways (Coffey et al., 2006; Wisniewski et al., 2011). 

During reovirus infection, NF-κB signalling is required for Bid activation, which as 

mentioned above, is involved in the intrinsic apoptosis pathway (Danthi et al., 2010). 

Interestingly, many reovirus infected cells activate NF-κB early on, but in later stages of 

infection are found to downregulate its activity (Clarke et al., 2003). NF-κB regulates 

both cell survival and death, and perhaps reovirus varies its activity to achieve sufficient 

progeny numbers before initiating cell apoptosis. Alternatively, recent evidence suggests 

that NF-κB activation may not be required for reovirus-induced cell death, and that 

reovirus may trigger necroptosis through caspase-independent pathways (Berger and 

Danthi, 2013). 

 

1.2.4. Reovirus in Cancer Therapy 

The ability of reovirus to effectively induce apoptosis in a wide array of human 

cancers has led to the establishment of the Canadian company, Oncolytics Biotech 

Incorporated, which investigates the therapeutic potential of reovirus (aka REOLYSIN®) 

in human clinical trials. Currently, the company has thirty-one ongoing or completed 

phase I, II, or III clinical trials (Oncolytics Biotech Inc, 2014). In brief, early clinical 

trials involving the intratumoral delivery of reovirus to malignant gliomas, and 

subcutaneous and prostate tumors found that it was safe, well-tolerated by patients, and 

had no dose-limiting toxicities (Forsyth et al., 2008; Thirukkumaran et al., 2010). 
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Furthermore, intravenous administration of reovirus to patients with various tumors types 

demonstrated the ability of reovirus to reach tumors systemically, as replication-

competent viral progeny were isolated from tumor biopsies (Vidal et al., 2008). Multiple 

doses of reovirus were also well tolerated by patients and once again, produced no 

observable toxicity. Showing promise, reovirus was tried in combination with standard 

chemo- and radiation therapies in patients with advanced cancers (Harrington et al., 2010; 

Karapanagiotou et al., 2012). The total clinical benefit was high in all studies, and 

prompted the first phase III clinical trial of reovirus with carboplatin and paclitaxel for 

the treatment of head and neck cancers (Oncolytics Biotech Inc, 2014). This trial is 

currently underway with an initial enrollment of 80 patients; however, the trial was 

recently expanded by an additional 160 patients after the progression free survival data 

was higher than expected. Therefore, in order to maximize the efficacy of reovirus as a 

cancer therapeutic, future trials will focus on combination therapies (ie. chemotherapy, 

radiation therapy, and targeted therapies) that provide synergistic anti-tumor effects.  

 

1.3. Objectives 

 It is well established that reovirus preferentially targets Ras-transformed cells 

(Coffey et al., 1998; Strong et al., 1998). It is also known that Ras controls a wide array 

of downstream signalling pathways, which in turn regulate essential cellular processes, 

such as cell growth, differentiation, and death (Rajalingam et al., 2007). So far, studies 

have identified aspects of the reovirus life cycle that are enhanced in cells harboring 

activated Ras (Marcato et al., 2007; Shmulevitz et al., 2010), but none have focused on 

changes to oncogenic Ras itself in response to reovirus infection. I set out to determine 
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whether reovirus could alter the location of oncogenic Ras, and consequently, modify Ras 

activity to initiate pro-apoptotic signalling pathways required for viral progeny release. 

Considering that reovirus is currently undergoing clinical trials, it is more important than 

ever to identify the mechanism behind its oncolysis, and provide the potential to improve 

its efficacy as a cancer therapeutic. With Ras being a major constituent in human 

oncogenesis, any study that characterizes the biological outcomes of its 

compartmentalized signalling helps to expand the current field, and has the possibility to 

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

2.1. Cell Culture and Virus Synthesis  

2.1.1. Cell Culture and Reovirus Propagation 

NIH3T3, L929, and 293T cell lines were purchased from the American Type 

Culture Collection (ATCC; Manassas, VA, USA). NIH3T3 cells were cultured in Gibco
®

 

Dulbucco’s Modified Eagle Medium (DMEM, Life Technologies, Carlsbad, CA, USA) 

and supplemented with 10% newborn calf serum (NCS; Thermo Fisher Scientific Inc., 

Huntsville, AL) and 1% v/v antibiotic-antimycotic (AA; Life Technologies). L929 cells 

were cultured in Gibco
®
 Modified Eagle Medium (MEM) with 5% v/v fetal bovine serum 

(FBS), 1 mM sodium pyruvate, 1% v/v MEM non-essential amino acids (NEAA) and 1% 

v/v AA (Life Technologies). 293T cells were cultured similarly to L929 cells with the 

exception of DMEM and 10% v/v FBS being used. All cell lines were maintained at 37˚C 

in a 5% CO2 humidified incubator with cell culture medium being replaced every 2 to 3 

days. 

Mammalian reovirus T3D stocks were produced in L929 spinner cultures in 

Joklik’s Modified Eagle Medium (JMEM; Sigma-Aldrich Canada, Oakville, ON, 

Canada) supplemented with 5% v/v FBS, 1 mM sodium pyruvate, 1% v/v MEM NEAA 

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

 

2.1.2. Molecular Constructs 

H-RasV12 in pBABE-puro was kindly provided by Dr. Channing Der (University 

of North Carolina, NC, USA). N-Ras61K and K-RasV12 (4B variant) in pBABE-puro 

were purchased from Addgene (Catalog #12543 and #12544; Cambridge, MA, USA). 
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Plasma membrane tethered CD8-HRasV12xx in pCEFL was a gift from Dr. Piero Crespo 

(University of Cantabria, Cantabria, Spain). CD8-HRasV12xx was cloned into the 

pBABE-puro vector using the primers listed in Table 2.1. N-Ras61K and CD8-

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

deficient forms of activated H- and N-Ras into pBABE-puro (Table 2.1). Palmitoylation 

deficient constructs, denoted with an x or xx, refer to the replacement of cysteine to 

serine at sites 181 and 184 within the Ras sequence (C181S and C184S in H-RasV12xx 

and C181S in N-Ras61Kx). All constructs were verified by sequencing.  

 

Table 2.1: List of primers and enzymes used in the cloning of tethered and/or 

palmitoylation deficient Ras into the pBABE-puro retroviral vector. 

Constructs 

 

Forward Primer 

5’ to 3’ 

Reverse Primer 

5’ to 3’ 

Restriction 

Enzymes 

 

CD8-HRasV12xx  
 

GTACAGATCTGCCGCC
ACCATGGCCTTACCAG  

 

GAGTACGTCGACTCAG
GAGAGCACACACTTGC

TGCTCATGCTGCC 

 

BglII 
SalI 

 

CD8-NRas61Kx 

(Transmembrane 

portion)  

 

GTACAGATCTGCCGCC

ACCATGGCCTTACCAG  

 

GAGTACCTCGAGCGCG

GATCTCGGGAGGCT  

 

BglII 

XhoI 

 

CD8-NRas61Kx 

(N-Ras61Kx 

portion)  

 

GAGTACCTCGAGACTG

AGTACAAACTGGTGGT

G 

 

GAGTACGTCGACTTAC

ATCACCACACATGGCA

ATCCCATACTACCCTG  

 

XhoI 

SalI 

 

H-RasV12xx  

 

GAGTACGGATCCGCCG

CCACCATGACGGAATA

TAAGCTGGTGG 

 

GAGTACGTCGACTCAG

GAGAGCACACACTTGC

TGCTCATGCTGCC  

 

BamHI 

SalI 

 

N-Ras61Kx 

 

GAGTACGGATCCGCCG

CCACCATGACTGAGTA

CAAACTGGTG 

GAGTACGTCGACTTAC

ATCACCACACATGGCA

ATCCCATACTACCCTG  

 

BamHI 

SalI 
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2.1.3. Retrovirus Synthesis, Infection and Generation of Cell Lines   

To generate retroviruses encoding activated Ras mRNA sequences, 6 cm dishes of 

293T cells were grown to 80% confluency in antibiotic free media. According to the 

manufacturer’s protocol, 10 μl of Lipofectamine
®
 2000 transfection reagent was added to 

250 μl of Opti-MEM
®
 I reduced serum media (Life Technologies). In another 250 μl of 

Opti-MEM
®
 media, 2.6 μg of the appropriate pBABE-puro retroviral vector and 1.4 μg 

each of plasmids MD2.G and pHIT60 were added. The reagents were incubated for 5 min 

at room temperature (RT). The plasmid and lipofectamine-containing media were mixed 

together and incubated for an additional 20 min at RT. The resulting mixture was then 

added to the 293T cells for 6 h, after which the DNA-containing media was replaced with 

complete media. Twenty-four hours later, the retrovirus-containing media was collected 

at 12 h intervals until the cells began to lose viability. The retrovirus-containing media 

was pooled and centrifuged at 1000 g for 10 min. The media was filtered (0.45 μm), 

aliquoted, and stored at -80˚C. 

To infect NIH3T3 cells with retrovirus, the cells were first seeded at 6.25 x 10
4
 

cells/ml into a 6-well plate. The following day, each well received 1 ml of complete 

media, 1 ml of the appropriate retrovirus, and Sequa-brene to a final concentration of 8 

ug/ml (Sigma-Aldrich Canada). After 4 h, the retrovirus-containing media was removed 

and replaced with complete media. Twenty-four hours later, the cells were given 

selection media containing 2 μg/ml of puromycin. Mock-infected NIH3T3 cells were 

used as a control to monitor puromycin cytotoxicity. Once selected, the cells were 

maintained for 3 to 4 weeks maximum, and if necessary, were grown on 2% gelatin-

coated plates.  



47 

 

 

2.2. Inhibitors 

Unless otherwise indicated, inhibitors were added to pre-warmed media at 2 hours 

post-infection (hpi). FK506 and FTI-277 were purchased from Sigma-Aldrich Canada 

(Catalog #F4679 and #F9803) and used at a concentration of 10 μM. In general, a 

working concentration of 50 μM was utilized for 2-bromohexadecanoic acid (2BP; 

Catalog #sc-251714; Santa Cruz Biotechnology, Santa Cruz, CA, USA). InSolution
TM

 

Jun N-terminal kinase (JNK) inhibitor II and caspase inhibitor I Z-VAD(OMe)-FMK 

(ZVAD) were supplied by Calbiochem (Catalog #420128 and #627610; EMD Millipore, 

Billerica, MA, USA) and used at a working concentration of 50 μM. The MEK 1/2 

inhibitor, U0126, was used at a concentration of 40 μM (Catalog #9903; Cell Signaling 

Technology, Danvers, MA, USA). Nocodazole was used at a concentration of 8 μM and 

added directly to the cells 2 h before collection (Catalog # R17934; BIOMOL Research 

Labs., Plymouth Meeting, PA, USA). 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 times post-infection, H-RasV12 cells were washed and scraped in 

phosphate buffered saline (PBS) containing protease inhibitor cocktail (PIC; Sigma-

Aldrich Canada). The cells were passed through a 30-gauge needle multiple times and 

centrifuged at 700 g for 10 min. The resulting supernatant was centrifuged at 100 000 g 

for 25 min to isolate the supernatant and total membrane fractions. The supernatant 

cytoplasmic fraction was stored at -80˚C. The membrane pellet was resuspended in 1x 

RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Na-deoxycholate, 1% 
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IGEPAL CA
®
630) with PIC, syringed ten times, and stored at -80˚C. The samples were 

later subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) and western blot. Antibody information can be found in Table 2.2. 

 

2.4. Ras-Activation Assay 

 Samples were collected according to the suggested protocol supplied by the Ras 

activation assay kit (Catalog #17-218; Upstate/Millipore EMD). In brief, uninfected (UI) 

or reovirus-infected cells were collected at the indicated times post-infection. The cells 

were washed twice with ice-cold PBS, and scraped in the provided 1x Mg
2+

 lysis buffer 

(MLB) with PIC. The samples were syringed with a 26-gauge needle and centrifuged at 

14 000 g for 5 min at 4˚C. The protein concentration of the supernatants was determined 

by MicroBCA (Thermo Fisher Scientific Inc).  

In order to pull-down GTP bound Ras, 25 μg of total cell lysate was rotated with 

10 μl of Raf-1 Ras binding domain (RBD)-agarose conjugate for 45 min at 4˚C. The 

beads were washed 3 times with MLB before 40 μl of 2x Laemmli sample buffer was 

added. The samples were heated for 3 min at 80˚C and loaded onto a 12% Tris-glycine 

acrylamide gel for SDS-PAGE. A proportional amount of total cell lysate was loaded as 

well. A western blot was then performed to probe for Ras (Table 2.2).  
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Table 2.2: Antibody information for various experimental assays. 

Antibody Host Working Concentration Supplier 

 
Reovirus Rabbit 1: 100 000  

1: 10 000    

(WB) 

(IF; ICC; FC) 

Patrick Lee Lab 

Reovirus  Rat 1: 10 000    

 

(WB; IF) Patrick Lee Lab 

β-Actin (C4) Mouse 1: 1000       

 

(WB) Santa Cruz (sc-47778) 

Ras, clone RAS10 Mouse 1: 10 000    
1: 400        

1 μg            

(WB) 
(IF) 

(IP) 

Upstate/Millipore (05-516) 

HA Probe  (Y-11) Rabbit 1: 1000       

 

(WB) Santa Cruz (sc-805) 

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) 

p38α (C-20) Rabbit 1:200          

 

(WB) Santa Cruz (sc-535) 

Phospho-p38 MAPK 

(Thr180/Tyr182) 

Rabbit 1: 1000       

 

(WB) Cell Signaling (#9215) 

Akt (pan) (C67E7) Rabbit 1: 1000       

 

(WB) Cell Signaling (#4691) 

Phospho-Akt (Ser473) Rabbit 1: 1000       

 

(WB) Cell Signaling (#4060) 

ERK 1 (K-23) Rabbit 1: 800         

 

(WB) Santa Cruz (sc-94) 

Phospho-ERK  

(E-4) 

Mouse 1: 400         

 

(WB) Santa Cruz (sc-7383) 

SAPK/JNK Rabbit 

 

1: 1000        (WB) Cell Signaling (#9252) 

Phospho-SAPK/JNK 

(Thr183/Try185) 

Rabbit 

 

1: 1000        (WB) Cell Signaling (#9251) 

SEK1/MKK4 Rabbit 

 

1: 1000        (WB) Cell Signaling (#9152) 

Phospho-

SEK1/MKK4 
(Ser257/Thr261) 

Rabbit 

 

1: 1000        (WB) Cell Signaling (#9156) 

Cy3-conjugated 

Streptavidin 

S. avidinii 1.1 μl / ml  

 

(WB) Jackson ImmunoResearch 

(016-160-084) 

HRP-conjugated  
Goat anti-Rabbit IgG 

Goat 1: 10 000    
 

(WB) Jackson ImmunoResearch 
(111-035-003) 

Cy2-conjugated  Goat 1: 1000       (WB) Jackson ImmunoResearch 
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Goat anti-Rabbit IgG 1: 50           

1: 200         

(IF) 

(FC) 

(111-225-144) 

Cy3-conjugated  
Goat anti-Rabbit IgG 

Goat 1: 1000       
1: 50           

(WB) 
(IF) 

Jackson ImmunoResearch 
(111-165-144) 

AF647-conjugated 

Goat anti-Rabbit IgG 

Goat 1: 1000       

1: 50           

(WB) 

(IF) 

Jackson ImmunoResearch 

(111-605-144) 

Alk P-conjugated 
Goat anti-Rabbit IgG 

Goat 1: 1000       
 

(ICC) Jackson ImmunoResearch 
(111-055-003) 

HRP-conjugated  

Goat anti-Rat IgG 

Goat 1: 10 000    

 

(WB) Jackson ImmunoResearch 

(112-035-003) 

Cy3-conjugated  
Goat anti-Rat IgG 

Goat 1: 1000       
1: 50           

(WB) 
(IF) 

Jackson ImmunoResearch 
(112-165-167) 

DyLight 649-

conjugated  
Goat anti-Rat IgG 

Goat 1: 1000       

1: 50           

(WB) 

(IF) 

Jackson ImmunoResearch 

(112-495-167) 

HRP-conjugated  

Goat anti-Mouse IgG 

Goat 1: 10 000    

 

(WB) Jackson ImmunoResearch 

(115-035-003) 

Cy2-conjugated  
Goat anti-Mouse IgG 

Goat 1: 1000       
1: 50           

(WB) 
(IF) 

Jackson ImmunoResearch 
(115-225-146) 

Cy3-conjugated  

Goat anti-Mouse IgG 

Goat 1: 1000       

1: 50           

(WB) 

(IF) 

Jackson ImmunoResearch 

(115-165-146) 

Cy5-conjugated  
Goat anti-Mouse IgG 

Goat 1: 1000       
1: 50           

(WB) 
(IF) 

Jackson ImmunoResearch 
(115-175-146) 

 

WB: Western Blot; IF: Immunofluorescence; ICC: Immunocytochemistry; FC: Flow 

Cytometry; IP: Immunoprecipitation; AF: Alexa Fluor; Cy: Cyanine; HA: 

Hemagglutinin; HRP: Horseradish Peroxidase; IgG: Immunoglobulin G 

 

2.5. Acyl-Biotin Exchange Assay 

 H-RasV12 and H-RasV12xx transformed cells were infected with reovirus at a 

multiplicity of infection (MOI) of 100. After 12 hpi, the cells were washed once with ice-

cold PBS, and incubated for 3 min in a palmitoylation lysis buffer (5 mM - 

ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, 50 mM N-ethylmaleimide 

(NEM), 1 mM Na3VO4, 1 mM NaF, and 0.1% PIC in PBS pH 7.4). The cells were 

scraped, passed through a 21-gauge needle, and rotated for 1 h at 4˚C. The lysates were 

centrifuged at 10 000 g for 10 min at 4˚C, and the protein concentration of the 

supernatants was determined by MicroBCA. 
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 Cell lysates were precleared for 1 h at 4˚C using Protein G Dynabeads (Life 

Technologies) that were previously incubated with normal mouse serum (NMS) for 1 h at 

4˚C. After 1 h, the magnetic beads were removed from the cell lysates. In order to 

immunoprecipitate Ras, 1 mg of protein lysate was rotated overnight at 4˚C with 40 μl of 

Protein G Dynabeads that were pre-bound with 2 μg of Ras antibody (Table 2.2). The 

beads were washed 3 times with the palmitoylation lysis buffer, once with PBS, and then 

incubated in 50 mM of NEM for 2 h at RT. NEM forms stable thioether bonds with 

reactive cysteine residues within the Ras sequence. After treatment, the beads were 

washed twice with PBS and then divided into two fractions. To release palmitate groups, 

one fraction was rotated 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 groups. The other fraction, which 

served as a control, was treated with PBS for the same duration. Both fractions were then 

washed twice with PBS and incubated with 320 μM of EZ-Link Biotin-BMCC
TM 

(Catalog #21900; Thermo Fisher Scientific Inc.) for 1 h at RT with rotation. EZ-Link 

Biotin-BMCC
TM 

forms a stable thioether linkage with any reactive cysteine residues 

within the Ras sequence. The samples were washed twice with PBS, and the beads were 

resuspended in 30 μl of 2x Laemmli sample buffer. The samples were heated for 3 min at 

80˚C and resolved on a 12% Tris-glycine acrylamide gel by SDS-PAGE. Total Ras was 

detected by western blot using an anti-Ras primary antibody and horseradish peroxidase 

(HRP)-conjugated goat anti-mouse secondary antibody. Biotinylated protein, which 

represents palmitoylated protein, was detected using Cy3-conjugated Streptavidin. All 
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antibody information can be found in Table 2.2. Procedure modified from Dekker et al. 

(2010). 

 

2.6. Immunoprecipitation  

In order to immunoprecipitate Ras or reovirus proteins, the infected cells were 

first lysed and collected according to the palmitoylation lysis conditions described in 

Section 2.5. The protein concentration of the supernatants was determined by MicroBCA, 

and the cell lysates were precleared for 1 h at 4˚C using Protein G Dynabeads (Life 

Technologies) that were previously incubated with normal mouse, rat, or rabbit serum for 

1 h at 4˚C. After 1 h, the magnetic beads were removed from the cell lysates, and 1 mg of 

the precleared lysates were rotated overnight at 4˚C with 20 μl of Protein G Dynabeads 

that were pre-bound with antibodies raised against Ras or reovirus (Table 2.2). The beads 

were washed 3 times with palmitoylation lysis buffer, and resuspended in 30 μl of 2x 

Laemmli sample buffer. The samples were heated for 3 min at 80˚C and resolved on a 

12% Tris-glycine acrylamide gel by SDS-PAGE. To determine if the 

immunoprecipitation was successful, the membranes were probed using anti-Ras or anti-

reovirus primary antibodies and HRP-conjugated goat anti-mouse, rabbit, or rat 

secondary antibodies. The membranes were re-probed to establish if co-

immunoprecipitation occurred. All antibody information can be found in Table 2.2.   

 

2.7. SDS-PAGE and Western Blotting 

The cells were collected at the indicated time-points and lysed accordingly. 

Samples destined for standard SDS-PAGE and western blot were lysed in 1x RIPA buffer 
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with 0.1% PIC (see Section 2.3). The lysates were placed on ice for 20 min, and 

centrifuged at 14 000 rpm for 5 min at 4˚C to collect the supernatant. When examining 

protein phosphorylation, samples were washed twice with ice-cold PBS and lysed in 1x 

RIPA buffer (see Section 2.3) supplemented with 0.1% PIC, 1 mM Na3VO4, 5 mM NaF, 

1 mM PMSF (phenylmethylsulfonyl fluoride), and 0.1% phosphatase inhibitor cocktail 

III. The cells were scraped, sonicated, placed on ice for 10 min, and centrifuged at 14 000 

rpm for 15 min at 4˚C to collect the supernatant. In either case, the protein concentration 

from the supernatant was determined by MicroBCA. The cell lysates were resuspended in 

a 1:1 ratio of 2x Laemmli sample buffer containing β-mercaptoethanol (βME) and boiled 

for 5 min at 95˚C. Alternatively, lysates that were to be probed for Ras proteins were 

resuspended in a 1:1 ratio of 2x Laemmli sample buffer and boiled for 3 min at 80˚C. The 

proteins were separated using 10-15% Tris-glycine polyacrylamide gels by SDS-PAGE at 

100 V for approximately 2 h. Depending on the molecular weight of the target protein, 

the gels were transferred for 30 min to 1 h at 100 V onto PVDF membranes. The 

membranes were incubated for 1 h at RT or overnight at 4˚C in blocking buffer (5% w/v 

bovine serum albumin (BSA) in Tris-buffered saline with 1% Tween
®
20 (TBST) or 3% 

w/v powdered milk in TBST). The primary antibodies were diluted in the appropriate 

TBST blocking buffer (see Table 2.2) and incubated on the membrane for 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 RT, the membranes were 

washed again with TBST and if necessary, developed using the Pierce
®
 ECL Plus 

western blotting substrate (Thermo Fisher Scientific Inc.). The western blots were 

visualized by the Typhoon 9410 variable mode imager (GE Healthcare Life Sciences, 
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Piscataway, NJ, USA), and ImageJ 1.47v (National Institutes of Health, Bethesda, MD, 

USA) was used for protein band quantification through densitometry.  

 

2.8. RNA Purification and Quantitative Real-time Polymerase Chain Reaction 

(qRT-PCR) 

 Total RNA was extracted at 4 and 12 hpi using TRIzol
®

 (Life Technologies). To 

isolate high quality RNA, the samples were treated with chloroform and 100% ethanol 

before being loaded onto the columns provided in the PureLink
®
 RNA purification kit 

(Life Technologies). An on-column DNase I digestion was performed to remove any 

residual DNA contamination, and the RNA was recovered according to the 

manufacturer’s protocol. In a 20 μl reaction, 250 ng of total RNA was used for cDNA 

synthesis using the suggested protocol for SuperScript
®

 II reverse transcriptase (Life 

Technologies). The resulting cDNA was diluted with 80 μl of nuclease-free water. Each 

qRT-PCR reaction contained 3 μl of diluted cDNA, gene-specific primers (Table 2.3), 

nuclease-free water, and Promega
TM

 GoTaq
®
 qPCR master mix (Thermo Fisher 

Scientific Inc.). After the initial denaturation step at 95˚C for 5 min, the samples 

underwent 40 amplification cycles at 95˚C for 10 sec and 60˚C for 30 sec using the 

Mx3000P
TM

 real-time PCR system (Stratagene, Agilent Technologies Canada Inc. 

Mississauga, ON, Canada). The samples collected at 4 and 12 hpi were used to amplify 

the reovirus S4(-) and IFN-β genes, respectively. Data was analyzed using MxPro qPCR 

software (Stratagene) and mRNA levels were normalized to the glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) internal control. 
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Table 2.3: List of qRT-PCR primers. 

Target 

 

Forward Primer 

5’ to 3’ 

Reverse Primer 

5’ to 3’ 
GAPDH TGGCAAAGTGGAGATTGTTG  

 

AAGATGGTGATGGGCTTCCC 

Reovirus S4(-) GGAACATTGTGAGAGCAGCA  

 

GCAAGCTAGTGGAGGCAGTC  

 

IFN-β  

 

CCCTATGGAGATGACGGAGA CTGTCTGCTGGTGGAGTTCA  

 

 

 

2.9. Detection of Reovirus Infected Cells 

 Mock and reovirus infected cells that were treated with or without an inhibitor 

were collected at 12 hpi for fluorescence-activated cell sorting (FACS). The trypsinized 

cells were washed with PBS, fixed in a 4% paraformaldehyde in PBS solution, and 

placed on ice for 30 min. The cells were washed with PBS and left for 1 h at RT or 

overnight at 4˚C in blocking buffer (3% BSA, 0.1% Triton X-100 in PBS). The cells were 

probed using a polyclonal rabbit anti-reovirus primary antibody and a Cy2-conjugated 

goat anti-rabbit secondary antibody (Table 2.2). The washed cells were quantified using a 

FACScan flow cytometer (BD Biosciences, San Jose, CA, USA). Data was analyzed 

using FCS Express
TM

 or CellQuest Pro
TM

 software (BD Biosciences). 

 Alternatively, at 12 hpi the cells underwent immunocytochemistry (ICC). The 

plated cells were fixed and permeabilized in ice-cold methanol for 5 min. The cells were 

washed in PBS and left for 1 h at RT or overnight at 4˚C in blocking buffer (see above). 

The cells were probed using a polyclonal rabbit anti-reovirus primary antibody and an 

alkaline phosphatase-conjugated goat anti-rabbit secondary antibody (Table 2.2). The 

cells were incubated with the appropriate antibody for 1 h at RT, and washed 3 times in 

PBS containing 0.1% Triton X-100 after each antibody incubation. Reovirus infected 
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cells were visualized through the use of a BCIP/NBT alkaline phosphatase substrate kit 

IV (Vector Laboratories Ltd., Burlingame, CA, USA) diluted in 100 mM Tris buffer in 

ddH20 (pH = 9.5). Once reovirus infected cells could be differentiated from uninfected 

cells, a stop solution was added (5 mM EDTA in PBS). The cells were photographed 

using the Nikon Eclipse TS100 microscope and Nikon Coolpix 4500 camera (Nikon 

Canada Inc., Mississauga, ON, Canada). Simple counting determined the 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 reovirus infected cells that were cultured in the presence or absence of an inhibitor 

were collected at 24 hpi for FACS analysis. The cells were stained with Annexin V-PE 

and 7-AAD according to the manufacturer’s instructions (BD Biosciences), and 

quantified using a FACScan flow cytometer. Trypan blue exclusion staining served as 

another means of quantifying cell death. Live cells prevent uptake of the dye, while dead 

cells are unable to exclude the stain and turn blue. At 24 hpi, trypsinized cells were mixed 

in a 1:1 ratio with 0.4% trypan blue stain (Life Technologies). The cells were visualized 

using the Nikon Eclipse TS100 microscope (Nikon Canada Inc.), and the number of dead 

to live cells was determined with the aid of a haemocytometer. In either technique, 

background cell death from uninfected cells was taken into account in order to provide an 

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

 Non- and Ras-transformed cells were cultured to 90% confluency and infected 

with serial dilutions of reovirus. The cells were infected in a volume of 100 μl per well of 

a 12-well plate for 1 h at 37˚C. The plates were also shaken every 10 min to prevent the 

cells from drying out and to ensure even distribution of the virus. After 1 h, an agar 

mixture consisting of 2% agar (Catalog #BP1423; Thermo Fisher Scientific Inc) and 2x 

MEM (supplemented with 20% NCS and 2% AA) in equal volume was added to the cells 

and allowed to set. Depending on the experiment, this mixture sometimes contained an 

appropriate concentration of inhibitor or DMSO control. After the mixture solidified, the 

plates were placed upside down in a 37˚C incubator.  

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 min. The cells were washed in PBS and left for 1 h at RT or overnight at 

4˚C in blocking buffer (3% BSA and 0.1% Triton X-100 in PBS). The cells were 

incubated with polyclonal rabbit anti-reovirus primary antibody for 1 h at RT and 

subsequently, alkaline phosphatase-conjugated goat anti-rabbit secondary antibody for 

the same duration (Table 2.2). After each of the antibody incubations, the cells were 

washed in PBS containing 0.1% Triton X-100. Reovirus plaques were visualized through 

the use of a BCIP/NBT alkaline phosphatase substrate kit IV (Vector Laboratories Ltd.) 

diluted in 100 mM Tris buffer in ddH20 (pH = 9.5). Once reovirus plaques could be 

differentiated from uninfected cells, a stop solution was added (5 mM EDTA in PBS). 

The viral plaques were photographed using the Zeiss Stemi 2000-C stereoscope and 
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AxioCam HRC colour camera (Carl Zeiss Canada Inc., Toronto, ON, Canada). Plaque 

size was determined by measuring the largest diameter of every plaque within each well. 

The plaque assay was also used to determine the viral titer from a reovirus stock 

preparation or from infected non- and Ras-transformed cells. A slightly different protocol 

was followed. In the former, purified reovirus from infected L929 spinner cultures was 

serially diluted to infect 90% confluent monolayers of highly permissive L929 cells. 

After determining the titer of the reovirus stock preparation on L929 cells, a higher MOI 

is required to infect the same number of NIH3T3 cells. Reovirus is over 10 times more 

effective at binding L929 cells than NIH3T3 cells, and as such, an MOI of 10 reovirus 

pfu/cell is needed to infect approximately 10–30% of NIH3T3 cells (Marcato et al., 

2007). In the latter, reovirus infected non- and Ras-transformed cells were collected at 24 

hpi to obtain total and release reovirus samples for titration. Reovirus release samples 

were collected by removing 1/10
th
 of the media volume, and centrifuging it for 5 min at 

1000 g. To ensure that the sample remained cell free, only 80% of the supernatant was 

removed and stored at -80˚C. After reovirus release was collected, the same well received 

1/10
th
 its original volume of 10x RIPA buffer (10% NP-40, 5% Na-deoxycholate, 1% 

PIC). The cells were scraped and stored at -80˚C.  

Total and release reovirus samples were serially diluted to infect 90% confluent 

monolayers of L929 cells, and as per above, 100 μl of diluted virus was added per well of 

a 12-well plate for 1 h at 37˚C. The plates were shaken every 10 min. After 1 h, an agar 

mixture made up of 2% agar and 2x MEM (supplemented with 10% FBS, 2 mM sodium 

pyruvate, 2% MEM NEAA, and 2% AA) in equal volume was added to the cells and 

allowed to set. After the mixture solidified, the plates were placed upside down in a 37˚C 
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incubator for 5 days. 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 min. Crystal violet (5 g in 50% ethanol) was then used as a 

contrasting stain to highlight the viral plaques within the cell monolayer. Reovirus 

plaques were counted and the titer was determined. Titers are denoted as plaque forming 

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

 

2.12. Immunofluorescence (IF) Microscopy 

 Non- and Ras-transformed cells were grown overnight on gelatin-coated cover 

slips. To decrease the likelihood of the cells lifting off the cover slips, the cells were 

infected with diluted reovirus in a volume of 200 μl per cover slip for 1 h at 37˚C. The 

larger volume provided enough surface coverage such that the plates did not need to be 

shaken during infection. If required, 2BP or FTI-277 was added at 2 hpi. At 12 hpi, the 

cells were fixed in 4% paraformaldehyde (in PBS) for 20 min, washed in PBS, and left 

for 1 h at RT or overnight at 4˚C in blocking buffer (3% BSA, 0.1% Triton X-100 in 

PBS). Reovirus exponential growth occurs between 6 and 12 hpi, and  the latter time 

point was chosen to assess the effect of the virus on target cells (Shmulevitz et al., 2012). 

Primary and Cy-conjugated secondary antibodies (see Table 2.2) were diluted in blocking 

buffer and incubated on the cover slips for 1 h at RT. PBS containing 0.1% Triton X-100 

was used to rinse the cells. Cover slips were mounted onto slides using FluoroShield 

mounting medium (Sigma-Aldrich Canada) and further sealed with nail polish. The cells 

were visualized using the Zeiss LSM 510 Meta laser scanning confocal microscope (Carl 

Zeiss Canada Inc.), 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, USA). Two sample t-tests were used to compare the effect of 

a single inhibitor on individual cell lines. A one-sample t-test was performed to determine 

whether a fold increase was greater than one. If there was a high degree of variability 

between individual trials, then a paired t-test was employed instead. One or two-way 

analysis of variance (ANOVA) was used when examining the effect of two or more 

factors. A nested ANOVA was utilized for plaque size analysis, which allowed the effect 

of individual wells within each treatment to be taken into account. Tukey’s pair-wise 

comparisons were then used to identify significant differences between factors.   
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CHAPTER 3: RESULTS 

Reovirus is a naturally occurring oncolytic virus that preferentially targets Ras-

transformed cells (Coffey et al., 1998; Strong et al., 1998). Its genome, which is 

comprised of ten dsRNA segments, leaves little room for genetic manipulation in the 

creation of a functional virion. As such, the structure and size of the reovirus genome 

suggests a level of genomic and proteomic multitasking during its infection of target 

cells. Marcato et al. (2007) highlighted certain stages of the reovirus life cycle (ie. 

disassembly, virion production, and apoptosis) that were enhanced in Ras-transformed 

cells, but the direct relationship between reovirus and Ras has yet to be examined. Ras is 

a dynamic protein that functions at the center of a signalling hub to control a wide array 

of cellular processes, including growth, differentiation, and death (Prior and Hancock, 

2012). When Ras is constitutively activated through mutation, its signalling to 

downstream effectors becomes deregulated and can lead to oncogenesis. With reovirus 

currently undergoing clinical trials and demonstrating its efficacy as a cancer therapeutic, 

a lot of emphasis has been placed on understanding the molecular mechanisms behind its 

oncolysis (Oncolytics Biotech Inc, 2014). Taken collectively, this study set out to 

determine whether reovirus was capable of manipulating oncogenic Ras to trigger 

apoptosis of target cells by altering its post-translational modifications, intracellular 

location, and signalling to downstream effectors.  

 

3.1. Reovirus Infection Redistributes H-RasV12 from the Plasma Membrane 

The following experiments were designed to assess any variations in Ras 

localization following reovirus infection. Using immunofluorescence, Ras was visualized 
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in non-transformed and H-RasV12 transformed cells. To recall, when Ras-transformed or 

non-transformed cells are mentioned 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 established model system utilized 

in our lab for the past 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. Endogenous Ras levels were faintly detected in non-transformed cells by 

confocal microscopy (Figure 3.1A), and as a result of the retrovirus-based cell system, H-

RasV12 was clearly expressed in the Ras-transformed cells (Figure 3.1B). H-RasV12 

requires post-prenylation processing and localizes to the ER and Golgi body before 

reaching the cell surface (Ahearn et al., 2012). As expected, H-RasV12 showed distinct 

plasma membrane and endomembrane localization in uninfected Ras-transformed cells 

(Figure 3.1B). Interestingly, reovirus infection of H-Ras transformed cells appeared to 

alter the normal distribution of H-RasV12. At 12 hpi, reovirus factories could clearly be 

seen in the perinuclear region of the host cell, however H-RasV12 seemed to lose its 

plasma membrane localization and accumulate in non-overlapping, punctate structures 

(Figure 3.1B). Furthermore, fractionation of reovirus infected cells into membrane and 

soluble fractions indicated an increase in soluble Ras during the first 18 hours of infection 

(Figure 3.2). With immunofluorescence and cell fractionation suggesting that reovirus 

infection alters the distribution of Ras, co-immunoprecipitations were performed to 

determine whether any direct interaction between oncogenic Ras and reovirus proteins 

occurred. Neither immunoprecipitations carried out by anti-Ras nor anti-reovirus 
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antibodies yielded any indication that the proteins associated with one another during 

infection (Figure 3.3). These results were consistent with the 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 of H-RasV12 from the plasma 

membrane. (A) Non-transformed cells were stained with anti-Ras antibodies (green) and 

imaged at 630x magnification by confocal microscopy to visualize endogenous Ras. 

Scale bar: 20 μm. (B) H-RasV12 transformed cells were infected with reovirus at an MOI 

of 20 and fixed at 12 hpi. The cells were stained with anti-Ras (green) and anti-reovirus 

(red) antibodies, and visualized under 1000x magnification by confocal microscopy. 

White squares highlight regions that are enlarged under the “Zoom” heading. Arrows 

indicate plasma membrane localization in uninfected cells and punctate formation 

following reovirus infection. Scale bar: 10 μm. Images are representative of three 

independent experiments.   
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Figure 3.2: Soluble Ras increases during reovirus infection. H-RasV12 transformed cells 

were mock or reovirus infected at an MOI of 20.(A) At the indicated times post-infection, 

the cells were collected and subjected to fractionation. The fractions were separated by 

SDS-PAGE and probed with anti-Ras and anti-β-actin antibodies. UI: uninfected. (B) 

Whole-cell lysates were collected at the indicated times post-infection, and following 

SDS-PAGE, were probed using an anti-reovirus antibody. , μ, and  represent the 

location of reovirus proteins. Blots are representative of three independent experiments.  
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Figure 3.3: Reovirus proteins do not interact with Ras during infection. H-RasV12 

transformed cells were infected with reovirus at an MOI of 100 and collected at 12 hpi. 

Precleared lysates were immunoprecipitated with the appropriate antibody and subjected 

to SDS-PAGE and western blot analysis (n = 2). (A) Ras immunoprecipitations were 

probed using anti-Ras, anti-reovirus (rabbit), or anti-reovirus (rat) antibodies to determine 

if any reovirus proteins were present in the Ras IPs. (B) Reovirus (rabbit or rat) 

immunoprecipitations were probed with anti-reovirus (rabbit), anti-Ras, or anti-reovirus 

(rat) antibodies to determine if any Ras was present in the reovirus IPs. Whole-cell 

lysates were used as a control. , μ, and  indicate the location of reovirus proteins on the 

western blots. Heavy and light chains indicate antibody fragments. UI: uninfected; V: 

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

Ras is a small GTPase that functions as a molecular switch. When bound to GDP, 

Ras is inactive and unable to bind downstream effectors. RasGEFs exchange GDP to 

GTP to activate Ras and enable downstream signalling (Vigil 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 

consequently, remain constitutively activated (Bos, 1989). Therefore, the level of GTP-

bound Ras is also a measure of activated Ras. Using a Ras activation assay, which pulls 

down GTP-bound Ras using the Raf-1 RBD, changes to the GTP-loading status of H-

RasV12 were assessed in the context of reovirus infection. Total Ras levels, inclusive of 

all GDP and GTP-bound Ras isoforms, remained constant during infection; however, 

activated Ras levels were slightly upregulated in reovirus infected cells when compared 

to the uninfected control. The most notable change was not due to the levels of Ras 

activation, but to the large gel mobility shift that occurred between 6 and 12 hpi in lysates 

that were not treated with βME (Figure 3.4A). Due to the addition of lipid groups, H-

RasV12 exists in many forms throughout the cell at any given time, including newly 

synthesized, farnesylated, and dually and monopalmitoylated (Arozarena et al., 2011). 

During SDS-PAGE, lipidated Ras runs more quickly through the gel than its non-

lipidated form as the lipid groups increase SDS binding and the overall negative charge 

on the protein (Gutierrez et al., 1989; Hancock et al., 1989). Therefore, an upward gel 

mobility shift of H-RasV12, like the one observed between 6 and 12 hpi, implies the 

removal of lipid groups from the oncogenic protein. Ras also has a half-life of 24 h, 

which is approximately the time it takes for reovirus to complete its life cycle in NIH3T3 
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cells (Magee et al., 1987). Since reovirus infection did not alter the expression levels of 

total Ras, targeting Ras lipidation would provide a feasible means to manipulate the 

oncogenic protein. After undergoing farnesylation, Ras is permanently modified; thus, 

making the reversible modification of palmitoylation a more likely target for reovirus 

(Ahearn et al., 2012). If this was the case, then treatment of the pull down samples with 

the reducing agent, βME, should cleave the thioester linkage between H-RasV12 and its 

palmitoyl groups, and abolish the gel mobility shift (Stickney et al., 2001). It is worth 

noting that βME is unable to cleave the stable, thioether linkage that exists between Ras 

and its farnesyl group. βME treatment of the Ras pull downs eliminated the previously 

observed gel shift and resulted in the migration of Ras at its expected molecular weight of 

~21 kD in both uninfected and reovirus-infected samples; suggesting that reovirus 

infection may manipulate Ras palmitoylation (Figure 3.4). 

Palmitoylation is a difficult modification to detect (Linder and Deschenes, 2006). 

There are no known antibodies against palmitoyl groups and the classical approach 

involves metabolic labelling by radioactive palmitate with long exposure times. As such, 

recently developed acyl-biotin exchange chemistry was performed to quantify the amount 

of Ras palmitoylation following reovirus infection (Drisdel et al., 2006). Acyl-biotin 

exchange chemistry involves removing the palmitoyl group from Ras and replacing it 

with a detectable reagent: in this case, biotin-BMCC. H-RasV12xx was engineered to be 

palmitoylation deficient (C181S and C184S) and served as a control for this study. The 

lack of palmitoylation could be observed by the gel mobility shift in the H-RasV12xx and 

hydroxylamine-treated H-RasV12 samples (Figure 3.5A). Unexpectedly, hydroxylamine 

treatment of immunoprecipitations from H-RasV12 cells resulted in prominent bands that 
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were double the size of Ras in the anti-Ras western blot. This observation was also noted 

in N-Ras transformed cells, and subsequent treatment of the samples with βME 

eliminated the upper Ras band (data not shown). Biochemical analysis has suggested that 

soluble and farnesylated Ras can form dimers (Goodwin et al., 2005). At 12hpi, a small 

amount of biotin was detected in the H-RasV12xx control cells and the H-RasV12 cells 

treated with PBS. This was considered background levels of detection and represented 

cysteine residues within the Ras sequence that were insufficiently quenched by NEM and 

resultantly, available for biotin-BMCC binding. Longer NEM incubation times over-

quenched the system and thus, the western blot represents the optimized conditions for 

this assay. In the H-RasV12 samples treated with hydroxylamine, palmitoylated proteins 

were represented by the presence of a strong biotin signal. When compared to the 

uninfected control, reovirus infection of H-RasV12 transformed cells decreased Ras 

palmitoylation levels by 29% at 12 hpi (Figure 3.5B). 
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Figure 3.4: Reovirus infection results in a gel mobility shift in GTP-bound Ras. H-

RasV12 transformed cells were mock or reovirus infected at an MOI of 20 and collected 

at the indicated times post-infection. (A) Left and center panels: Cell lysates were 

incubated with Raf-1 RBD conjugated agarose beads to pull-down GTP-bound Ras. The 

resulting pull-down was treated with 2x Laemmli buffer (+/- β-mercaptoethanol) and 

subjected to SDS-PAGE and anti-Ras western blot probing. Right panel: Western blot of 

whole-cell lysates to determine the total amount of Ras present at each time-point. 

Arrows indicate the location of Ras. (B) As a control, western blots of whole-cell lysates 

were probed using anti-reovirus and anti-β-actin antibodies. Blots are representative of 

three independent experiments. , μ, and  represent the location of reovirus proteins. UI: 

uninfected.  
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Figure 3.5: Reovirus infection of H-RasV12 cells decreases Ras palmitoylation. H-

RasV12 and H-RasV12xx transformed cells were mock or reovirus infected at an MOI of 

100 and collected at 12 hpi. (A) Cell lysates were immunoprecipitated using anti-Ras 

antibodies and treated with either PBS (control) or hydroxylamine to remove palmitate 

groups from Ras. All samples underwent acyl-biotin exchange chemistry and the 

resulting western blots were probed with anti-Ras and streptavidin. UI: uninfected; V: 

reovirus infected; C: beads + anti-Ras (no cell lysate); H: hydroxylamine treatment. (B) 

Quantification of the acyl-biotin exchange assay. Western blot bands were analyzed by 

densitometry and a paired t-test was used to compare the data (± S.E.; n = 3). (C) As a 

control, western blots of whole-cell lysates were probed using anti-reovirus and anti-β-

actin antibodies. , μ, and  represent the location of reovirus proteins.   
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3.3. Reovirus Infection Causes Golgi Fragmentation and the Accumulation of 

H-RasV12 in the TGN  

Ras is palmitoylated at the Golgi body, and with reovirus infection reducing the 

levels of palmitoylated Ras, it prompted a closer investigation of the organelle itself. 

Using confocal microscopy, the flattened stacks of the Golgi complex, as well as the 

typical perinuclear crescent formation could clearly be seen in both uninfected non- and 

H-RasV12 transformed cells (Figure 3.6A-B; top panels). In reovirus infected cells, the 

perinuclear stacks were broken 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 apoptotic event or through cytoskeletal 

interference (Colanzi et al., 2003; Mukherjee et al., 2007; Nozawa et al., 2002). In 

support of the later, uninfected H-RasV12 cells were treated with nocodazole to disrupt 

microtubules and induce their depolymerization. Similar to reovirus infection, the Golgi 

complex formed punctate structures in the presence of the drug (Figure 3.6C). It is well 

known that reovirus utilizes cytoskeletal elements to setup viral inclusion bodies and that 

the structural protein, μ2, associates with microtubules (Parker et al., 2002; Sharpe et al., 

1982). Since reovirus T3D inhibits cell proliferation of infected cells (Poggioli et al., 

2000), it is likely the formation of perinuclear reovirus factories and the lytic nature of 

the virus that contribute to Golgi fragmentation.  

 Earlier in this chapter, it was shown that oncogenic Ras formed punctate 

structures following reovirus infection; however, the identity of these structures was 

unknown at the time. H-RasV12 is subjected to post-translational modifications that 

enable its interaction with endomembranes and the plasma membrane (Ahearn et al., 
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2012). Oncogenic H-Ras is typically associated with the plasma membrane, but when its 

palmitate group is removed, it cycles back to the Golgi body for another round of 

palmitoylation. Knowing that reovirus infection decreased the palmitoylation levels of H-

RasV12 and caused Golgi fragmentation, it was likely that the punctate structures were 

either the ER or the Golgi. Confocal immunofluorescence microscopy of reovirus 

infected H-Ras transformed cells revealed colocalization of Ras punctate structures with 

the Trans Golgi marker, TGN38 (Figure 3.7). Therefore, reovirus-induced fragmentation 

of the Golgi body leads to accumulation of H-RasV12 in this organelle. 
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Figure 3.6: Reovirus infection causes fragmentation of the Golgi body in non- and H-

RasV12 transformed cells. (A) Non-transformed and (B) H-RasV12 transformed cells 

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

12 hpi and stained 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 under the “Zoom” heading. Scale bar: 20 μm. 

(C) Prior to fixation, uninfected H-RasV12 transformed cells were treated with 

nocodazole for 2 h. The cells were stained with anti-Golgin97 (red) and anti-Ras (green) 

antibodies, and visualized by confocal microscopy at 630x magnification. Scale bar: 10 

μm. Images are representative 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 with reovirus at an MOI of 20. 

The cells were fixed at 12 hpi and stained with anti-Ras (green), anti-reovirus (blue), and 

anti-TGN38 (red) antibodies. Imaging was done by confocal microscopy at 630x 

magnification. White squares highlight regions that are enlarged under the “Zoom” 

heading. Scale bar: 20 μm. (B) A further enlargement of reovirus infected cells. Scale 

bar: 20 μm. Images are representative of three independent experiments. 
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3.4 The Palmitoylation Inhibitor 2BP Causes Further Accumulation of H-

RasV12 in the Golgi body and Promotes Reovirus Spread 

With reovirus infection causing H-RasV12 to accumulate in the Golgi body and 

decreasing Ras palmitoylation levels, it was speculated that the use of a palmitoylation 

inhibitor could provide synergistic effects to reovirus oncolysis. Despite being non-

specific, 2BP is commonly used as a Ras palmitoylation inhibitor and is believed to target 

the Ras PAT, DHHC9-GCP16 (Resh, 2006). 2BP is predicted to act as a palmitate analog 

and compete with palmitic acid to irreversibly bind target cysteine residues or incorporate 

into the binding pocket of PATs. It is also known to interfere with fatty acid β-oxidation 

and triacylglycerol biosynthesis. While it is more effective at preventing the 

palmitoylation of monopalmitoylated N-Ras, 2BP can reduce the levels of palmitoylation 

in oncogenic H-Ras by ~20% (Roy et al., 2005; Webb et al., 2000). Using confocal 

microscopy, 2BP treatment of reovirus infected H-RasV12 cells resulted in twice the 

amount of Ras puncta formation, which once again showed colocalization with the Golgi 

body (Figure 3.8A-C). Uninfected cells with and without 2BP treatment also showed 

Ras-TGN colocalization, however the distinct punctate formation was not observed. 

Furthermore, reovirus infected cells treated with 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 HA-tagged Ras constructs to distinguish between 

endogenous and retrovirally-introduced Ras. However, after fusing single or double HA 

tags onto the N-terminus of all Ras constructs, it was found that the addition of the tag(s) 

reduced cell transformation and was considered unacceptable for use in reovirus studies 
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(data not shown). Despite the technical impediment, the above still demonstrates that 

oncogenic Ras accumulates in the Golgi body following reovirus infection; a movement 

which can be enhanced in the presence of the palmitoylation inhibitor, 2BP. 

To assess the effect of 2BP on reovirus oncolysis, a plaque assay was performed. 

Non-transformed and H-RasV12 transformed cells were infected with reovirus and 

treated with increasing concentrations of 2BP or DMSO control (Figure 3.9). Consistent 

with previous data, reovirus spread was enhanced in Ras-transformed cells (Marcato et 

al., 2007). In comparison to Ras-transformed cells, non-transformed cells are known to 

produce a robust IFN response, and 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 in H-RasV12 transformed cells. In contrast, no 

enhancement was observed in the non-transformed cells. Taken collectively, the data 

suggests that 2BP causes further accumulation of H-RasV12 in the Golgi body of 

reovirus infected cells and that use of the inhibitor has a positive effect 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 MOI of 20 and treated 

with 2BP (50 μM). Uninfected cells were also treated with 2BP. The cells were fixed at 

12 hpi and stained with anti-Ras (green), anti-reovirus (blue), and anti-TGN38 (red) 

antibodies. Imaging was done by confocal microscopy at 400x magnification. White 

squares highlight regions that are enlarged under the “Zoom” heading. Scale bar: 20 μm. 

(B) A further enlargement of reovirus infected cells with 2BP treatment. Scale bar: 20 

μm. (C) The number of Ras puncta resulting from reovirus infection +/- 2BP treatment 

was quantified. A paired t-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 μM). The cells were fixed at 12 hpi and stained with anti-Ras (green), anti-

reovirus (blue), and anti-calnexin (red) antibodies. Imaging was done by confocal 

microscopy at 400x magnification. The white square highlights a region that is further 

enlarged under the “Zoom” heading. Scale bar: 20 μm. Images are representative of three 

independent experiments.   
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Figure 3.9: 2BP enhances reovirus spread in H-RasV12 transformed cells. A reovirus 

plaque assay was performed on non- and H-RasV12 transformed cells. Immediately 

following infection, increasing concentrations of DMSO or 2BP (25 to 75 μM) were 

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 Reovirus Release based on the Palmitoylation Status of 

Oncogenic Ras 

 The Ras HVR sequence dictates which post-translational modifications the 

isoforms will receive. The most notable variance is in the degree by which each isoform 

is palmitoylated (Hancock et al., 1990; Roy et al., 2005). K-Ras4B does not require 

palmitoylation for stable membrane binding, while H- and N-Ras necessitate dual and 

monopalmitoylation, respectively. Characterization of these isoforms in the model system 

indicated that NIH3T3 cells transformed by retrovirus containing oncogenic H-, N-, or K-

Ras had elevated levels of activated Ras in comparison to the non-transformed control 

(Figure 3.10B). The cells displayed a higher capacity for H-RasV12 expression than 

oncogenic N- or K-Ras, however all cells were clearly transformed (Figure 3.10A and C). 

As mentioned above, 2BP is considered a general inhibitor of palmitoylation (Coleman et 

al., 1992; Webb et al., 2000). While it is effective at preventing Ras palmitoylation, it 

does not selectively inhibit specific proteins. In light of 2BP augmenting reovirus 

oncolysis, it was important to discern whether the inhibitor was acting on Ras 

palmitoylation, and furthermore, which stage(s) of the reovirus life cycle was being 

enhanced by its effects. To test this, cells transformed by H-RasV12, N-Ras61K, or K-

RasV12 were infected with reovirus, treated with 2BP, and collected for analysis. 

Reovirus titers indicated that 2BP had no effect on the total amount of infectious virus 

being produced. In contrast, reovirus release titers suggested that 2BP increased the 

amount of virus being released by approximately 2 to 2.5 fold, and that the increase 

correlated with the palmitoylation status of the oncogenic Ras present (Figure 3.11A). 

The largest increase in reovirus release was observed in N-Ras61K cells, as it is 
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monopalmitoylated and highly susceptible to palmitoylation inhibitors like 2BP. This was 

followed by a smaller increase in cells transformed by dually palmitoylated H-RasV12. 

No change was observed in cells transformed by K-Ras4B, which utilizes a polybasic 

domain over palmitoylation for membrane binding. When considering other steps in the 

reovirus life cycle, 2BP did not affect the number of cells infected by the virus or the total 

amount of viral proteins being produced (Figure 3.11B and C). In addition, reovirus 

plaque assays performed on H-, N-, and K-Ras transformed cells reinforced the notion 

that the palmitoylation status of the oncogenic Ras influences the effect of 2BP treatment 

on reovirus release (Figure 3.12). N-Ras61K cells showed the largest increase in reovirus 

plaque size when in the presence of 2BP. 2BP also increased reovirus plaque size in 

infected H-RasV12 cells, and caused a slight increase in K-RasV12 transformed cells. 

The plaque size increase in K-RasV12 cells was unexpected. Since cell death was 

examined at 24 hpi and reovirus plaque size was assessed after 5 days, then perhaps the 

discrepancy exists within the time-frame of analysis. Another possible explanation lies 

with the non-specificity of 2BP. The inhibitor could be suppressing endogenous, 

palmitoylated Ras proteins or proteins with a longer palmitate half-life during the 5 days 

it takes for reovirus plaque formation. Therefore, despite the non-specificity of 2BP, the 

inhibitor clearly targets Ras efficiently. 2BP is likely acting independently of reovirus to 

promote its oncolysis. Reovirus-induced fragmentation of the Golgi body causes H-

RasV12 accumulation in the TGN and decreases Ras palmitoylation, while 2BP inhibits 

Ras palmitoylation at the Golgi. Collectively, it leads to a proteomic back log and further 

accumulation of the oncogenic protein in the Golgi body as it awaits palmitoylation and 

vesicular transport to the plasma membrane.  
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Figure 3.10: Activated Ras levels of H-, N-, and K-Ras transformed cells. (A) Lysates 

from H-, N-, and K-Ras transformed cells underwent western blot analysis to detect total 

Ras levels. (B) Cell lysates from H-, N-, and K-Ras transformed cells were incubated 

with Raf-1 RBD conjugated agarose beads to pull-down GTP-bound Ras. The resulting 

pull-down was subjected to SDS-PAGE and anti-Ras western blotting. A proportional 

amount of whole-cell lysate was loaded to compare the amount of activated Ras to its 

total. Since H-RasV12 transformed cells contained a large amount of Ras, 3x less sample 

was loaded to prevent over-exposure upon western blot development. T: total Ras; A: 

activated GTP-bound Ras. β-actin was used as a control. (C) Images of non- and Ras-

transformed cells.   
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Figure 3.11: The increase in reovirus release by 2BP correlates with the degree of Ras 

palmitoylation. (A) Reovirus total and release samples from infected H-, N-, and K-Ras 

transformed cells in the presence of 2BP (50 μM) or DMSO were collected at 24 hpi for 

plaque titration. The plaque assay was performed on L929 cells and 5 days post-infection, 

the cells were stained with crystal violet for plaque quantification. A paired t-test was 

performed to compare the effects of 2BP on reovirus titer (± S.E.; n = 3). (B) 

Immunocytochemistry of reovirus infected H-, N-, and K-Ras transformed cells in the 

presence of 2BP (50 μM) or DMSO control at 12 hpi (n = 3). (C) Western blot analysis of 

reovirus protein synthesis over 6, 12, and 18 hpi in H-, N-, and K-Ras transformed cells 

in the presence of 2BP (50 μM) or DMSO (n = 3). β-actin served as a control for the 

western blot. All cells were infected at an MOI of 20. , μ, and  represent the location of 

reovirus proteins. UI: 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 non- and Ras transformed cells. 

Immediately following infection, DMSO or 2BP (50 μM) was added, and 

immunocytochemistry was performed 5 days later to visualize reovirus plaques. Scale 

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

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

data (± 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 localization during reovirus oncolysis, 

constructs were generated to tether oncogenic H- and N-Ras to the plasma membrane, as 

well as render them palmitoylation deficient. Palmitoylation deficient constructs, denoted 

as H-RasV12xx and N-Ras61Kx, were created by mutating cysteine to serine residues at 

known sites of palmitoylation (C181S and C184S for H-RasV12xx; C181S for N-

Ras61Kx). Tethering was achieved by the addition of the transmembrane domain of the 

CD8α receptor to the N-terminus of Ras. The CD8α receptor is known to reside in the 

bulk/disordered microdomain of the plasma membrane (Matallanas et al., 2006). These 

constructs were designated as CD8-HRasV12xx and CD8-NRas61Kx. A schematic of the 

various Ras constructs and sites of mutagenesis can be found in Figure 3.13A. Worth 

mentioning is the transforming potential of these constructs. Ras tethered to the plasma 

membrane resulted in highly transformed cells; whereas, palmitoylation deficient Ras 

produced cells similar to the non-transformed control (Figure 3.13B). Further 

characterization of the H-RasV12 variants revealed 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 the N-Ras transformed cell lines (data not 

shown). Confocal immunofluorescence microscopy confirmed differences in localization 

between the H-RasV12 variants (Figure 3.14C). Tethered H-RasV12 colocalized with the 

transferrin receptor; a marker for the disordered microdomain of the plasma membrane 

where activated H-Ras is known to interact with downstream effectors (Figure 3.14D). 

On the other hand, palmitoylation deficient H-RasV12xx colocalized with the ER marker, 
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calnexin (Figure 3.14E). This construct is known to have reduced plasma membrane 

affinity and to shuttle between the ER/Golgi and cytoplasmic pools (Chiu et al., 2002).  

With the constructs well established, H-RasV12xx and CD8-HRasV12xx cell 

lines were examined in the context of reovirus infection. This was to determine whether 

the movement of Ras from the plasma membrane to the Golgi body was a requirement of 

efficient reovirus oncolysis. As such, H-RasV12 cell lines were equally infected with 

reovirus and collected for cell death and viral titer analysis at 24 hpi (Figure 3.15C). 

Reovirus-induced cell death was highest in H-RasV12 cells, while cells transformed by 

plasma membrane tethered and/or palmitoylation deficient H-RasV12 showed basal 

levels of cell death comparable to the non-transformed control (Figure 3.15A). Data 

derived from reovirus release titers confirmed the above. Though the total amount of 

infectious virus produced was similar between cell lines, only cells transformed by H-

RasV12 exhibited high levels of reovirus release (Figure 3.15B).  

Earlier in this chapter, it was shown that reovirus caused distinct Golgi 

fragmentation and TGN colocalization of H-RasV12. To determine if Ras formed puncta 

in reovirus infected CD8-HRasV12xx and H-RasV12xx cells, confocal 

immunofluorescence microscopy was once again utilized. Reovirus triggered Golgi 

fragmentation in both cell lines, but no change was detected in the localization of Ras 

from tethered and/or palmitoylation deficient H-RasV12 cells (Figure 3.16 and Figure 

3.17). Furthermore, as 2BP treatment caused an increase in reovirus-induced cell death 

and virus release in H-RasV12 transformed cells, the effect of 2BP was also assessed in 

tethered CD8-HRasV12xx cells. 2BP did not influence reovirus-induced cell death or 

virus release in CD8-HRasV12xx cells (Figure 3.18). As expected, 2BP had no effect on 
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reovirus plaque size in non-transformed cells, or in cells expressing plasma membrane 

tethered and/or palmitoylation deficient H-RasV12 or N-Ras61K (Figure 3.12). It is 

worth noting that oncogenic Ras suppresses IFN-β production to promote reovirus spread 

(Shmulevitz et al., 2010). To determine if the various Ras constructs also suppressed 

interferon and if 2BP promoted reovirus spread by further altering IFN-β production, 

qRT-PCR was performed. Unsurprisingly, non-transformed cells drastically upregulated 

IFN-β mRNA in the presence of reovirus, while cell lines stably transformed by any 

oncogenic Ras expressed low levels (Figure 3.19A-B). Additionally, 2BP had no effect 

on the expression of IFN-β mRNA (Figure 3.19B).  

It was recently discovered that the inhibitor, FK506, alters the normal distribution 

of Ras (Ahearn et al., 2011). FKBP12 is involved in priming Ras for depalmitoylation by 

APT-1, and inhibition of FKBP12 by FK506 enriches the amount of H-Ras on the plasma 

membrane, while decreasing Ras levels at the Golgi. With reovirus infection causing 

basal levels of cell death in plasma membrane tethered CD8-HRasV12xx cells, it was 

postulated that use of FK506 would produce similar results. To test this, H-RasV12 cell 

lines were equally infected with reovirus, treated with FK506, and collected for cell death 

quantification at 24 hpi and plaque size analysis at 5 days post-infection (Figure 3.20C). 

FK506 had no effect on reovirus-induced cell death or plaque size in non-transformed, 

CD8-HRasV12xx, or H-RasV12xx cells (Figure 3.20A-B). In contrast, FK506 decreased 

reovirus-induced cell death and plaque size in cycling H-RasV12 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 of the virus to induce 
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apoptosis and progeny release. In other words, efficient reovirus oncolysis requires 

oncogenic H-Ras to be released from the plasma membrane and accumulate in the Golgi.  

Reinforcing the importance of Ras localization during reovirus oncolysis was use 

of the farnesylation inhibitor, FTI-277. Western blot analysis revealed the effectiveness 

of the inhibitor on H- and N-Ras transformed cells by the presence of a large gel mobility 

shift indicative of unprocessed Ras (Figure 3.21A). Using low concentrations of FTI-277 

(10 μM), H- and N-Ras transformed cells were equally infected with reovirus and 

collected for cell death and plaque size analysis. FTI-277 had no effect on reovirus-

induced cell death at 24 hpi, but did decrease reovirus plaque size in H- and N-Ras 

transformed cells at 5 days post-infection (Figure 3.21B-D).  
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Figure 3.13: A representation of Ras constructs and cell lines. (A) Schematic of the 

various Ras constructs. X’s indicate the location of site-directed mutations that resulted in 

cysteine to serine exchanges within the Ras amino acid sequence. Tm: CD8 

transmembrane domain; F: farnesylation site; P: palmitoylation site. (B) Images of the 

various Ras cell lines generated through retrovirus infection and antibiotic selection. 
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Figure 3.14: Characterization of the activated state and locale of H-RasV12 cell lines. 

(A) Lysates from non-transformed and H-RasV12 cells lines were incubated with Raf-1 

RBD conjugated agarose beads to pull-down GTP-bound Ras. The resulting pull-down 

was subjected to SDS-PAGE and anti-Ras western blotting. A proportional amount of 

whole-cell lysate was loaded to compare the amount of activated Ras to its total. β-actin 

was used as a control. T: total Ras; A: activated GTP-bound Ras. (B) Lysates from non-

transformed and CD8-HRasV12xx cells were subjected to SDS-PAGE and subsequent 

western blot probing by anti-Ras and anti-HA antibodies. β-actin served as a control. Tm: 

Ras containing the CD8 transmembrane domain. (C) Non-transformed and H-RasV12 

cell lines were fixed and stained with anti-Ras (green). Imaging was done by confocal 

microscopy at 400x magnification. Scale bar: 20 μm. (D) CD8-HRasV12xx transformed 

cells were fixed and stained with anti-Ras (green) and anti-transferrin receptor (red) 

antibodies. Imaging was done by confocal microscopy at 1000x magnification. Scale bar: 

10 μm. (E) H-RasV12xx cells were fixed and stained with anti-Ras (green) and anti-

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

magnification. Scale bar: 20 μm.  
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Figure 3.15: Reovirus-induced cell death and virus release is dependent on the ability of 

H-RasV12 to move from the plasma membrane during infection. Non-transformed and 

H-RasV12 cell lines were infected with reovirus at a particular MOI to achieve similar 

levels of percent infected (MOI of 20 for H-RasV12 cells, MOI of 40 for non-

transformed and H-RasV12xx cells, and MOI of 80 for CD8-HRasV12xx cells). (A) At 

24 hpi, the cells were photographed (right) and collected for cell death analysis (left) by 

trypan blue exclusion staining. An ANOVA with Tukey test was performed to compare 

the levels of reovirus-induced death between cell lines (± S.E.; n = 3). (B) Reovirus total 

and release samples from infected non-transformed and H-RasV12 cell lines were 

collected at 24 hpi for plaque titration. The plaque assay was performed on L929 cells 

and 5 days post-infection, the cells were stained with crystal violet for plaque 

quantification. An ANOVA with Tukey test was performed to compare the reovirus titer 

between cell lines (± S.E.; n = 3). (C) At 12 hpi, the cells were fixed for FACS analysis. 

The cells were stained with anti-reovirus 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 between cell lines (± S.E.; n = 3). *: significantly different from 

other cell lines.   
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Figure 3.16: Reovirus infection causes fragmentation of the Golgi body in plasma 

membrane tethered and palmitoylation deficient H-RasV12 cell lines. (A) CD8-

HRasV12xx and (B) H-RasV12xx cell lines were 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) proteins. Imaging was performed at 630x 

magnification by confocal microscopy. White squares denote regions that were further 

enlarged under the “Zoom” heading. Scale bar: 20 μm. Images are representative of three 

independent experiments.  

  



108 

 

 

 



109 

 

 

Figure 3.17: Tethered and/or palmitoylation deficient H-RasV12 does not relocate to the 

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

were mock or reovirus infected at an MOI of 100. The cells were fixed at 12 hpi and 

stained with anti-Ras (green), anti-reovirus (blue), and anti-TGN38 (red) antibodies. 

Imaging was done by confocal microscopy at 400x magnification. Insets enlarge a single 

cell from within the field of view. Scale bar: 20 μm. Images are representative of three 

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

H-RasV12 cells. (A) H-RasV12 transformed cells were infected with reovirus at an MOI 

of 20 and treated with 2BP (50 μM) or DMSO. At 24 hpi, the cells were photographed 

(right) and stained with Annexin V-PE and 7-AAD to determine the level of cell 

apoptosis and death by FACS analysis (bottom panels). The change in cell death by 2BP 

was represented as a fold increase (left) and a one sample t-test (hypothesis > 1) was 

employed to compare the data (± S.E.; n = 3). (B) CD8-HRasV12xx transformed cells 

were infected with reovirus at an MOI of 80 and treated with 2BP (50 μM) or DMSO. At 

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

percentage of cell death (left). A two sample t-test was employed to compare the effects 

of 2BP on cell death (± S.E.; n = 3). (C) Reovirus total and release samples from infected 

CD8-HRasV12xx transformed cells were collected at 24 hpi for plaque titration. The 

plaque assay was performed on L929 cells and 5 days post-infection, the cells were 

stained with crystal violet for plaque quantification. A two sample t-test was employed to 

compare the effects of 2BP on reovirus release (± S.E.; n = 3).  
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Figure 3.19: IFN-β mRNA levels remain low in reovirus infected Ras-transformed cells 

treated with 2BP or vehicle. (A) qRT-PCR analysis of IFN-β in uninfected or reovirus 

infected non- and Ras-transformed cells at 12 hpi. (B) qRT-PCR analysis of IFN-β in 

uninfected or reovirus infected non-transformed and N-Ras61K cell lines +/- 2BP at 12 

hpi. An ANOVA with Tukey test was performed to compare the IFN-β mRNA levels in 

the presence of 2BP (n = 3). Note: the logarithmic y-axis in both graphs. 
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Figure 3.20: Inhibition of FKBP12 by FK506 decreases reovirus-induced cell death in 

H-RasV12 transformed cells. (A) Mock and reovirus infected non-transformed and H-

RasV12 cell lines were treated with FK506 (10 μM) or DMSO. To achieve similar levels 

of percent infected, all cells were infected at a particular MOI (MOI of 20 for H-RasV12 

cells, MOI of 40 for non-transformed and H-RasV12xx cells, and MOI of 80 for CD8-

HRasV12xx cells). At 24 hpi, photographs of cell death were taken (right), and the cells 

were collected for cell death analysis by trypan blue exclusion staining. A two sample t-

test was performed to compare the levels of reovirus-induced death +/- FK506 treatment 

(left; ± S.E.; n = 2). (B) A reovirus plaque assay was performed on non-transformed and 

H-RasV12 cell lines. Immediately following infection, DMSO or FK506 (10 μM) was 

added, and immunocytochemistry was performed 5 days later to visualize reovirus 

plaques (right). Scale bar: 2 mm. A nested ANOVA with Tukey test was performed to 

compare reovirus plaque size +/- FK506 treatment (left; ± S.E.; n = 3). (C) Mock and 

reovirus infected non-transformed and H-RasV12 cell lines +/- FK506 (10 μM) were 

fixed at 12 hpi for FACS analysis. The cells were stained with anti-reovirus antibodies to 

determine the percentage of cells infected by the virus. A two sample t-test was 

performed to compare the number of reovirus infected cells +/- FK506 treatment (± S.E.; 

n = 2).  
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Figure 3.21: Inhibiting Ras farnesylation decreases reovirus spread. (A) Non-

transformed, H-RasV12, and N-Ras61K cells were treated with FTI-277 (5 or 10 μM) for 

24 h. The cells were lysed, immunoprecipitated with anti-Ras, and subjected to SDS-

PAGE and western blotting. β-actin served as a loading control. NT: no treatment 

(DMSO only). (B) Non-transformed, H-RasV12, and N-Ras61K cells were infected with 

reovirus (MOI of 20 for H-RasV12 and N-Ras61K cells, and MOI of 40 for non-

transformed cells) and treated with FTI-277 (10 μM) or DMSO. At 24 hpi, the cells were 

collected for cell death analysis by trypan blue exclusion staining. A two-way ANOVA 

was performed to compare the levels of reovirus-induced death +/- FTI-277 treatment (± 

S.E.; n = 3). (C) Non-transformed, H-RasV12, and N-Ras61K cells were infected with 

reovirus (MOI of 20 for H-RasV12 and N-Ras61K cells, and MOI of 40 for non-

transformed cells) and treated with FTI-277 (10 μM) or DMSO. The cells were fixed at 

12 hpi for FACS analysis and stained with anti-reovirus antibodies to determine the 

percentage of cells infected by the virus. A two sample t-test was performed to compare 

the number of reovirus infected cells +/- FTI-277 treatment (± S.E.; n = 3). (D) A 

reovirus plaque assay was performed on non-transformed, H-RasV12, and N-Ras61K 

cells. Immediately following infection, DMSO or FTI-277 (10 μM) was added, and 

immunocytochemistry was performed 5 days later to visualize reovirus plaques (right). 

Scale bar: 2 mm. A nested ANOVA with Tukey test was performed to compare reovirus 

plaque size +/- FTI-277 treatment (left; ± S.E.; n = 3). 
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3.7. Reovirus-Induced Cell Death Requires JNK Activation by Cycling H-

RasV12  

Ras is a dynamic protein that exhibits compartmentalized signalling (Mor and 

Philips, 2006). In addition to signalling from the plasma membrane, activated Ras 

interacts with downstream effectors at the ER, mitochondria, endosomes, and Golgi 

body. The outcome of Ras signalling is the initiation of various downstream pathways 

that are involved in a wide range of cellular processes, including cell migration, growth, 

differentiation, and death. With reovirus-induced cell death fluctuating in the presence of 

spatially distinct H-RasV12 isoforms, it was important to discern any differences in the 

ability of the targeted constructs to activate well-known Ras downstream effector 

pathways. In the absence of reovirus, CD8-HRasV12xx (plasma membrane tethered) and 

H-RasV12xx (palmitoylation deficient) cells were more effective at activating Akt than 

Erk1/2. In fact, the level of phosphorylated Erk1/2 was comparable to the non-

transformed cells, while activated Akt levels resembled the H-RasV12 transformed cells 

(Figure 3.22A and Figure 3.23). Activated p38 levels were also comparable to the non-

transformed control cells (Figure 3.23). JNK activation is linked to Ras-mediated 

transformation (Kennedy and Davis, 2002), and as expected, phosphorylated JNK was 

elevated in all three H-RasV12 cell lines, but somewhat reduced in the tethered and/or 

palmitoylation deficient Ras cells (Figure 3.24A). These results were similar to those 

obtained by Matallanas et al. (2006) in their study of site-specific Ras activation in 

NIH3T3 cells. 

 With downstream signalling levels established in uninfected cells, activation of 

the effectors was then reassessed in the context of reovirus infection. Following infection, 
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activated Erk1/2 and Akt levels rose slightly in all cell lines, however differences were 

not significant with the current sample size (Figure 3.22A and Figure 3.23). Furthermore, 

reovirus activated p38 in both the non- and Ras-transformed cells to similar levels of 

activation (Figure 3.23). These results were in support of previously published data that 

examined downstream signalling in reovirus infected non- and H-RasV12 transformed 

cells (Shmulevitz et al., 2010). Interestingly, it was the difference in JNK activation, 

which plays a key role in inducing cell apoptosis, that was most notable between cell 

lines (Figure 3.24A). Increased JNK activation was found in all reovirus infected cells. A 

slight increase was noted in the non-transformed, CD8-HRasV12xx transformed, and H-

RasV12xx cells, while a much more significant increase occurred in cells expressing H-

RasV12. Since the Ras cell lines varied in their ability to activate JNK following 

infection, a JNK inhibitor was used to determine if the pathway was involved in reovirus-

induced cell death and if it could explain the contrasting death and reovirus release data 

from the spatially distinct H-RasV12 cell lines. JNK inhibitor II, which is also known as 

SP600125, reversibly inhibits JNK by competing with ATP to prevent JNK 

phosphorylation. JNK inhibition significantly decreased reovirus-induced cell death in H-

RasV12 and H-RasV12xx cell lines, but had no effect on non-transformed or CD8-

HRasV12xx cell lines (Figure 3.24B). This supported the above western blot data, as 

cells which significantly activated JNK following reovirus infection, or cells expressing 

Ras that could associate with the Golgi body were the ones susceptible to the JNK 

inhibitor. Additionally, JNK inhibition had no effect on the number of cells infected by 

the virus, and as a control, a western blot was used to demonstrate that phosphorylated 

JNK levels did actually decline in the presence of the inhibitor (Figure 3.24C-D). To 
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determine if the use of another inhibitor would demonstrate a similar effect, a MEK1/2 

inhibitor was employed (Figure 3.22D). MEK1/2 is responsible for activating Erk1/2, 

which was slightly upregulated in reovirus infected cells. The MEK1/2 inhibitor had little 

effect on reovirus-induced cell death or on the number of cells infected by the virus 

(Figure 3.22B-C). Therefore, the data suggests that the ability of reovirus to induce cell 

death is dependent on JNK activation and that the activation of JNK is dependent on Ras 

localization during reovirus infection.  
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Figure 3.22: MEK 1/2 inhibition has no affect on reovirus-induced cell death. Non-

transformed and H-RasV12 cell lines were infected with reovirus. To achieve similar 

levels of percent infected, cells were infected at an MOI of 20 for H-RasV12 cells, an 

MOI of 40 for non-transformed and H-RasV12xx cells, and an MOI of 80 for CD8-

HRasV12xx cells. (A) Cell lysates were collected at 8 hpi, and subjected to SDS-PAGE 

and western blotting to assess total and phosphorylated levels of Erk 1/2 (left). Reovirus 

and β-actin served as controls. Relative levels of Erk 1/2 phosphorylation are indicated in 

the bar graph (right; ± S.E.). ANOVA analysis showed no significant effect of treatment 

(n = 3; p = 0.076). UI: uninfected; V: reovirus infected. (B) Mock and reovirus infected 

non-transformed and H-RasV12 cell lines were treated with the MEK 1/2 inhibitor, 

U0126 (40 μM), or DMSO at 2 hpi. At 24 hpi, photographs of cell death were taken 

(right), and the cells were collected for trypan blue exclusion staining. A two sample t-

test was performed to compare the levels of reovirus-induced death with MEK 1/2 

inhibition (left; ± S.E.; n = 2). (C) Mock and reovirus infected non-transformed and H-

RasV12 cell lines were treated with U0126 (40 μM) or DMSO at 2 hpi. At 12 hpi, the 

cells were fixed and stained with anti-reovirus antibodies for FACS analysis. A two 

sample t-test was performed to compare the number of reovirus infected cells +/- MEK 

1/2 inhibition (± S.E.; n = 2). (D) Western blot of non-transformed and H-RasV12 cell 

lines +/- MEK 1/2 inhibition. β-actin served as a loading control.  
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Figure 3.23: Phosphorylated p38 increases with reovirus infection. Non-transformed and 

H-RasV12 cell lines were infected with reovirus. To achieve similar levels of percent 

infected, cells were infected at an MOI of 20 for H-RasV12 cells, an MOI of 40 for non-

transformed and H-RasV12xx cells, and an MOI of 80 for CD8-HRasV12xx cells. Cell 

lysates were collected at 8 hpi, and subjected to SDS-PAGE and western blotting to 

assess total and phosphorylated levels of Akt and p38. β-actin served as a loading control. 

Relative levels of Akt and p38 phosphorylation are indicated below the blot. ANOVA 

analysis showed no significant effect of treatment on Akt phosphorylation (n = 3; ± S.E.; 

p = 0.109), but was significant for p38 phosphorylation (n = 3; ± S.E.; p < 0.001). P-

values from significant Tukey comparisons are in the bar graph. UI: uninfected; V: 

reovirus infected.  
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Figure 3.24: JNK is activated following reovirus infection. Non-transformed and H-

RasV12 cell lines were infected with reovirus. To achieve similar levels of percent 

infected, cells were infected at an MOI of 20 for H-RasV12 cells, an MOI of 40 for non-

transformed and H-RasV12xx cells, and an MOI of 80 for CD8-HRasV12xx cells. (A) 

Cell lysates were collected at 8 hpi, and subjected to SDS-PAGE and western blotting to 

assess total and phosphorylated levels of JNK (left). Reovirus and β-actin served as 

controls. Relative levels of JNK phosphorylation are indicated in the bar graph (right; ± 

S.E.). ANOVA analysis showed a significant effect of treatment (n = 3; p < 0.001). P-

values from significant Tukey comparisons are in the bar graph. UI: uninfected; V: 

reovirus infected. (B) Mock and reovirus infected non-transformed and H-RasV12 cell 

lines were treated with JNK inhibitor II (50 μM) or DMSO at 2 hpi. At 24 hpi, 

photographs of cell death were taken (right), and the cells were collected for cell death 

analysis by trypan blue exclusion staining. A two sample t-test was performed to compare 

the levels of reovirus-induced death with JNK inhibition (left; ± S.E.; n = 2; n = 5 for H-

RasV12xx). (C) Mock and reovirus infected non-transformed and H-RasV12 cell lines 

were treated with JNK inhibitor II (50 μM) or DMSO at 2 hpi. At 12 hpi, the cells were 

fixed and stained with anti-reovirus antibodies for FACS analysis. A two sample t-test 

was performed to compare the number of reovirus infected cells +/- JNK inhibition (± 

S.E.; n = 2). (D) Western blot of phosphorylated JNK levels from H-RasV12 transformed 

cells treated with or without JNK inhibitor II for 24 h. β-actin served as a loading control.  
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3.8. 2BP Promotes Reovirus-Induced Cell Death through Activation of the 

Ras/MEKK1/MKK4/JNK Pathway 

It is evident that the accumulation of H-RasV12 in the Golgi body, and its 

subsequent activation of JNK, plays a key role in the death of reovirus infected cells. 

Previous studies have indicated that Ras is capable of signalling from the Golgi body, but 

there are conflicting opinions as to which downstream effectors are activated from this 

organelle (Chiu et al., 2002; Matallanas et al., 2006). Nonetheless, activation of JNK has 

been linked to Golgi-tethered Ras. With the palmitoylation inhibitor, 2BP, causing further 

accumulation of H-RasV12 in the Golgi body and increasing reovirus-induced cell death 

and virus release, the next experiment determined if 2BP treatment activated similar 

downstream signalling pathways. One of the Ras downstream effectors linked to JNK 

activation is MEKK1 (Russell et al., 1995). Activation of MEKK1 initiates a kinase 

cascade that leads to the phosphorylation of MKK4 and subsequent phosphorylation of 

JNK. As such, non-transformed and H-RasV12 cell lines were treated with 2BP to assess 

the activation of MKK4 and JNK in the context of reovirus infection. In comparison to 

uninfected cells, reovirus infection caused an increase in both MKK4 and JNK 

phosphorylation (Figure 3.25). This work already demonstrated that JNK activation 

occurs with reovirus infection, and since MKK4 is upstream of JNK, this data was 

expected. Interestingly, when uninfected H-RasV12 transformed cells were treated with 

2BP, the levels of MKK4 and JNK activation were enhanced. Furthermore, when these 

cells were infected with reovirus, the levels increased even further. Non-transformed cells 

treated with 2BP showed elevated levels of phosphorylated MKK4, but this increase did 

not translate to further activation of its downstream effector, JNK. When considering the 
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tethered and/or palmitoylation deficient cell lines, 2BP had little to no effect on 

uninfected or reovirus-infected CD8-HRasV12xx and H-RasV12xx cell lines. 

In light of 2BP promoting JNK activation in H-RasV12 transformed cells, 

reovirus-induced cell death was assessed in the context of JNK inhibition and 2BP 

treatment. Foremost, use of either inhibitor did not affect the number of cells infected by 

the virus (Figure 3.26B). As expected, JNK inhibition reduced virus-related cell death in 

H-RasV12 transformed cells, while 2BP enhanced it (Figure 3.26A). Treatment of H-

RasV12 cells with both the JNK inhibitor and 2BP decreased reovirus-induced cell death 

significantly, but not to levels of the JNK inhibitor alone. In addition, CD8-HRasV12xx 

transformed cells were used as a negative control, as individual or combination 

treatments with 2BP and/or JNK inhibitor II did not alter the basal levels of reovirus-

induced cell death. As a control, a western blot was also used to show decreasing levels 

of activated JNK when in the presence of the JNK inhibitor (Figure 3.26C). It is well 

known that reovirus infection triggers caspase-dependent cell death and that activated 

JNK can stimulate the release of cytochrome C and Smac/Diablo from the mitochondria 

to initiate the caspase cascade (Clarke et al., 2004; Kominsky et al., 2002a, 2002b). 

Increased apoptosis is linked to reovirus release and contributes to efficient spread of the 

virus to neighbouring cells (Marcato et al., 2007). Consequently, inhibiting caspase 

activity drastically reduces virus-related cell death and release. As determined by FACS 

analysis, treatment of reovirus-infected cells with the caspase inhibitor, ZVAD, inhibited 

cell death in H-RasV12 transformed cells (Figure 3.27). Combination treatment of H-

RasV12 cells with 2BP and ZVAD also caused a significant decline in reovirus-induced 
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cell death; indicating that the ability of 2BP to promote cell death in the presence of 

reovirus is also dependent on caspase activation.  

Taken collectively, this body of work suggests that reovirus infection causes 

fragmentation of the Golgi body; likely through its association with microtubules during 

viral factory formation (Figure 3.28). As a result, oncogenic H-Ras accumulates in the 

Golgi body as it cycles back for re-palmitoylation and initiates cellular apoptosis through 

activation of the MEKK1/MKK4/JNK signalling pathways. Tethering of Ras to the 

plasma membrane reduces virus-related cell death to levels comparable to that of the non-

transformed control. Alternatively, use of the palmitoylation inhibitor, 2BP, further 

promotes the association of Ras with the Golgi body and causes additional activation of 

the MEKK1/MKK4/JNK signalling pathway to initiate higher levels of reovirus-induced 

cell death.  
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Figure 3.25: 2BP promotes reovirus-induced cell death through the MEKK1/MKK4/JNK 

pathway. Non-transformed and H-RasV12 cell lines were infected with reovirus and 

treated with 2BP (50 μM). To achieve similar levels of infection, cells were infected at an 

MOI of 20 for H-RasV12 cells, an MOI of 40 for non-transformed and H-RasV12xx 

cells, and an MOI of 80 for CD8-HRasV12xx cells. Cell lysates were collected at 8 hpi, 

and subjected to SDS-PAGE and western blotting to assess total and phosphorylated 

levels of MKK4 and JNK. Reovirus and β-actin served as controls. Relative levels of 

MKK4 and JNK phosphorylation are indicated below the blot in respective bar graphs (n 

= 3; ± S.E.; ANOVA -*statistically significant effect of reovirus; **statistically 

significant effect of reovirus and 2BP). Uninfected samples (no 2BP) were set to a value 

of 1 and served as a baseline comparison for each cell line. UI: uninfected; V: reovirus 

infected.   
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Figure 3.26: JNK inhibition negates the effect of 2BP on reovirus-induced cell death. H-

RasV12 and CD8-HRasV12xx transformed cells were infected with reovirus at an MOI 

of 20 and 80, respectively, and treated with 2BP (1 μM) and/or JNK inhibitor II (100 

μM). (A) At 24 hpi, photographs of cell death were taken, and the cells were collected for 

trypan blue exclusion staining. An ANOVA with Tukey test was performed to compare 

the levels of reovirus-induced death in the presence of 2BP and/or JNK inhibitor II (left; 

± S.E.; n = 3; *significantly different). (B) At 12 hpi, the cells were fixed and stained 

with anti-reovirus antibodies for FACS analysis. An ANOVA with Tukey test was 

performed to compare the percent of reovirus infected cells in the presence of the various 

inhibitors (± S.E.; n = 2). (C) Western blot of phosphorylated JNK levels from H-RasV12 

and CD8-HRasV12xx transformed cells treated with or without JNK inhibitor II. β-actin 

served as a loading control. 
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Figure 3.27: 2BP increases reovirus-induced cell death through caspase-dependent 

apoptosis. H-RasV12 transformed cells were infected with reovirus at an MOI of 20 and 

treated with 2BP (50 μM) and/or ZVAD (50 μM). At 24 hpi, the cells were stained with 

Annexin V-PE and 7-AAD to determine the level of cell apoptosis and death by FACS 

analysis (bottom panels). An ANOVA with Tukey test was performed to compare the 

levels of reovirus-induced death in the presence of 2BP and/or ZVAD (± S.E.; n = 3).  
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Figure 3.28: Proposed model. Reovirus interacts with microtubules to setup cytoplasmic 

viral inclusion bodies. This leads to Golgi fragmentation and a disruption of cellular 

vesicular transport. As a result, H-RasV12 is retained in the Golgi body. In turn, Ras 

activates its downstream effector, MEKK1, which initiates cell death through activation 

of MKK4 and JNK. Use of the palmitoylation inhibitor, 2BP, results in further 

accumulation of Ras in the Golgi and even greater levels of reovirus-induced cell death. 

Tethering of Ras to the plasma membrane generates the opposite effect; producing basal 

levels of cell death that are comparable to infected non-transformed cells.   
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CHAPTER 4: DISCUSSION 

Constitutive Ras activity and its associated downstream pathways play a 

significant role in human oncogenesis (Calvo et al., 2010). In response to constitutive Ras 

activation, the cellular environment is forced to change, and if possible, maintain a new 

level of homeostasis. This altered state provides an opportunity for adaptive pathogens to 

target these cells and use them as a platform for propagation. It is well established that 

the pathogenicity of reovirus is relatively benign in normal cells, and that it preferentially 

targets Ras-transformed cells (Coffey et al., 1998; Strong et al., 1998). So far, studies 

have identified aspects of the reovirus life cycle that are enhanced in cells harboring 

activated Ras (Marcato et al., 2007; Shmulevitz et al., 2010). Conversely, this work 

illustrates how reovirus alters the activity of oncogenic Ras itself.  

 

4.1. Prenyl- and Acylation of Viral Proteins: Targeting Ras through its 

Modification Enzymes 

In order to manipulate Ras activity, I originally speculated that reovirus would 

target Ras directly or sequester one of its modification enzymes. Co-

immunoprecipitations revealed no direct involvement between reovirus and Ras at 12 hpi 

(Figure 3.3); still leaving the possibility of a transient interaction or an association at a 

different time point during the reovirus life cycle. Other RNA viruses are known to 

utilize Ras modification enzymes, specifically the farnesyltransferase, in their 

pathogenesis. For instance, the accessory protein, p13
II
, of human T-cell leukemia virus 

type 1 is known to bind the farnesyltransferase and localize to the inner mitochondrial 

membrane. Once there, it alters the membrane potential; thereby, increasing its 
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permeability to potassium, inducing reactive oxygen species production, and potentially 

favouring apoptosis (Lefebvre et al., 2002; Silic-Benussi et al., 2010). Alternatively, 

hepatitis D virus, which requires a pre-existing hepatitis B virus infection for its 

pathogenesis, is known to have its large antigen prenylated by the Ras farnesyltransferase 

(Otto and Casey, 1996). This modification to the large antigen serves a dual purpose. It 

enables interaction of the large antigen with hepatitis B virus envelope proteins that are 

essential to virus assembly and release, and also localizes the large antigen to the nucleus 

to suppress viral replication during early stages of infection (Lin et al., 1999).     

The reovirus life cycle is approximately 24 h in NIH3T3 cells, which is also 

consistent with the half-life of Ras (Magee et al., 1987). Since farnesylation is a 

permanent modification, the likelihood of reovirus manipulating Ras through disruption 

of farnesylation seemed unlikely within this time frame. Farnesylation inhibitors proved 

to be ineffective during the first round of infection, whereas plaque size analysis after 5 

days revealed a reduction in reovirus spread when in the presence of the inhibitor (Figure 

3.21). On the other hand, palmitoylation is a more likely candidate. It is a reversible 

modification with a relatively short half-life, and its presence on Ras, or lack thereof, is 

known to cause relocalization. Many viral proteins are known to be palmitoylated (Blanc 

et al., 2013; Veit, 2012). Viruses do not encode their own palmitoyl acyltransferase and 

require the activity of host DHHC enzymes for this post-translational modification to 

occur. Viral proteins which undergo palmitoylation are typically categorized into 

transmembrane or peripheral membrane proteins. Viral transmembrane proteins interact 

with host cell membranes, such as those that occur during viral entry, pore formation, and 

assembly. For example, the envelope glycoprotein, hemagglutinin (HA), from the 
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influenza virus is known to be palmitoylated. Palmitoylation of HA is believed to play a 

role during entry of certain serotypes by facilitating the fusion of the influenza membrane 

with that of the host endosomal membrane, and enabling release of the viral nucleocapsid 

into the cytoplasm (Wagner et al., 2005). Additionally, influenza acquires its envelope as 

it exits infected cells and palmitoylation of HA may aid in viral assembly and budding by 

targeting the protein to lipid raft microdomains in the plasma membrane (Takeda et al., 

2003). In contrast to transmembrane proteins, peripheral membrane proteins lack a 

hydrophobic domain and require lipid modifications for membrane anchoring and 

targeting. For instance, the core protein of the hepatitis C virus, which makes up the viral 

nucleocapsid, is modified by palmitoylation (Majeau et al., 2009). Palmitoylation ensures 

proper association of the core protein with membranes of the smooth ER and 

neighbouring lipid droplets; a process critical to hepatitis C virus assembly. 

 As discussed above, numerous viral proteins are known to undergo 

palmitoylation (Veit, 2012); however, the process of identifying sites of palmitoylation 

and determining if acylation actually occurs is a difficult task. Unlike farnesylation, 

which has an identifiable CAAX motif, there is no strict consensus sequence for 

palmitoylation. Patterns have been identified to aid in palmitoylation site recognition, but 

in the case of viral pathogenesis, one may be looking for a protein that is only detectable 

in small amounts, palmitoylated at a certain time point during infection, and may not 

constitute a viral structural component. In support of the latter, the non-structural protein, 

p10, from avian and Nelson Bay reoviruses is a fusion-associated small transmembrane 

protein whose ability to be palmitoylated is essential for cell fusion, syncytium formation, 

and virus release (Shmulevitz et al., 2003). Knowing that other members of the 
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Orthoreovirus genus utilized palmitoylation in their pathogenesis, I speculated that 

mammalian reovirus T3D could also undergo this post-translational modification and 

perhaps, sequester the Ras palmitoyl acyltransferase. After all, it was already established 

that the reovirus outer capsid protein, μ1N, was myristoylated at an N-terminal glycine 

residue, and under certain circumstances, myristoylation can serve as a precursor to 

palmitoylation (Nibert et al., 1991; Veit, 2012). While I was able to detect μ1N 

myristoylation, I was unable to get [
3
H]-palmitic acid radiolabelling to work (data not 

shown). Therefore, the possibility still exists that μ1 or another reovirus protein could be 

palmitoylated, and perhaps, a different technique should be employed. On that note, there 

are 25 human DHHC family members; any one of which is capable of palmitoylating a 

viral protein (Mitchell et al., 2006). Viral palmitoylation does not necessarily imply that 

the Ras palmitoyl acyltransferase, DHHC9-GCP16, is involved. That being said, use of 

the palmitoylation inhibitor, 2BP, which is known to target the Ras palmitoyl 

acyltransferase (Resh, 2006), produced a favourable outcome when coupled with reovirus 

infection. While it is possible that a reovirus protein could undergo palmitoylation and 

produce a similar result, a more likely scenario is that 2BP is acting independently of 

reovirus infection. Surprisingly, the way that reovirus manipulates Ras activity is not 

through direct interaction or sequestering of Ras modification enzymes, but through the 

process of Golgi fragmentation. 

 

4.2. Golgi Fragmentation 

This work demonstrates that reovirus infection causes fragmentation of the Golgi 

body. As a result, oncogenic H-Ras accumulates in the Golgi body as it awaits re-
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palmitoylation and initiates cellular apoptosis through activation of the 

MEKK1/MKK4/JNK signalling pathway. Tethering of Ras to the plasma membrane 

reduces virus-related cell death to levels comparable to that of the non-transformed 

control. Alternatively, use of the palmitoylation inhibitor, 2BP, further promotes the 

association of Ras with the Golgi body and causes additional activation of the 

MEKK1/MKK4/JNK signalling pathway to initiate higher levels of reovirus-induced cell 

death.  

As previously mentioned, fragmentation of the Golgi body is a normal cellular 

response to mitosis, apoptosis, or cytoskeletal interference (Colanzi et al., 2003; 

Mukherjee et al., 2007; Nozawa et al., 2002). The Golgi body, which consists of 

interconnected stacks of cisternae, functions in the sorting, processing, and transport of 

lipids and proteins (Wang and Seemann, 2011). During fragmentation, the tubular bridges 

between the stacks disassemble. This process is followed by unstacking and shortening of 

the cisternae into small clusters and fragments. As expected, vesicular transport is 

severely compromised or completely inhibited during this time (Rabouille et al., 1995; 

Storrie and Yang, 1998). In the case of mitosis, or removal of the stressor causing 

cytoskeletal interference, the Golgi body can reassemble to form a functioning organelle, 

however, apoptotic disassembly of the Golgi body is an irreversible process (Yadav and 

Linstedt, 2011).  

When considering reovirus-induced fragmentation of the Golgi body, it is well 

established that reovirus T3D inhibits cell proliferation of infected cells (Poggioli et al., 

2000). With mitosis excluded, reovirus likely contributes to Golgi fragmentation by 

forming viral inclusion bodies in the perinuclear region of the cell, and subsequently, 
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inducing apoptosis. After all, reovirus interacts with cytoskeletal elements during viral 

factory formation, and its structural protein, μ2, is known to associate with microtubules 

(Parker et al., 2002; Sharpe et al., 1982). With the palmitoylation inhibitor, 2BP, causing 

further accumulation of oncogenic Ras in the Golgi body, I would speculate that reovirus 

induces varying degrees of Golgi fragmentation during the course of its life cycle in 

NIH3T3 cells. Golgi fragmentation is known to fluctuate from subtle reorganization of 

the Golgi membranes during cell differentiation and migration to complete fragmentation 

during mitosis and apoptosis (Yadav and Linstedt, 2011). As such, initial interaction of 

the viral proteins with the cytoskeleton during factory formation likely contributes to 

partial Golgi fragmentation. At this point, Ras would still be able to reach the plasma 

membrane, but it would do so at a reduced rate. The semi-fragmented Golgi body would 

create a back-log of proteins awaiting palmitoylation and vesicular transport. 2BP 

treatment is believed to target the Golgi-resident Ras palmitoyl acyltransferase and 

reduce palmitoylation levels of oncogenic H-Ras by ~20% (Webb et al., 2000); thereby, 

adding to the pre-existing accumulation of oncogenic Ras during reovirus infection. At 

later stages of infection, reovirus induces apoptosis; consequently, resulting in further 

fragmentation of the Golgi body and complete inhibition of vesicular transport.  

Based on the above, additional experiments may determine the extent of reovirus-

induced Golgi disassembly by examining the individual components of the organelle and 

observing how they change over the course of infection. To identify which reovirus 

protein(s) is responsible for inducing fragmentation, expression plasmids encoding for 

each of the reovirus proteins can be transfected individually, or in combination, into 

target cells. Furthermore, it would be interesting to add 2BP to reovirus infection at time 
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points later than 2 hpi. I believe reovirus pathogenesis to be highly regulated and time-

dependent. I suspect that 2BP would only enhance reovirus oncolysis when applied to 

early stages of infection, and not at later time points when apoptosis is induced and Golgi 

fragmentation is complete.      

This is the first study to demonstrate that reovirus causes fragmentation of the 

Golgi body; however, other viruses have also been linked to disassembly of this 

organelle. Positive-strand RNA viruses are known to interact with cellular membranes for 

replication of their genome (Miller and Krijnse-Locker, 2008). For instance, poliovirus 

and foot-and-mouth disease virus, both of which are members of the Picornaviridae 

family, cause Golgi body fragmentation during their life cycle (Beske et al., 2007; Zhou 

et al., 2013). As numerous proteins require the secretory pathway and vesicular transport 

for efficient processing and localization, it is a novel finding that reovirus oncolysis is so 

dependent on the specific accumulation of oncogenic Ras in the Golgi. Vaccinia virus, 

myxomavirus, coxsackievirus B3, and herpes simplex virus (HSV) are other oncolytic 

viruses that are associated with signalling both up- and downstream of Ras activity 

(Ilkow et al., 2014). Of these, coxsackievirus and HSV are both known to induce Golgi 

fragmentation (Alconada et al., 1999; Avitabile et al., 1995; Cornell et al., 2006). 

Coxsackievirus B3 is also a single-stranded, positive-sense RNA virus from the 

Picornaviridae family. It disrupts the Golgi body by using its non-structural proteins, 2B, 

2BC, and 3A, to inhibit protein trafficking and prevent components of the immune 

system (i.e. MHC-I, cytokines, and cytokine receptors) from reaching the cell surface 

(Cornell et al., 2006). Coxsackievirus B3 is linked to Ras activity through its involvement 

in the PI3K/Akt signalling pathway. The virus activates this pathway for efficient viral 
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RNA expression (Esfandiarei et al., 2004). On the other hand, HSV is a large double-

stranded DNA virus that alters microtubule organization to cause Golgi fragmentation 

(Alconada et al., 1999; Avitabile et al., 1995). HSV also activates the PI3K/Akt 

signalling pathway (Cheshenko et al., 2013; Hsu et al., 2010). Similar to the pathways 

upregulated by reovirus infection, the ICP27 protein of HSV-1 enhances p38 and JNK 

activation (Hargett et al., 2005). In addition, wild-type HSV-2 is able to activate the 

Ras/MEK/ERK pathway using the kinase encoded by its ICP10 gene. Removing the N-

terminus of this kinase impairs virus growth in normal cells, but enables the virus to 

selectively target and lyse tumor cells expressing activated Ras (Filippakis et al., 2010; 

Fu et al., 2006). With the above viruses implicated in both Ras activity and Golgi 

fragmentation, it would be interesting to determine if Ras accumulation occurs as part of 

their pathogenesis, and if it also plays a role in their ability to induce apoptosis of target 

cells.  

 

4.3. Ras Compartmentalization and Signalling 

 As previously mentioned, numerous proteins utilize the secretory pathway for 

proper processing and localization. After identifying that reovirus infection induces 

accumulation of oncogenic Ras in the Golgi body, I wanted to discern if the movement of 

Ras, and its resulting activity, was a requirement for reovirus oncolysis. Oncogenic H-

RasV12 primarily localizes to the plasma membrane and only cycles back to the Golgi 

body for re-palmitoylation (Lommerse et al., 2005). Within the plasma membrane, GDP-

bound H-Ras is associated with lipid rafts, while activated H-Ras complexes with 

galectin-1 to form nanoclusters in the bulk plasma membrane (Rotblat et al., 2004, 2010). 
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Therefore, when considering how to restrict the movement of Ras during reovirus 

infection, it was important to choose a tether that would mimic its “natural” state. As 

such, I obtained the previously established CD8-HRasV12xx construct and sub-cloned it 

into pBABE-puro (Matallanas et al., 2006). CD8-HRasV12xx is known to reside in the 

bulk plasma membrane, where the active form of H-Ras normally associates. The CD8 

transmembrane domain is approximately the same size as Ras, and my previous 

experience working with HA-tagged oncogenic Ras resulted in cells that exhibited 

reduced, or absent, transforming potential. Thankfully, under my experimental 

conditions, the CD8-HRasV12xx construct generated highly transformed cells and 

activated expected downstream signalling pathways (Figure 3.13). To eliminate any 

doubt from the addition of a tether, I also utilized the FKBP12 inhibitor, FK506, on non-

tethered H-RasV12 cells. As stated earlier, FK506 treatment results in an accumulation of 

Ras on the plasma membrane, while decreasing Ras levels at the Golgi body (Ahearn et 

al., 2011); essentially creating a temporary, pseudo-tether of oncogenic Ras. Using this 

strategy, I was able to restrict oncogenic Ras to the plasma membrane during the narrow 

time frame of the reovirus life cycle. As expected, FK506 treatment decreased reovirus-

induced cell death, which mimicked the results obtained from the plasma membrane 

tethered CD8-HRasV12xx cells (Figure 3.15 and Figure 3.20).  

With the above demonstrating that Ras confined to the plasma membrane at later 

stages of infection was detrimental to reovirus oncolysis, I speculated on the usefulness 

of generating a Golgi-restricted Ras cell line. Golgi-tethered constructs are produced 

through the addition of a mutated KDEL receptor to the N-terminus of Ras (Caloca et al., 

2003; Cole et al., 1996). Matallanas et al. (2006) established that Golgi-tethered Ras was 
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capable of Ral and JNK activation, but did not transform murine fibroblasts. On the other 

hand, Chiu et al. (2002) showed that Ras tethered to the Golgi complex caused 

transformation of rodent fibroblasts, and efficiently activated PI3K/Akt and Erk 

signalling pathways, but not JNK. Unfortunately, the latter study utilized a functional 

KDEL receptor as its tether; meaning Ras was not specifically restricted to the Golgi 

body and was capable of shuttling between the ER and Golgi. While Golgi-tethered Ras 

is beneficial to cell signalling analysis, it does not represent a probable scenario for 

reovirus infection. Rather than allowing Ras to accumulate in the Golgi as infection 

progressed, Golgi-tethered Ras would run the risk of generating non-transformed cells 

and localizing Ras to the Golgi prior to infection; thereby throwing off the balance and 

timing of the reovirus life cycle. To reinforce this point, 2BP treatment of Ras-

transformed cells prior to reovirus infection resulted in lower percentages of cells being 

infected by the virus (data not shown). The same reasoning applies to knockdown of the 

Ras palmitoyl acyltransferase, which effectively mimics the H-RasV12xx cell line. To 

recall, Ras in this non-transformed cell line exists in a dynamic equilibrium between the 

cytoplasm and ER, and when challenged with reovirus, produced basal levels of virus-

related cell death (Figure 3.14 and Figure 3.15). Therefore, when considering other 

tactics, I feel that the use of CD8-HRasV12xx cells and FK506 treatment were well 

justified in demonstrating that Ras relocalization from the plasma membrane to the Golgi 

body is required for efficient reovirus oncolysis.    

 It is one thing to establish that oncogenic Ras relocalization to the Golgi body is 

important for reovirus oncolysis. It is another to determine how this relocalization alters 

the activity of Ras; specifically its signalling to downstream effectors. I originally 
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contemplated that reovirus would modify Ras signalling to initiate pro-apoptotic 

signalling pathways required for viral progeny release. Interestingly, this hypothesis 

ended up being supported through investigation of a lesser known Ras effector, MEKK1. 

MEKK1 is a kinase that directly interacts with Ras, and similar to other MEK kinase 

family members, is known to localize to Golgi-associated structures (Fanger et al., 1997; 

Russell et al., 1995). Once activated, MEKK1 phosphorylates MKK4, which sequentially 

activates p38/JNK signalling pathways to promote cell apoptosis. Apoptosis-driven 

MEKK1 activation can occur in response to cytoskeletal interruption, the presence of 

dsRNA, or binding of TRAIL to its associated death receptor; all of which are involved in 

reovirus oncolysis (Clarke et al., 2000; Parker et al., 2002; Sharpe et al., 1982; Sun et al., 

2011; Tricker et al., 2011; Xia et al., 2000). Furthermore, previous work implicated 

MEKK1 and JNK activity in reovirus-induced cell death (Clarke et al., 2004); however 

the exact mechanism remained undetermined until now. My work revealed that cycling 

Ras, and not its plasma membrane tethered form, was efficient at MKK4 and JNK 

activation following reovirus infection; an effect which could be further enhanced 

through the addition of 2BP (Figure 3.24, Figure 3.25, and Figure 3.26). Therefore, all 

experimental evidence supports the notion that Golgi-associated Ras drives MEKK1 

activation, which is critical to reovirus-induced apoptosis of target cancer cells. 

 

4.4. Potential Implications to Oncolytic Virotherapy 

Efficient virotherapy is based on the successful delivery of virus to target cells, as 

well as the dissemination of viral progeny to both neighbouring and distant cancer cells. 

With Ras being a major constituent in human oncogenesis, this work reinforces the 
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potential benefits of introducing reovirus into cancer cells specifically expressing 

constitutively active H-Ras, N-Ras, or K-Ras4A. These isoforms require Golgi-associated 

enzymes for proper processing and localization, and as a result of reovirus-induced Golgi 

fragmentation, would be susceptible to accumulation in this organelle. In addition to 

activating mutations in Ras itself, cancer cells expressing mutated EGFR or members of 

the Src family of tyrosine kinases can lead to downstream activation of Ras and serve as 

potential reovirus targets. Furthermore, cancers driven by palmitoylated members of the 

Src family, such as Lyn, Yes, and Lck are also known to associate with the Golgi body 

and could possibly accumulate during reovirus infection (Summy and Gallick, 2003). The 

most frequently detected Ras mutation in human cancers is observed in K-Ras4B. 

Despite K-Ras4B being palmitoylation null, reovirus may still effectively lyse these cells 

through their dependency on endogenous, wild-type Ras (Grabocka et al., 2014). In K-

Ras4B driven cancers, reovirus-induced Golgi fragmentation would sequester 

endogenous Ras; likely leading to signal disruption, sensitization of these cells to 

chemotherapeutic agents, and cell death.  

Most would agree that the future of oncolytic virotherapy will occur in the form 

of combination strategies. Many of the chemotherapeutic agents currently utilized in 

reovirus clinical trials are known to stabilize microtubules and fragment the Golgi body 

(Heinemann et al., 2011; Oncolytics Biotech Inc, 2014). Thus far, these trials are well 

tolerated and generate an effective local response; suggesting that combining reovirus 

with drugs capable of cytoskeletal interference or Golgi fragmentation would likely 

produce a synergistic outcome. A recent study, which targeted K-Ras driven pancreatic 

cancer cells, combined reovirus with pharmacological agents that caused ER-stress 
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(Carew et al., 2013). While the overall effect was synergistic, the drugs they choose to 

use (i.e. brefeldin A, tunicamycin, and bortezomib) are also known to induce Golgi 

fragmentation or inhibit protein palmitoylation (Harada et al., 2003; Resh, 2006; 

Siddhanta et al., 2003); thereby, supporting my proposed model of reovirus-induced 

apoptosis. Similar to the action of 2BP, the above drugs are also relatively non-specific, 

and since bortezomib is being considered for a phase I clinical trial with reovirus, then 

perhaps, the safety and efficacy of 2BP should be investigated in this manner as well. 

As opposed to focusing on Golgi fragmentation, another opportunity for 

combination therapy is utilizing reovirus with Ras inhibitors. Targeting Ras for cancer 

therapy has proven difficult, and current avenues stem from interfering with Ras-

associated chaperones and modification enzymes (Baines et al., 2011). Specifically, it 

would be interesting to combine reovirus with Salirasib®, which competes with Ras for 

galectin binding, and causes Ras to dislodge from the plasma membrane and alter its 

downstream signalling. In either case, this work reinforces the need for Ras-specific 

inhibitors, and in particular, those which retain Ras at the Golgi or alter its palmitoylation 

status. Reovirus is already an effective anti-cancer agent and with this study establishing 

its mechanism of oncolysis, specific inhibitors can be designed or introduced to further 

promote its oncolysis and increase its efficacy as a cancer therapeutic.  
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