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ABSTRACT 

Introduction: Reovirus is a common isolate of human respiratory and gastrointestinal 

tracts which is not associated with significant human disease. This study investigates the 

underlying mechanisms of oncolysis and the potential role of reovirus as a prostate cancer 

therapeutic. Methods: Reovirus susceptibility was determined in the prostate carcinoma 

cell lines LN-CaP, DU-145 and PC-3 by a) cytopathic effect (CPE), b) infected cell 

labeling with [35S]-methionine, c) immunoflourescent staining and, d) the detection of 

increasing titers of viable progeny reovirus. The mechanism of oncolysis was examined 

using apoptotic assays (DNA laddering, Annexin V staining, Apo 2.7 staining and PARP 

cleavage). A hind flank xenograft SCID/NOD murine model system was used as an in 

vivo model. Results: The LN-CaP, DU-145 and PC-3 cell lines were found to be 

exquisitely sensitive to reovirus with over 80% of the cells dead by 72 hrs in vitro. 

Annexin V (apoptosis) staining increased over 48 hours and parallel two other 

independent apoptotic flow cytometric methods. After a single intratumoral injection of 

reovirus in the xenograft model, LN-CaP, DU-145, and PC-3 significantly regressed 

compared to controls. Conclusion: Reovirus is a promising new prostate cancer 

therapeutic. 
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1. INTRODUCTION 



1.1 Prostate cancer 

Prostate cancer is the most common cancer in men, representing approximately 

one-third of all male cancers in Western society and the second highest cause of cancer 

death in men behind lung cancer (1). Current treatments for prostate cancer, once it has 

metastasized outside of the prostate gland (60% of patients), are felt to be non-curative 

and the modest goals of treatment are to prolong survival and improve quality of life. 

Treatment of such cancers depends on the androgen requirement of prostate epithelial 

cells for growth and survival. Endocrine therapy can lead to significant periods of 

remission (median 24 months) (2). Tumor progression occurs when prostate cancer cells 

transform from androgen dependence (AD), through to androgen-sensitive (AS; these 

tumors do not require androgen for growth but proliferate more rapidly in its presence), to 

hormone refractory or androgen independent (AI). Therapeutic options (e.g. cytotoxic 

chemotherapy) in men who have hormone refractory disease (disease progression after 

androgen ablation) are somewhat limited; these patients have a median survival of 12 

months (2) and clearly better treatments are needed. 

Prostate cancer diagnosis, progression of disease and monitoring of treatment can 

impart be aided by prostate specific antigen (PSA) serum testing. PSA is a single-chain, 

240-amino acid glycoprotein with an approximate molecular weight of 33kDa and its 

primary structure has considerable homology to kallikrein (3). PSA is produced by 

differentiated luminal cells of the prostate and its expression in vivo is regulated by 

androgens. In vitro, PSA expression can be modulated by a combination of androgen 

levels, exogenous growth factors, and matrix proteins (3). PSA may be expressed 
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heterogeneously in a cell culture population depending on the proliferation and 

differentiation status of cells. PSA immunocytochemical staining has been very useful in 

identifying prostatic epithelial cells in vitro, where it serves as a distinct marker for their 

differentiated function in response to androgens. 

Androgen receptor (AR) protein expression increases in androgen target cells in 

response to androgen exposure (3). The human A R is a 110 kDa transcription factor. A R 

undergoes transformation upon binding to its ligand. Interactions between the receptor-

ligand complex and the specific androgen response elements cause changes in the 

transcription rate of a number of specific genes resulting in the induction of growth or 

differentiation in target cells. The androgen receptor contains at least three distinct 

functional regions, the transactivation, the DNA-binding, and the ligand binding domains 

(4). 

1.2 Prostate cancer cell lines 

Many immortalized and malignant adult human prostatic epithelial cell lines have 

been developed. Cell lines have been selected for features such as responsiveness to 

androgens, expression of androgen receptors, and expression of prostatic specific antigen 

(PSA) (3). Three such cell lines PC-3, DU-145 and LN-CaP have greatly contributed to 

our present understanding of prostate cancer. Many studies have examined A R 

expression in three commonly used human prostate cancer cell lines DU-145, PC-3 and 

LN-CaP. LN-CaP cells that express A R and are androgen responsive, but not androgen 

dependent, because they will grow in culture in the absence of androgens. The A R 
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expressed in LN-CaP cells is interesting because it contains a point mutation in the 

ligand-binding domain that results in binding affinity also for progesterone, estradiol and 

anti-androgens, all of which compete with androgens and cause an increase in growth rate 

at low concentrations (3). DU-145, PC-3 and LN-CaP cells do not express measurable 

amounts of estrogen or progesterone receptors (4). DU-145 and PC-3 cells are androgen 

independent and are generally considered to be androgen unresponsive since they do not 

express AR. 

Normal prostate epithelial cells express cytokeratin (CK) intermediate filament 

proteins (IFs), which are the major cytoskeletal components expressed in a tissue specific 

manner. Terminally differentiated prostatic luminal cells are characterized by the specific 

expression of CK-8 and CK-18, while basal cells express CK-5 and 15 (4). PC-3, DU-

145, and LN-CaP express CK-8 and CK-18, but do not express cytokeratin 5 or 15 (4). 

The DU-145 cell line was derived from a tumor removed from a metastatic central 

nervous system (CNS) lesion (5). Removed from a 69-year old Caucasian man with 

widespread Metastatic carcinoma of the prostate (5). He received diethylstilbestrol (DES) 

treatment, followed by bilateral orchiectomy prior to the development of the CNS 

metastasis. The histological diagnosis of the primary tumor was that of a poorly 

differentiated adenocarcinoma, and the metastatic lesion was a moderately differentiated 

adenocarcinoma with foci of poorly differentiated cells (5). The DU-145 cell line does 

not express PSA (4). 

Metastatic tumor tissue obtained from a lumbar vertebra was used to establish the 

PC-3 cell line (6). The tissue sample was derived from a 62-year-old Caucasian man. The 

pathological diagnosis for both the primary and the metastatic cancer was "poorly 
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differentiated prostatic adenocarcinoma." The patient had been treated with DES and 

subjected to a bilateral orchiectomy. The PC-3 cell line also does not express PSA (4). 

LN-CaP cell line was derived in 1977 from fragments of a biopsy of a lymph node 

metastasis of a 50-year-old Caucasian man with a moderately differentiated prostate 

cancer which was diagnosed a year earlier (7). This patient had been treated with 

estrogen and orchiectomy with only a modest response. The population doubling time 

for LN-CaP cells is much greater than that of DU-145 and PC-3 cells, in the order of 60-

72 hours (7). LN-CaP cells have a low anchoring potential and are capable of growing 

either in clusters or as a monolayer. They also have a high affinity for androgen receptor 

and respond to androgens that stimulate their growth as well as PSA expression at 

different concentrations (7). LN-CaP tumors in nude mice develop earlier in male mice 

suggesting androgen responsiveness (4). 

1.3 Reovirus 

Reovirus is a member of the family Reoviridae. Reoviruses are ubiqutous viruses 

found throughout the world infecting a wide variety of species (8). Genomes of this 

family Reoviridae are typically composed of 10, 11, or 12 segments of double-stranded 

(ds) RNA. Reoviridae infectious particles have a characteristic size of 70 to 85 nm, no 

lipid envelope, and proteins arranged in two or three concentric icosahedral capsids (8). 

A distinctive feature of Reoviridae's replication cycle is the synthesis of viral mRNAs by 

enzymes packaged within the icosahedral particles. Despite these similarities, viruses of 

the different genera exhibit significant genetic, biochemical, and biological differences. 

The prototypic mammalian reovirus belongs to the genus Orthoreovirus (8). The family 
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Reoviridae consists of six genera, three of which infect animals (including humans) and 

the remaining three are restricted to plants and insects (8). Of the three that infect 

animals, reovirus, orbivirus and rotavirus, the reovirus appears to cause the least 

symptomatic disease. The rotaviruses have long been recognized as a major human 

pathogen, being an important cause of infantile diarrhea and enteritis as well as being a 

significant veterinary pathogen (9). The orbiviruses are mainly veterinary pathogens with 

the one notable exception of Colorado tick fever virus causing Colorado tick fever in 

humans (10). Reovirus is believed to be associated with only very minor respiratory 

and/or enteric symptoms or to be entirely asymptomatic and is not suspected to cause any 

significant veterinary pathology (8). 

The acronym Reovirus was coined in 1959 by Sabin, (Respiratory, Enteric, 

Orphan) which reflects he fact that the viruses are commonly derived from respiratory 

and gastrointestinal (GI) tract isolates of humans, and were not associated with any 

known major human disease and hence, were constituted as being orphan. (11) 

Mammalian reovirus are divided into three distinct serotypes based upon neutralization 

and hemagglutination-inhibition tests (12). An isolate from a healthy child provided the 

prototype for reovirus type 1 (strain Lang, abbreviated TIL); An isolate from a child with 

diarrhea provided the prototype for reovirus type 2 (strain Jones, T2J); and isolates from a 

child with diarrhea (strain Dearing, T3D) and a child with an upper respiratory illness 

(strain Abney, T3A) are prototypes of reovirus type 3 (8). Reovirus isolates can be 

isolated commonly throughout the world from untreated sewage, river water and stagnant 

waters (13-15). This probably account for the fact that most people have been exposed to 
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reovirus, based upon seroconversion data by the time they reach adulthood i.e. less than 

25% in children < 5 years old, to greater than 50% in those 20-30 years old (16). Other 

studies have suggested the prevalence of reovirus antibodies in human adult's ranges 

from 70% to 100% (17,18). 

Recently, it has been demonstrated that activated or overexpression of oncogenes 

such as v-erbB, Sos, and Ras confer reovirus susceptibility to cells that are otherwise 

resistant (19-23). It is now clear that human reovirus requires an already activated Ras 

pathway, or upstream/downstream elements of Ras, in order to produce a cytopathic 

effect in cultured cells, (20) as summarized in Figure 1. The non-pathogenic nature of 

this virus in humans and the selective lytic replication of reovirus in cancer cells that have 

an activated signaling pathway (oncolytic virus) makes it an attractive putative cancer 

therapeutic, especially given that greater than 30% of all cancers have activating 

mutations in the H-, N - , or K-ras genes (24) and greater than 50% of cancers have 

activated up/down stream elements (24). The use of non-attenuated virus as a potential 

cancer treatment is in contrast to the majority of other potential anti-cancer viral 

therapeutics which uses replication defective viruses as vehicles for gene delivery (e.g. 

suicide genes, tumor suppressors or genes influencing immune function) (25-28). It 

should be mentioned that other oncolytic viruses including adenovirus (29), HSV-1 (30), 

Newcastle disease virus (31), vesicular stomatitis virus (32) and the poliovirus-human 

rhinovirus (33) have been described. Several mechanisms whereby these oncolytic 

viruses can lead to tumor destruction have been postulated. Direct tumor lysis due to 

viral replication can be seen with adenovirus, herpes simplex type 1 (HSV-1), Vesicular 
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Stromatits Virus (VSV; 22), and Newcastle disease virus (30). In addition, increased 

sensitivity of infected cells by cytokines such as tumor necrosis factor a and interferon a, 

as seen with adenovirus and HSV-1, is well documented. Finally, the triggering of a 

cellular immune response in the host by virus may lead to tumor cell destruction. The 

additional possibility of viral replication in tumors that trigger tumor-specific immunity 

rather than virus-specific immunity may also target the destruction of tumor cells. 

Currently there are a number of putative oncolytic viruses at various stages of clinical 

development. Attenuated variants of HSV-1, a neurotropic virus, have been studied as 

potential anti-cancer agents of the central nervous system. For example, an HSV-1 

mutant with a deletion in the thymidine kinase gene is unable to replicate in quiescent 

cells such as neurons but is able to replicate in rapidly proliferating tumor cells. Direct 

injection of virus into brain tumor xenografts in both immuno-compromised and 

immuno-competent animals has been shown to induce significant growth inhibition of 

tumors. In the latter case, there was evidence of cytokine-mediated tumor killing by 

mononuclear inflammatory cells may be involved (34). Furthermore, in clinical trials 

utilizing the preferential cytotoxic effect of gancyclovir in HSV-1 infected tumor cells 

increased cell death was seen. In addition a significant number of tumor "bystander" cells 

were also killed, increasing the therapeutic effect (35). 

Adenoviruses are ubiquitous and can cause serious infections in humans (8). 

They are advantageous for use in cancer treatment due to their ability to infect a variety of 

human cell types, including both dividing and non-dividing cells. Furthermore, they can 

be genetically manipulated. During infection of a host cell by wild-type adenovirus, the 
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tumor suppressor protein p53 is inevitably inactivated, which then leads either to cell 

growth arrest or apoptosis. The function of adenovirus E1B protein is to bind and 

inactivate p53, thereby allowing viral replication to ensue. One mutant adenovirus, called 

ONYX-15, lacks E1B and is unable to infect normal cells, but cells lacking functional 

p53 (as in 50% of all human cancers) are theoretically susceptible to infection. The 

effectiveness of this virus in the treatment of human cancers has been clearly 

demonstrated in mouse xenografts (29). Phase I/II clinical trials are currently underway 

in the United States and the United Kingdom. 

Recently, the oncolytic ability of reovirus on several tumors in vitro and in vivo 

have been explored. Wilcox et al. 2001, analyzed the susceptibility of 24 established 

glioma cell lines in vitro as well as testing the effect of injecting live reovirus in vivo on 

human glioma cell lines grown subcutaneously or orthotopically (i.e., intracerebrally) in 

SCID/NOD immuno-suppressed mice. Reovirus killed 20 (83%) of 24 established 

malignant glioma cell lines (23). In the case of the in vivo experiments, reovirus caused a 

dramatic and often complete tumor regression (i.e., absence of any macroscopic tumor 

mass), in two subcutaneous (P=0.0002 for both U251N and U87) and in two intracerebral 

(P=0.0004 for U251N and P=0.0009 for U87) human malignant glioma mouse models 

(23). In a less immunocompromised mouse model nude mice, (nu/nu) (athymic, T-cell 

depleted), a single intratumoral inoculation of live reovirus led to a dramatic survival 

prolongation with body weight gain and stable health as compared to control mice treated 

with U.V.-inactivated reovirus; log-rank test, PO.0001 for both U251N and U87 cell 

lines (23). It was further demonstrated that reovirus had the ability to infect and kill nine 
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of nine primary cultures of high grade brain glioma tumors removed from patients, but 

interestingly had no effect on cultured meningiomas (23). 
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Figure 1. Usurpation of the ras-signaling pathway by reovirus. (2-AP = 2-aminopurine) 
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1.4 Molecular signaling pathways putatively involved in reovirus oncolysis 

Cells respond to extracellular signals by transmitting intracellular instructions to 

coordinate appropriate responses. As mentioned previously, Ras activation or 

upstream/downstream elements seems to be associated with reovirus susceptibility (20). 

Ras interacts with multiple effectors, as summarized in Figure 2 (36). There are three Raf 

serine/threonine kinases (Raf-1, A-Raf and B-Raf), and a number of other proteins that 

share properties of a Ras effector, and bind preferentially to active Ras-GTP. Current 

studies are trying to determine whether these candidate Ras effectors serve as 

physiologically relevant effectors of Ras function and to define their precise contribution 

to Ras signaling and transformation. Among the pathways often used to send these 

signals, is the highly conserved mitogen-activated protein kinase (MAPK) or extracellular 

signal regulated protein kinase (ERK) cascades. These cascades are found in all 

eukaryotic organisms and consist of a three-kinase module that includes a M A P K , which 

is activated by a M A P K / E R K kinase (MEK), which in turn is activated by a M E K kinase 

(MEKK) (36). The first and best-characterized M A P K cascade consists of Raf isoforms, 

M E K 1/2, and ERK1/2, and is regulated by Ras. This pathway has effects in non-

proliferating cells, but mitogenic signals also stimulate the pathway, and inhibiting it can 

block proliferation (36). Two other MAPKs that mediate responses to cellular stress have 

also been found namely c-Jun amino-terminal kinase/stress-activated protein kinase 

(JNK/SAPK) and p38. M A P K s are grouped into subfamilies based on sequence 

similarity, mechanisms of upstream regulation, and sensitivity to activation by different 

MEKs. Most family members require phosphorylation on one tyrosine and one threonine 

residue for activation (36). To add to the complexity new MAPKs have been discovered 
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recently, including ERK5, and four p38-like kinases, namely: Mxi2, ERK6, SAPK3, and 

p386 (36). Furthermore eight differently spliced variants of JNK7SAPK have been 

identified with differing abilities to bind substrates, c-Jun, Atf-2 (Activating transcription 

factor 2), and Elk-1 (36). 

M A P K s are likely signaling participants in apoptosis, but it is difficult to 

generalize about their functions. Cellular stresses such as heat shock, osmotic shock, 

cytokines, protein synthesis inhibitors, antioxidants, U V , and DNA-damaging agents will 

activate JNK7SAPK and p38. ERK and JNK7SAPK are proposed to have opposite roles 

in B cell apoptosis, with JNK7SAPK protective and ERK facilitative (36). However, in 

other well-defined models, the cooperation of JNK/SAPK and ERK is though to be 

essential, but JNK/SAPK may promote rather than protect against apoptosis. Clearly 

M A P K s act in concert and with other cell signaling systems. Therefore, the cross talk 

between pathways taking place at many levels is crucial to the coordinated responses of 

cells. The role these pathways play in reovirus oncolysis is to date unknown and is 

currently under active investigation by our laboratory and others. 
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Figure 2. Ras family pathways (36). 
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1.5 Viral induced apoptosis 

Apoptosis is an evolutionarily conserved pathway of biochemical and molecular 

events that underlie cell death processes involving the activation of zymogens. 

Apoptosis or programmed cell death (PCD) plays a critical role in many biological 

processes, including normal mammalian development, normal turnover of cells and 

cytotoxic responses to cellular insults (reviewed in 37-42). Once apoptosis is initiated, 

biochemical and morphological changes occur in the cell. Measurable changes include: 

DNA fragmentation, chromatin condensation, cytoplasmic membrane blebbing, cleavage 

of apoptotic substrates, and loss of mitochondrial membrane potential initializing the 

release of cytochrome c into the cytoplasm (38,39). PCD can be activated in response to 

several diverse signals including growth factor withdrawal, U.V. or gamma irradiation, 

chemotherapeutic drugs, or by death receptors expressed on the cell surface (40). Since 

reovirus induces cell death, it is reasonable to look at the potential role of apoptosis. 

Several viruses, including human immunodeficiency virus, influenza virus, 

measles virus, poliovirus, and sindbis virus can induce apoptosis of their host cells 

(reviewed in references 41 and 42). It has been postulated that apoptotic induction serves 

as a defense mechanism to limit viral replication by destroying infected cells. In other 

instances, induction of apoptosis may enhance viral infection by facilitating viral spread 

or enabling the virus to evade host inflammatory or immune responses (reviewed in 37). 

Apoptotic cell death requires controlled degradation of cellular macromolecules by 

hydrolytic enzymes. These proteases are collectively referred to as caspases (cysteine 

aspartic acid specific proteases). To date, caspases can be divided into ten families on the 

basis of their sequence and phylogenetic similarities and preference for substrate sites 
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(43) . Generally, inactive zymogen forms of these proteases are constitutively expressed 

in different human tissues (43). Diverse apoptotic signals, such as stimulation with anti-

Fas antibody or tumor necrosis factor (TNF), have been linked to the activation of the 

most upstream caspase 8 (FLICE-MACH), which in turn activates other caspases, e.g. 

caspase 3 (CPP32). Cells undergoing apoptosis display a highly ordered degradation of 

cellular proteins which include: lamins, the 70-kDa protein of the Ul-snRNP, the 

catalytic subunit of DNA-dependent protein kinase, topoisomerase I and II, the 

retinoblastoma protein, fodrin, steroid receptor element binding protein, protein kinase 

C8, actin, nuclear mitotic apparatus protein (NuMA), and intermediate filament 

associated polypeptide Gas2 (43). This list is constantly being updated. Furthermore, 

this select group of target proteins are cleaved at very specific cysteine aspartic acid sites 

often generating two or more identifiable fragments. Cleavage of poly (ADP)-ribose 

polymerase (PARP) is one of the earliest detectable protein degradation events. PARP 

(116-kDa) is specifically cleaved during apoptosis to form a signature 89-kDa-fragment 

(44) . A model demonstrating possible roles of PARP cleavage fragments contributing to 

apoptosis is shown in Figure 3. Cleavage of PARP separates the N-terminal DNA-

binding domain from the 89-kDa residual protein. The binding of the residual 24-kDa 

fragment to D N A strand breaks generated during apoptosis has been proposed to result in 

the inhibition of D N A repair at these sites (frozen nicks) (44). The 89-kDa fragment of 

PARP has a low level of catalytic activity, however continuous presence of this fragment 

in a cell allows a slow synthesis of the poly- (ADP-ribose) polymers on PARP or histones 

and a slow consumption of N A D and ATP, resulting in cell death. Thus, both of the 

fragments of PARP cleavage contribute to the apoptotic process. 
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Figure 3. A model for role of apoptotic fragments of PARP. For details see text. 
(Figure adapted from 44.) 
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1.6.1 Death receptors 

The mechanism of programmed cell death initiated by extracellular signals 

involves in part the fact that certain cells have unique sensors, termed death receptors, on 

their surface. Death receptors detect the presence of extra cellular death signals and in 

response they rapidly activate the cell's intrinsic apoptosis machinery. One subfamily of 

death receptors belongs to the TNF/NGF-receptor super-family and is characterized by 

the presence of extracellular cysteine-rich domains (40). These death receptors have an 

intracellular death domain (DD), which acts to couple receptors to the apoptotic 

machinery (Figure 4). Members of this family include CD95 (Apo-lFas), TNF-R1 

(CD120a), DR3 (APO-3, L A R D , TRAMP, WSL1), TRAIL-R1 (APO-2, DR4), TRAIL-

R2 (DR5, KILLER, TRICK2), and DR6 (40). Among these, CD95 is the best 

characterized. In addition to the receptors, the ligands also display significant structural 

homology, which accounts for the similar mechanisms of receptor recognition and 

triggering. These death ligands have co-evolved as a very conserved death ligand family 

corresponding to specific death receptors and together are called the TNF family which 

argues an important function with the cells. 

1.6.2 Signaling by death receptors 

The molecular events involved in death receptor signaling, as illustrated by using 

the CD95 receptor, are shown in Figure 4 and discussed below. Triggering of CD95 by 

either specific antibodies or by its ligand CD95L leads to trimerization of CD95 

receptors. The death domain, which lies within the receptor, self associates and is 

capable of recruiting and binding other death domain containing proteins, which then 
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serves as adaptors in the signaling cascade. The first CD95 adaptor molecule identified 

was FADD/Mort-1, which in addition to its DD it contains a death effector domain 

(DED) (40). Procaspase-8 (FLICE, M A C H MCH5), a DED containing protein then 

associates with the DED of FADD. With the further recruitment of CAP3, CD95 is 

oligomerized forming a death-inducing signaling complex (DISC). Pro-caspase-8 is then 

autoproteolytically cleaved to form active caspase-8, thereby leading to the initiation of 

apoptosis. Recently, with respect to CD95 signaling pathways two distinct cell types 

have been identified, though both lead to the activation of the effector caspase 3 (37,43). 

The type II or intrinsic pathway involves the activation of a mitochondrial pathway, 

which is used to amplify the caspase cascade. Initial mitochondrial release of cytochrome 

c leads to the formation of the cytochrome c/Apaf-1/caspase 9 apoptosome (39). 

The type I, extrinsic pathway, cells CD95-mediated apoptosis is independent of 

mitochondrial activity (Figure 4) (39) and leads to caspase processing in the cytosol 

without alteration of mitochondrial caspases (39). The significance of this 

compartmentalization and differential activation remains to be elucidated. 

Pro-apoptotic and anti-apoptotic Bcl-2 family members interact at mitochondrial 

membranes, and the outcome determines the release of cytochrome c, where it may 

interact with the cytosolic apoptosome to initiate caspase activation. Mitochondria are 

also capable of undergoing a permeability transition; leading to matrix swelling, rupture 

of the outer membrane, and the release of pro-apoptotic factors such as Apoptosis 

Inducing Factor, AIF (39). It has also been shown that mitochondria contain caspases 2, 

3 and 9 in their intermembrane space, and that these caspases become activated in 

response to apoptosis induction via the intrinsic pathway (39). 
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Figure 4. Two pathways for CD95 death receptor signaling. For details see text. (Figure 
adapted from 38). 

23 





1.6.3 Reovirus induced apoptosis 

Reovirus infection induces apoptosis in cultured cancer cells in vitro (45-53) and 

in target tissues in vivo, including the central nervous system, heart and liver in neonatal 

mice (46,47). Using reovirus strain 8B (a reovirus containing a reassorted genome with 

the ability to infect myocardiocytes) infection of neonatal mice provides a well-

characterized model of direct viral-induced myocarditis (48). Reovirus induces apoptosis 

by a p53-independent mechanism that involves cellular proteases including calpains 

(48,49), is dependent on reovirus-induced N F - k B activation (50) and is inhibited by over-

expression of Bcl-2 (45). The reovirus SI gene, which encodes for the viral attachment 

protein, determines strain specific differences in apoptotic inducing capacities (51). It is 

required for viral binding to cell surface receptors but not for the completion of the full 

viral replication cycle (52). Recently it has been shown that the binding of tumor 

necrosis factor-related ligand (TRAIL) to its cellular receptors DR5 (TRAIL R2) and 

DR4 (TRAIL R l ) mediates reovirus-induced apoptosis involving caspase 8 in both HeLa 

and HEK293 cells (53). Microscopic observation of prostate cancer cells in the presence 

of reovirus revealed many of the characteristic features of apoptotic cells and lead to 

further investigation outlined in this thesis. 

1.7 Prostate cancer animal models 

To study the effect of reovirus in vivo in a prostate cancer orthotopic system is 

difficult and currently, an ideal animal model for the study of prostate cancer does not 

exist. The LN-CaP cell line is the only established human prostate cancer line with 

functional androgen receptors and PSA expression (7,54), but it is only weakly 
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tumorogenic when inoculated s.c. in athymic mice. Another major disadvantage with s.c. 

tumor modeling with human prostate cancer cell lines is that metastases do not regularly 

occur making it difficult to evaluate therapies in a metastatic setting. Appropriate in vivo 

metastatic models are critical to investigate the steps in the metastatic cascade and to 

evaluate therapies that either specifically target metastatic mechanisms and/or attempt to 

prolong survival. Recently, it has been demonstrated that intra-prostatic (orthotopic) 

injection, as opposed to subcutaneous flank (ectopic) implantation in nude mice, of 

human prostate cancer cell lines (PC-3, PC-3-125-IL, TSU-Prl , DU-145 and LN-CaP), 

increases tumor growth and metastatic potential (55-59). Another well-established cell 

line isolated from mice possessing an increased metastatic potential, is the highly 

aggressive PC-3M line (56). However, metastases are restricted to retroperitoneal lymph 

nodes, and to a lesser degree lung, unlike in humans where lymph nodes and bone are the 

common sites of metastasis. By co-inoculating the LN-CaP cell line with non-

tumorogenic fibroblasts derived from a human osteosarcoma, Thalmann et al., (59), 

isolated a LN-CaP subline (C4-2) which when inoculated either s.c. or orthotopically 

metastasized to the lymph node and bone with an incidence of 11-50%. A second model 

of interest is the Dunning model of rat prostatic cancer (60). Dunning isolated two 

prostatic carcinoma cell lines MAT-LyLu (lung isolate), and AT-2 (primary tumor 

isolate) from a spontaneously occurring prostate tumor in an inbred Copenhagen rat. 

Subcutaneous flank AT-2 tumors grown in rats were shown to regress with reovirus 

treatment (P. Lee et al. personal communication). The difficulty with the Dunning rat 

metastatic model is that it requires serial animal passage and metastatic yields are very 

low (60). 
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In recent years, genetically manipulated animal models, (transgenic), have 

emerged as tools for developing strategies against many pathological conditions, 

including cancer. Advantages of these genetically manipulated animals for therapeutic 

studies include induction of carcinogenesis by discrete genetic changes and the ability to 

modulate androgens or tumor suppressor genes implicated in human cancer (61). One 

strength of transgenic models is that in these animals, cancer arises from normal cells in 

their natural tissue microenvironment and progresses through multiple stages, as does 

human cancer (61-63). One such model for prostate cancer is the T R A M P model 

(transgenic adenocarcinoma mouse prostate) (63). TRAMP mice express a VB-Tag 

transgene consisting of the minimal -4261+28 bp regulatory element of the rat probasin 

promotor directing prostate-specific epithelial expression of the SV40 early genes, T/t 

antigens (62). T R A M P males develop spontaneous multistage prostate carcinogenesis 

that exhibits both histological and molecular features similar to that of human prostate 

cancer (62). T R A M P males characteristically express the PB-Tag transgene by 8 weeks 

of age and develop distinct pathology in the epithelium of the dorsolateral prostate by 10 

weeks of age. Distant site metastasis can be detected as early as 12 weeks of age, and by 

28 weeks 100% of the animals harbor prostate cancer that metastasizes to the lymph 

nodes and lungs (62). 

In order to closely parallel the clinical prostate cancer involving extensive axial 

skeletal and multi-organ metastatic spread, a surgical orthotopic implantation 

implantation/injection (SOI) model was created. Initially as outlined by Pettaway et al. 

1996 (64), an in vivo selection procedure was performed to isolate cell populations with 

increased metastatic capacity. Cultured LN-CaP, PC-3, and DU-145 cells (5 X 106) were 
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injected into the prostates of SCID/NOD (severe combined immunodefficient) mice. 

Tumor cells harvested from the prostate and lymph nodes were expanded in culture and 

re-injected both into the prostate gland and s.c. into the flank of SCID/NOD mice. Tumor 

fragments (0.1-0.5cm2) from these tumors were implanted by SOI into the dorsal lateral 

lobe of the prostate gland of SCID/NOD mice. The main disadvantages with this design 

are, the time required for selection and difficulties in detecting small metastatic tumors. 

Recently a fluorescent spontaneous bone metastatic model has been developed by 

SOI of green fluorescent protein (GFP)-expressing unselected PC-3 cells (65). The 

authors were able to show metastases via fluorescence throughout the skeleton including 

skull ribs pelvis femur and tibia, as well as the central nervous system, including the brain 

and spinal cord. GFP expressing cells were also found in systemic organs, including 

lung, liver, kidney, pleural membrane, and adrenal gland (65). We have used this 

experimental approach with the PC-3, DU-145, and LN-CaP cell lines in an effort to 

assess the efficacy of reovirus oncolysis in the metastatic setting (Nodwell et. al. 2001, in 

preparation). 

1.8 Hypothesis 

Reovirus (strain 3, Dearing) is oncolytic to prostate cancer in both in vivo and in 

vitro settings and that the major mechanism of cell death is via an apoptotic pathway. 
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1.9 specific aims 

1) To characterize the susceptibility of prostate cancer cell lines to reovirus oncolysis in 

vitro. 

2) To attempt to correlate M A P K / J N K activity of prostate cancer cells with reovirus 

susceptibility. 

3) To examine the role of apoptosis in reovirus mediated oncolysis of prostate cancer. 

4) To test the effect of reovirus treatment on human prostate cancer xenografts in 

SCID/NOD and nu/nu mice both orthotopically and in a subcutaneous flank model. 
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2-METHODS AND MA TERIALS 
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2.1 Cell Lines. 

Established cell lines were obtained from the American Type Culture Collection. 

The cells were grown in media containing 10% fetal bovine serum (FBS). PC-3 cells 

were cultured in RPMI 1640 media supplemented with sodium glutamate (Gibco BRL, 

Burlington, Ontario). DU-145, L929and NIH 3T3 cells were cultured in D M E M media 

supplemented with sodium pyruvate (Gibco BRL, Burlington, Ontario). LN-CaP cells 

were cultured in RPMI 1640 media containing ImM HEPES buffer and sodium pyruvate 

(Gibco BRL, Burlington, Ontario). A l l cells were cultured at 37°C in a humidified 5% 

CO2 incubator; cells were passaged when they reached approximately 80% confluence, 

harvested by trypsin treatment and re-plated in the appropriate media. Each cell line was 

tested monthly to exclude mycoplasma contamination. 

2.2 Reovirus. 

Reovirus serotype 3 (Strain Dearing) was grown and purified as described (4), 

except that (3-mercaptoethanol was omitted from the extraction buffer. Reovirus was 

propagated in suspension cultures of L929 cells and purified. Reovirus labeled with 

35 

[ S]-methionine was grown and purified; the particle/PFU ratio for purified reovirus was 

typically less than 100/1 (19). Reovirus was inactivated via short wavelength U . V. 

exposure for 2 hours in a 6-well plate with the lid removed. U.V.-inactivated (killed) 

reovirus was then checked for lack of activity and sterility by plating onto susceptible cell 

monolayers and culturing for up to 1 week. 

31 



2.3 Plaque titration of reovirus. 

Two 6-well plates were seeded with l x l 0 6 L-929 cells (approximately 80% 

confluence). Autoclaved 2% bacto-agar (in distilled water), 2x J M E M (Gibco BRL, 

Burlington, Ontario) with 10% FBS were placed in a 46°C water bath. Serial dilutions, 

(up to 10"12) of reovirus were prepared in 1 mL of lx J M E M lacking FBS. After 

removing all but 0.2 mL of media, 0.1 mL of each dilution was added and the plates were 

rocked and maintained at room temperature for 30 minutes. Equal volumes of agar and 

2x J M E M were mixed and 3mL was added to each well. Wells were overlayed with 

overlay agar consisting 25 mL of 2x J M E M (with 10% FBS) and 25mL of 2% bacto-agar 

and 1 mL of 1% Neutral Red solution, (reagents were all purchased from Gibco BRL, 

Burlington, Ontario). After solidifying, the plates were incubated at 37°C, under 5% 

C02, overnight. Plaques were then counted, averaged, titers were calculated. In the viral 

progeny assay 1 mL of cell culturing supernatant was used for the assay 

2.4 Radiolabclling of reovirus-infected cells and preparation of lysates. 

Sub-confluent monolayers of cell lines were infected with reovirus at a MOI of 

40 PFU/cell. At various times post-infection, the medium was replaced with D M E M 

containing 10% dialyzed FBS and 0.1 uGi/ml of [35S]-methionine. After further 

incubation for 12 h at 37°C, the cells were washed in PBS and lysed in the PBS 

containing 1% Triton X-100, 0.5% sodium deoxycholate and 1 mM EDTA. The nuclei 

were then removed by centrifugation at 450 x g and the supernatants were stored at 

-80°C. 



2.5 Immunoprecipitation and SDS-PAGE. 

To reduce non-specific background, immunoprecipitation of [S ]-labeled 

reovirus infected cell lysates with a polyclonal anti-reovirus serotype 3 serum was 

performed. Polyclonal anti-reovirus (serotype 3) antibody (obtained from P. Lee) was 

partially purified by ammonium sulfate precipitation. Briefly, 30ul of protein A / G PLUS-

Agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA) were premixed with 2 pi of 

polyclonal anti-reovirus antibody and incubated on ice for 30 minutes. Protein A / G 

PLUS-Agarose-antibody was added to 50 pi of pre- [35S]-methionine labeled lysate, 

volume was made up to 1 ml using PBS and tubes were attached to a rotating mixer and 

incubated at 4°C overnight. Beads were collected by centrifugation for 5 minutes at 450 x 

g and washed three times using PBS-Tween 0.15%. Beads were boiled for 5 minutes in 

the presence of sample buffer, (100 mM {3-mercaptoethanol, Tris HCL 50 mM pH 6.8, 

0.1% bromophenol blue, 2% (w/v) SDS, and 10% (v/v) glycerol) and then subjected to 

SDS/PAGE (sodium dodecyl sulfate poly-acrylamide gel electrophoresis) and 

autoradiography. 

2.6 Immunofluorescent analysis of reovirus infection. 

Cells were grown to approximately 40% confluency and infected with either live 

reovirus or U.V. inactivated virus at a MOI of 40 PFU/cell. At 2, 24 and 48 hrs post

infection, cells were trypsinized and 3 x 105 cells were used for each staining procedure. 

Intracellular staining was performed using primary antibody (rabbit polyclonal anti-

reovirus type 3 serum diluted 1/20 in PBS, (prepared in Dr. P. Lee's lab)), secondary 

antibody (goat anti-rabbit IgG [whole molecule] fluorescein isothiocyanate (FITC) 
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conjugate (DAKO, Mississauga, Ontario), diluted 1/100 in PBS and IntraPrep 

Permeabilization Reagent (Beckman-Coulter, Hialeah, FL.) following their recommended 

protocol. Briefly, 5 pm paraffin-embedded tumor sections were prepared and attached to 

microscope slides. Slides were treated with xylene and then rehydrated by sequential 

washes in 75%, 50% and 25% ethanol followed by 4 washes with PBS. The sections 

were then exposed to the primary antibody (rabbit polyclonal anti-reovirus type 3, serum 

diluted 1/100 in PBS) for 2 hrs at room temperature. Following three washes with PBS, 

the cells were exposed to the secondary antibody, goat anti-rabbit IgG [whole molecule] 

fluorescein isothiocyanate (FITC) conjugate (DAKO, Mississauga, Ontario) diluted 1/100 

in PBS containing 10% goat serum and 0.005% Evan's Blue counter stain for 1 hr at 

room temperature. Finally the cells were washed 3 more times with PBS, followed by 1 

wash with double-distilled water, dried and mounted on slides using 90% glycerol 

containing 0.1% phenylenediamine, and viewed with a Zeiss Axiophot microscope 

mounted with a Carl Zeiss camera. 

2.7 Detection of mitogen activated protein (MAP) kinase, JNK kinase and MAP 

kinase assay. 

The 'PhosphoPlus' p44/42 M A P kinase (Thr202/Tyr204) Antibody kit (New 

England Biolabs Beverly, MA) was used for the detection of M A P kinase in cell lysates 

according to the manufacturer's instructions. Briefly, monolayer cultures were lysed with 

the recommended SDS-containing sample buffer, and subjected to SDS-PAGE, followed 

by electroblotting onto nitrocellulose paper. The membrane was then probed with the 

primary antibody (anti-total M A P K or anti-phospho-MAPK), followed by the horseradish 
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peroxidase (HRP)-conjugated secondary antibody as described by the manufacturer. 

Phosphorylated INK levels were determined in a similar way using monoclonal 

'PhosphoPlus' JNK p46/p54 antibody (New England Biolabs Beverly, MA) , according to 

manufactures protocol. 

To ensure functional M A P K activity the 'PhosphoPlus' p44/42 M A P kinase assay 

(Thr202/Tyr204) antibody kit (New England Biolabs Beverly, MA) was used. Briefly, a 

monoclonal phospho- antibody to p44/42 M A P Kinase (Thr 202 and Tyr 204) was used 

to selectively immunoprecipitate active M A P K (phosphorylated) from cell lysates. The 

resulting immunoprecipitate was then incubated with an Elk-1 fusion protein in the 

presence of ATP and kinase buffer allowing immunoprecipitated active M A P K to 

phosphorylated Elk-1. Phosphorylation of Elk-1 (Ser 393) was then measured by western 

blotting using a phospho-Elk-1 antibody. Components and protocols are outlined in the 

manufacturer's instructions. 

2.8 Animals. 

Both five to eight week old male SCID NOD mice and male homozygous CD-I 

nude mice were purchased from the Cross Cancer Institute (CCI, Alberta Cancer Board, 

Edmonton, Alberta) and Charles River Canada (Lasalle, Quebec) respectively. The 

animals were housed in groups of 3-5 in a sterile, controlled ventilation animal facility, 

maintained on a 12-hour light/dark schedule with a temperature of 22 ± 1°C and a relative 

humidity of 50 + 5%. Food and water were available ad libitum. A l l procedures were 

reviewed and approved by The University of Calgary Animal Care Committee. 



2.9 In vivo studies in a subcutaneous (s.c.) xenograft model. 

In order to assess reovirus oncolysis in vivo exponentially sub-confluent 

cells were harvested, washed, and resuspended in sterile PBS at a density of 2 x 107 

cells/mL. SCID/NOD mice were injected s.c. with 2.0 x 106 cells suspended in 100 pi of 

PBS in the hind flank. Alternatively, nude mice were injected with 2.0 x 106 cells 

suspended in 50 pi of PBS that contained 50 pi of matrigel (Collaborative Biomedical 

Products. Bedford, MA) . The matrigel increased the number of successful xenografts. 

After 2-3 weeks tumors were clearly growing and mice with visible tumors measuring 

• 2 7 

approximately 0.25 cm then received a single intratumoral (i.t.) injection of 1.0 x 10 

PFUs of either live or dead (UV-inactivated) reovirus in 20 pi sterile PBS. An estimate of 

tumor size (length x width) was measured and recorded twice weekly. Mice were 

sacrificed when they lost 25% body weight and/or had problems with ambulating, feeding 

or grooming as per animal regulations. 

2.10 Apoptosis as measured by flow cytometry 

The three prostate cancer cell lines PC-3, DU-145, and LN-CaP were cultured 

with either live (MOI 40), U.V.-inactivated, or no reovirus for different time points. lmL 

of the cell culture suspension containing approximately l x l O 6 cells was centrifuged at 

450 x g for 1 minute for all flow cytometry experiments. 

2.10.1 Cell counting and DNA fragmentation. 

The cell pellet was resuspended in lmL of 50 pg/mL of propidium iodide/RNAase/Triton 

X-100 (Sigma Chemical Co., St. Louis, MO). 100 pL of Flow Count beads (Beckman-
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Coulter, Hialeah, FL.) was added to each tube. After incubating tubes for 15 minutes, 

samples were analyzed using a Coulter Epics E L - M C L flow cytometer (Beckman-

Coulter, Hialeah, FL.). Intact cells were enumerated using Flow Count beads as an 

internal calibrator. 

2.10.2 Annexin V/7-AAD. 

The cell pellet was resuspended in 100 pL of Binding Buffer (Molecular Probes 

Eugene, OR.). 5 pL of Annexin-V-FITC (Molecular Probes) and 20 pL of 7-AAD 

(Molecular Probes) was added. Tubes were pulsed vortexed, and incubated for 15 

minutes at room temperature after which 900 pL of Binding Buffer was added. Cells 

were then analysed with a Coulter Epics E L - M C L flow cytometer (Beckman-Coulter, 

Hialeah, FL.), with apoptotic cells defined as those being Annexin V positive and 7-AAD 

negative. 

2.10.3 APO 2.7. 

The cell pellet was resuspended in 100 pL of IntraPrep Reagent 1 (Beckman-

Coulter, Hialeah, FL.) and incubated at room temperature for 15 minutes. The cells were 

then washed according to the manufacturer's instructions, resuspended in 100 pL of 

IntraPrep Reagent 2 and 20 pL of AP02.7-PE (Beckman-Coulter, Hialeah, FL.) and 

incubated for an additional 15 minutes. Cells were washed again in PBS, resuspended in 

1 mL of PBS and analyzed. 



2.11 Western blot analysis of PARP cleavage. 

The prostate cancer cell lines PC-3, DU-145, and LN-CaP were cultured with 

either live (MOI 40), U.V.-inactivated, or no reovirus for up to 48 hours. Cells were 

lysed and sonicated in a solution comprising 0.2% SDS, 1% triton X-100, 5mM EDTA, 

10 pg/ml leupeptin, 10 pg/ml aprotinin, and 10 pg/m lantipain in PBS (all reagents were 

from Sigma Chemical Co., St. Louis, MO). Samples containing 35 pg of protein, 

measured by the Bio-Rad Bradford protein assay (Bio-Rad Laboratories, Hercules, CA) 

were separated by SDS/PAGE using a 12.5% gel. Proteins were then electro-transferred 

onto nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA). The membranes 

were then blocked with 5% nonfat dry milk in PBS-Tween (0.15%), for 1 hour, then 

incubated overnight at 4°C with the anti-PARP clone 4C10-5 (Oncogene, Boston, MA) 

primary antibody at a concentration of 1 pg/ml in blocking solution. After washing with 

PBS-Tween, the membranes were incubated for 1 hour at room temperature with 

horseradish peroxidase-conjugated anti-immunoglobulin (1:2000 in blocking solution, 

Oncogene, Boston, MA) . Following three PBS-Tween washes, bands were visualized 

with chemoluminescence reagent (New England Biolabs, Beverly, M A ) and subsequent 

autoradiography. 

2.12 Immunohistochemistry of ex vivo murine tissues and cell lines 

Major organs (brains, hearts, lungs, livers, kidneys, spleens) from mice in each 

group were collected at the time of animal sacrifice. Organs were fixed in formalin and 

embedded in paraffin for further studies. Formalin-fixed paraffin embedded xenograft 

tumors (sectioned at a thickness of 5 pm) were used. Slides were deparaffinized in 
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xylene, and rehydrated in graded concentrations of ethanol (95%, 80%, 75%, 50%). 

Endogenous peroxidase activity was blocked by incubation in 3% peroxide/methanol for 

15 minutes. Slides were rehydrated in PBS and non-specific binding was blocked by 

incubation with 10% normal goat serum in PBS containing 0.15% tween-20 for 1 hour at 

room temperature. Sections were incubated over night at 4°C with rabbit polyclonal anti-

reovius antibody (diluted 1/1500 in blocking buffer), which was partially purified by 

ammonium sulfate precipitation (prepared by Dr. Lees laboratory). Slides were washed 3 

times with PBS for 5 minutes each and bound antibody was localized using goat anti-

rabbit-horse radish peroxidase, (Oncogene, Boston, MA) , (1/200) incubation for 30 

minutes at room temperature. After washing, antibody was visualized using D A B (3 

3'diaminobenzdine) substrate kit for peroxidase (Vector laboratories, Burlingame, CA). 

After counter-staining for 1.5 min. with hematoxylin, sections were dehydrated and 

mounted using Flow-texx media (Beckman-Coulter, Hialeah, FL.). 

Cell lines were treated similarly. Briefly, cell monolayers were fixed with 

formalin, washed three times with PBS, and endogenous peroxidase activity was blocked 

by incubation in 3% peroxide/methanol for 15 minutes. Non-specific binding was 

blocked by incubation with 10% normal goat serum in PBS containing 0.15% tween-20 

for 1 hour at room temperature. Slides were incubated over night at 4°C with rabbit 

polyclonal anti-reovius antibody (diluted 1/1500 in blocking buffer). Slides were washed 

3 times with PBS for 5 minutes each and bound antibody was localized using goat anti-

rabbit-horseradish peroxidase, (Oncogene, Boston, MA) , (1/200) incubation for 30 

minutes at room temperature. After washing, antibody was visualized using D A B (3 

3'diaminobenzdine) substrate kit for peroxidase (Vector laboratories, Burlingame, CA). 
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After counter-staining for 1.5 min. with hematoxylin, sections were dehydrated and 

mounted using Flow-texx media (Beckman-Coulter, Hialeah, FL.). 

2.13 GFP gene transduction of prostate cancer cell lines 

Prostate cancer cells including PC-3, DU-145, and LN-CaP, were transfected with 

the GFP (green fluorescent protein), plasmid construct (kindly provided by Dr. L.W. 

Browder Dept. of Biochemistry and Molecular Biology) using lipofectAMINE PLUS 

reagent (Gibco BRL, Burlington, Ontario). Briefly, DNA complexes were made by 

mixing 2 pg of construct D N A with 8 pL of PLUS reagent in serum free media and 

incubated for 15 min. at RT. Pre-complexed D N A was mixed with 12 pL of 

lipofectAMINE reagent and incubated for 15 min. at RT. The DNA-PLUS-

lipofectAMINE reagent was then added to 50-80% confluent cells mixed gently and 

incubated for 3 hours in transfection media containing 200 mg/ml G418. GFP-expressing 

cells were isolated by flow cytometry, serially diluted to obtain a single cell/well and 

plated in 96-well plates. Single cell wells were grown up by conventional culture methods 

to form clonal colonies of stably transfected GFP-expressing cells. 

2.14 Surgical orthotopic implantation (SOI) 

Under sterile conditions, anesthetized SCID/NOD mice underwent proper 

exposure of the bladder and prostate (a lower midline abdominal incision), followed by 

the injection of l x l 0 6 GFP-PC-3 cells or GFP-DU-145 cells into the posterior lobe of the 



prostate. Muscle layers were closed with a continuous 6-0 surgical suture. The incision in 

the abdominal wall was closed with a 4-0 surgical suture. No antibiotics were used. 
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3. RESULTS 
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3.1 Reovirus infects prostate cancer cell lines; in vitro experiments 

Human prostate cell lines grown in vitro were challenged with reovirus serotype 

3 (strain Dearing) at a multiplicity of infection (MOI) of 10-40. After 48 hours of 

infection with live virus, evidence of widespread cell death was found with almost 

complete cell death at 72 hours (Figure 5). In contrast, cells receiving either U.V.-

inactivated or no virus, remained in logarithmic growth phase if continually passaged 

(data not shown). Similarly, NIH 3T3 cells (non-activated ras) were found to be non-

susceptible (Figure 5) and served as a negative control. To ensure that cell lysis was due 

to viral replication, infected cells were permeabilized and incubated with rabbit anti-

reovirus antibody, followed by FITC-conjugated goat anti-rabbit IgG. A l l three prostate 

cancer cell lines clearly expressed intracellular viral antigens by 24 hours post infection 

and lysis could clearly be seen as soon as 24 hours post infection (Figure 6). 

Replication of reovirus in susceptible lines was further confirmed by metabolic 

labeling with [35S]-methionine. Lysates were immunoprecipitated with a polyclonal anti-

reovirus type 3 serum and analyzed by SDS-PAGE (Figures 7, 8 and 9). Viral protein 

synthesis can be seen in all three lines as evident by the presence of reoviral sigma (a), 

lambda (k), and mu (p) protein bands. Reovirus was able to completely shut down and 

take over host protein synthesis in all cell lines as judged by the replacement of host 

protein bands with viral protein bands seen in [35S]-methionine metabolic labeling gels 

(data not shown). Furthermore the observed pattern of susceptibility is reflected by the 

pattern of viral protein synthesis; viral proteins appear after twelve hours for LN-CaP and 

PC-3 cells whereas viral protein synthesis is delayed until 48 hours in the DU-145 cell 

line, using the same MOI of 40 (Figures 7, 8 and 9). 
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Progeny reovirus titers also indicate active and complete infections in all three prostate 

cancer lines (Figure 10). 
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Figure 5. Cytopathic effect of reovirus on prostate cancer cell lines PC-3, DU-145, LN-CaP, and NIH 
3T3 cells (non-susceptible cell line). Cell monolayers were infected with reovirus at a multiplicity of 
infection of 40 PFUs per cell and photographed at 72 hours. In all cases U.V.-inactivated (dead) virus 
controls were similar to pretreatment cells at 72 hours (data not shown). 
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Figure 6. Immunofluorescent analysis of reovirus infection. Cells were grown to 
approximately 40% confluence and infected with either reovirus or U.V. inactivated virus 
(MOI of 40 PFU/cell). At 2 and 24 hrs post-infection, cells were trypsinized and 3 x 105 
cells were used for each staining procedure. Intracellular staining was performed using a 
rabbit polyclonal anti-reovirus type 3, followed by a (goat anti-rabbit IgG [whole 
molecule] fluorescein isothiocyanate (FITC) conjugate that had been diluted 1/100 in 
PBS and IntraPrep Permeabilization Reagent. 400 x magnification. 
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Figure 7. Reovirus protein synthesis at various times after infection of PC-3 prostate 
cancer cells. Monolayers were infected with reovirus at a MOI of 40 and each time point 
was labeled for 12 hours with [35S]-methionine. Reovirus proteins were 
immunoprecipitated from the cell lysate using a polyclonal anti-reovirus antibody. 
Proteins were then analyzed by SDS-PAGE. Reovirus protein standards (S) consisting of 
lambda, mu, and sigma protein bands (k, p, and a), untreated cells (P), U.V. inactivated 
reovirus (D), and live reovirus (L). 
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Figure 8. Reovirus protein synthesis at various times after infection of DU-145 prostate 
cancer cells. Monolayers were infected with reovirus at a MOI of 40 and each time point 
was labeled for 12 hours with [3:>S]-methionine. Reovirus proteins were 
immunoprecipitated from the cell lysate using a polyclonal anti-reovirus antibody. 
Proteins were then analyzed by SDS-PAGE. Reovirus protein standards (S) consisting of 
lambda, mu, and sigma protein bands (k, p, and a), untreated cells (P), U.V. inactivated 
reovirus (D). and live reovirus (L). 
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Figure 9. Reovirus protein synthesis at various times after infection of LN-CaP prostate 
cancer cells. Monolayers were infected with reovirus at a MOI of 40 and each time point 
was labeled for 12 hours with [ 3S]-methionine. Reovirus proteins were 
immunoprecipitated from the cell lysate using a polyclonal anti-reovirus antibody. 
Proteins were then analyzed by SDS-PAGE. Reovirus protein standards (S) consisting of 
lambda, mu, and sigma protein bands (A,, p, and a), untreated cells (P), U.V. inactivated 
reovirus (D), and live reovirus (L). 
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Figure 10. Titers of reovirus produced by infected PC-3, DU-145, and LN-CaP cells at 
various times after infection. Cells in 24 well plates were infected with reovirus at a MOI 
of 20 and lysed in PBS containing 1% Nonidet P-40 and 0.5% sodium deoxycholate. 
Virus yields were determined by plaque titration on L929 cells and represented as log 
PFU/mL. The experiment was performed three times with similar results. 
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3.2 MAPK phosphorylation as an indicator of susceptibility to reovirus oncolysis 

Since M A P K occurs downstream of Ras we studied if M A P K phosphorylation 

correlated with susceptibility to reovirus infection. Interestingly, M A P K was activated in 

the DU-145 cell line and in the U-87 malignant glioma positive control line, however no 

M A P K phosphorylation was found in the highly susceptible LN-CaP and PC-3 cell lines 

(Figure 11). This has also been found to hold true in other reovirus sensitive malignant 

glioma cell lines (20,23). Functional assays for active M A P K were performed using 

commercially available antibodies. A phospho-p44/42 M A P K monoclonal antibody was 

used to immunoprecipitate (i.p.) active (phosphorylated) p44/42 M A P K from cell extracts 

followed by an in vitro kinase assay using Elk-1 protein as a substrate. Elk-1 

phosphorylation was then detected by Western blot using phospho-Elk-1 (Ser 383) 

antibody. The in vitro M A P K assay (Figure 12) did not correlate well with the phospho-

specific M A P K experiment (Figure 11). The reovirus susceptible cell lines U-87 (human 

glioblastoma), DU-145, PC-3 and LN-CaP demonstrate active M A P K under high (10% 

FBS) and low (0% FBS) serum conditions, where as the equally susceptible lines, (LN-

CaP and PC-3) demonstrated much less active M A P K under both conditions (Figure 12). 

Interestingly, the results show that reovirus resistant NIH-3T3 cells do not posses active 

M A P K when cultured under serum starved conditions, but does in high serum conditions 

(Figure 12). In the androgen-independent PC-3 cell line elevation of cAMP slightly 

inhibits M A P K activation with EGF (66). This mechanism may also be acting in NIH-

3T3 cells, although other molecules may also be playing a role. Its been shown that over-

expression of M A P K phosphatase 1 in DU-145 cells renders cells resistant to Fas ligand-
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induced apoptosis (67). Phosphatase 1 may be expressed in NIH-3T3 cells differently 

under different culturing conditions. The activities of phosphatase 1, or a molecule like 

it, could also explain why greater M A P K phosphorylation is seen in DU-145 cells 

cultured under low serum conditions (Figure 11). 

The apparent low levels of activated M A P K in the highly susceptible LN-CaP and 

PC-3 cell lines in Figure 12 suggests that M A P K activation is either not required or is not 

solely responsible for reovirus infection and therefore other pathways may be important. 

One other possible pathway downstream of ras is the stress (JNK/SAPK) pathway. The 

stress (JNK/SAPK) pathway (Figure 2) is a good candidate because cells that are resistant 

to reovirus infection (e.g. NIH-3T3) become significantly more susceptible when they are 

exposed to all conditions known to activate JNK/SAPK pathways (e.g. ultraviolet light, 

serum starvation, and high salt) (unpublished data). PC-3, LN-CaP and DU-145 all 

demonstrate an inducible JNK/SAPK pathway (Figure 13). Under serum starved 

conditions all the cell lines possessed phosphorylated p46 JNK (Figure 13A). Similar 

amounts (between low and high serum conditions) of non-phosphorylated p46 JNK were 

detected for each cell line (Figure 13 B). However, similar amounts (between low and 

high serum conditions) of p54 JNK were only detected for U 87 and PC-3 cell lines 

(Figure 13 B). 
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Figure 11. M A P K phosphorylation as an indicator of susceptibility to reovirus oncolysis. 
M A P K phosphorylation in serum starved human prostate cancer cell lines, PC-3, DU-
145, and LN-CaP, as well as the brain cancer line U-87 (positive control) and a mouse 
fibroblast control line, NIH 3T3 (negative control). Cells were cultured either under 10 
% fetal calf serum (FCS), high serum (H), or 0.1% FCS low serum (L) conditions for 48 
hrs. Western blots were performed using antibodies directed against A: total M A P K . B: 
phosphorylation specific M A P K antibody C: P-actin control showing equal loading 
between lane pairs. 
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Figure 12. Activated M A P K Phospho-Elk pull down assay. Elk-1 phosphorylation after 
M A P K immuno-precipitation in prostate cancer cell lines PC-3, DU-145 and LN-CaP 
and in the glioma cell line U-87 (positive control) and the mouse fibroblast control line, 
NIH- 3T3. Cells were cultured under either under 10% fetal calf serum (FCS), high 
serum (H), or 0.1% FCS, low serum (L) conditions for 48 hrs. Western blot performed 
using antibody directed against phosphorylated Elk. See text for details. 
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Figure 13. Western blot analysis of JNK pathway activation in prostate cancer cell lines. 
JNK phosphorylation status in serum starved human prostate cancer cell lines PC-3, DU-
145 and LN-CaP and in the glioma cell line U-87 (positive control) and the mouse 
fibroblast control line, NIH 3T3. Cells were cultured under either under 10% fetal calf 
serum (FCS), high serum (H), or 0.1% FCS, low serum (L) conditions for 48 hrs. 
Western blot performed using antibody directed against A: phosphorylated JNK. B: 
total JNK. C: 3-actin showing equal loading between lane pairs. 
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3.3 The role of apoptosis in reovirus mediated oncolysis of prostate carcinoma cell 

lines. 

It has been previously demonstrated that murine L929 (L) cells and Madin-Darby 

canine kidney (MDCK) cells infected with reovirus exhibit many ultra structural and 

biochemical features of apoptosis. These features include chromatin condensation, 

nuclear and cytoplasmic membrane blebbing, cytoplasmic vacuolization, and cleavage of 

genomic DNA into oligonucleosome-length fragments by an endogenous endonuclease 

(37,39). Interestingly, reovirus strain type 3 Dearing (T3D) has been found to induce 

apoptosis of L cells to a greater extent than strain type 1 Lang (TIL) (52). Recently, this 

strain of reovirus was found to induce apoptosis in HeLa cells and requires the activation 

of the transcription factor N F - k B (50). Prostate carcinoma cell lines LN-CaP, PC-3, and 

DU-145 were incubated with live reovirus at a MOI of 40 for up to 72 hours. Reovirus 

treated cells from all three-cell lines exhibited typical apoptotic morphology including 

membrane blebbing and cytoplasmic vacuolization (data not shown). Apoptosis was 

measured via flow cytometry (annexin V antibodies) (68). Annexin V staining increased 

to reach 72.2%. 51.7%, and 56.3% of LN-CaP, PC-3, and DU-145 cells, respectively over 

the same time period (Figure 14). These results were confirmed by two other 

independent flow cytometric methods, DNA fragmentation and altered expression of a 38 

kDa mitochondrial inner membrane protein which is detected using the monoclonal 

antibody Apo 2.7 (69,70), (Figure 14). The appearance of the mitochondrial Apo 2.7 

staining suggests the involvement of the type II apoptotic pathway since it only binds 

when cells have lost their mitochondrial transmembrane potential which is a classic sign 

of apoptosis (69). 
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Figure 14. Flow cytometric analysis of reovirus induced apoptosis in PC-3, DU-145 and 
LN-CaP cells. Cells were analyzed separately using A: viable cell counting B: Annexin 
V antibody with 7AAD (vital stain) C: Apo 2.7 antibody and D: propidium iodide 
staining (DNA fragmentation). Experiments were done in triplicate. 
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3.4 Western blot of PARP 

PARP cleavage has been shown to be one of the earliest detectable apoptotic 

protein degradation events (43,44). Western blot analysis of PARP cleavage was 

performed in the three prostate cancer cell lines, PC-3, DU-145 and LN-CaP, as well as a 

breast cancer cell line (MCF-7). The 89 kDa apoptotic signature PARP cleavage product 

was visible in all the cell lines when treated with cisplatin (10 pg/mL, used as a positive 

control) for 24 hours (Figure 15). Exposure to reovirus (MOI of 40) produced a 

distinctive pattern of PARP cleavage only in the three prostate cancer cell lines, 

consisting of a 89-kDa and a 75-kDa fragment (Figure 15). Interestingly, since this 

second PARP cleavage product (approximately 75 kDa) was not seen in reovirus treated 

MCF-7 cells (Figure 15), there would appear to be differences between cell lines with 

regard to reovirus induced PARP cleavage patterns. 
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Figure 15. Western blot analysis of reovirus induced PARP cleavage. PC-3, DU-145. 
LN-CaP, and MCF-7 (breast cell line) cells were treated either with cisplatinum (CDDP, 
10 mg/mL)for 24 hours, U.V. inactivated reovirus (DV), or live reovirus (LV, MOI=40). 
C is untreated cells. Viral treatments were for 24 hours and 48 hours. Whole cell lysates 
were probed with a monoclonal anti-PARP antibody. 
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3.5 Reovirus causes tumor regression of human prostate cancer tumors in 

subcutaneous xenograft murine models. 

3.5.1 SCID/NOD murine model. 

Prostate cancer cell lines were grown in SCID/NOD mice as xenografts by 

subcutaneously injecting 2 x 106 cells into their hind flanks. Tumor yield in the mice was 

nearly 100% for DU-145 and PC-3 cells (Table 1). LN-CaP subcutaneous tumors only 

formed in SCID/NOD mice when cells were premixed with matrigel (Collaborative 

Biomedical Products, Bedford, MA) prior to flank injection (Table 1), likely as a result of 

the growth factors found in matrigel. Tumors were allowed to grow to approximately 

2 7 

0.25 cm and then injected with a single dose of reovirus (1x10 plaque forming units); 

control group mice received an equivalent dose of UV-inactivated virus. Xenograft 

tumors of all three cell lines demonstrated a striking regression with live virus-treatment 

(Figure 16). A significant difference in PC-3 tumor size was apparent by 7 days post

infection, and persisted until animals were sacrificed (Day 44). At day 7, mean tumor 
2 2 i 

size was 0.217 cm versus Day 43 when mean tumor size was 0.039cm [Wilcoxon rank 

sum test, p = 0.0002, and p=0.0009 respectively, (n = 8)]. By Day 43 the U.V.-inactivated 

treated tumors reached a mean size of 1.676 cm , Wilcoxon rank sum test, p=0.0009, (n = 

8), (Figure 16). 

Similar results were obtained with the DU-145 cell line. At Day 8, a difference in 

tumor size could be seen between the live and dead virus-treated groups. With the single 

live reovirus injection significant tumor regression occurs, the Day 8 mean tumor size 

was 0.183 cm 2 versus Day 32 with a size of 0.033 cm 2 [Wilcoxon rank sum test, p = 

0.0003, and p=0.0008 respectively, (n = 8)] (Figure 16). By Day 32 the U.V.-inactivated 
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treated tumors reached a mean size of 0.453 cm 2 [Wilcoxon rank sum test, p = 0.0008, (n 

= 8)] (Figure 16). 

Using the LN-CaP cell line, at Day 4, a difference in tumor size could be seen 

between the live and dead virus-treated groups (Figure 16). With the single live reovirus 

injection complete tumor regression occurred, Day 4 mean tumor size was 0.234 cm 

versus Day 36, with a mean size of 0.000 cm 2 [Wilcoxon rank sum test, p = 0.0079 and 

0.0083 respectively (n = 5)]. Whereas at Day 36, the U.V.-inactivated treated tumors 

reached a mean size of 1.379 cm 2 [Wilcoxon rank sum test, p = 0.0083 (n = 5)], (Figure 

16). 

Histology of any remaining nodule from the tumor exhibited widespread necrosis 

and some residual PC-3, LN-CaP, and DU-145 tumor cells in the SCID/NOD 

experiments (Figure 17). At no time in these or other experiments have we seen tumor 

re-growth in virus treated xenografts. In contrast, all dead virus treated animals had large, 

actively growing and invasive tumors that eventually needed to be euthanized (Figure 17). 

Immunohistochemical analysis with anti-reovirus polyclonal antibodies showed 

that reovirus replication occurring within the tumor mass (Figures 18-20). Reovirus 

proteins were not detectable immunohistochemically in the dead virus-treated group or in 

other tissues (brain, kidney, lung, liver and spleen) in the live virus group (data not 

shown). SCID/NOD mice were sacrificed after the appearance of black appendages (ears, 

feet, and legs) this was a finding seen in the SCID/NOD mice after Day 30-40. To 

investigate the etiology of these black limbs necrotic limbs were harvested, de-calcified 

embedded in paraffin and sectioned. Necrosis was found to be due to vasculitis of the 

arteriole walls with elevated levels of granulocytic cell invasion (Figure 21 A). When the 
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blood vessels were examined immunohistochemically with anti-reovirus antibody, 

endothelial cells stained positively (Figure 2IB). Furthermore, skeletal muscle 

examination around the necrotic limb also revealed neutrophil invasion (Figure 22A) with 

coinciding reovirus antigen staining (Figure 22B). Therefore, it appears that there is an 

immune response of neutrophils giving rise to vasculitis that leads to arteriole 

insufficiency causing black feet/infarction. Unfortunately, eighty percent of the live 

virus group developed bilateral hind limb necrosis after approximately 31 days (at which 

time the tumors had regressed and been "cured"). In contrast, dead virus-treated animals 

needed to be sacrificed because of tumor growth and never established limb necrosis. 

3.5.2 Nude Murine Models. 

Since SCID/NOD mice develop bilateral hind limb necrosis after approximately 

31 days, an initial experiment was performed to investigate the tolerance of reovirus in 

nude mice. Four different doses of recently titered reovirus ranging from 1x10 to 5x10 

PFUs, (2 mice per dose), were injected intravenously (tail vein) and their weights were 

periodically monitored over 88 days. None of the mice demonstrated any visible ill 

effects and all mouse weights steadily increased (Figure 23) consistent with normal 

development. 

As with the SCID/NOD model, PC-3 and DU-145 tumors grown in the nude 

mouse model dramatically regressed with reovirus infection without any signs of hind 

limb necrosis, though, in the DU-145 tumor bearing mice, a second injection of reovirus 

was needed to fully reduce the tumors (data not shown). These observations suggest the 



strong possibility that some immunocompetence is needed to prevent the vascul 

feet) process and that the immune system likely is involved in viral clearance. 
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Table 1: Xenograft tumor yield for the prostate cell lines PC-3, DU-145, and LN-CaP. 

C E L L TUMOR TAKE TUMOR TAKE 
LINES (NUDE MICE) (SCID/NOD MICE) 

PC-3 10/16* 16/16 

DU-145 0/9* 16/18 

LN-CaP 2/10* 0/8, 10/12* 
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Figure 16. Effect of reovirus on PC-3, DU-145, and LN-CaP SCID/NOD xenograft 
tumors. Each mouse received a single implant. Tumors were injected with 1.0x107 PFUs 
of reovirus at t=0 days, (•) or equivalent amount of U.V. inactivated reovirus (•). Tumor 
growth was followed for 42, 32, and 36 days respectively, at which time all U.V. 
inactivated virus treated mice needed to be sacrificed owing to tumor burden. 
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Figure 17. Histology of reovirus treated PC-3, DU-145, and LN-CaP tumors grown in 
SCID/NOD mice. Formalin-fixed and paraffin-embedded sections were stained with 
hematoxylin and eosin. of Representative sections of PC-3, DU-145, and LN-CaP tumors 
treated with live and U.V.-inactivated reovirus are shown (200x magnification). 
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Figure 18. Immunohistochemical analysis of reovirus treated PC-3 tumors grown in 
SCID/NOD mice. Formalin-fixed and paraffin-embedded sections were probed with anti-
reovirus antibody and stained with hematoxylin. Representative sections of PC-3 tumors 
treated with live and U.V.-inactivated reovirus are shown at a magnification of 400X. 
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Figure 19. Immunohistochemical analysis of reovirus treated DU-145 tumors grown in 
SCID/NOD mice. Formalin-fixed and paraffin-embedded sections were probed with anti-
reovirus antibody and stained with hematoxylin. Representative sections of DU-145 
tumors treated with live and U.V.-inactivated reovirus are shown at a magnification of 
400X. 

S2 



DU-145 

Dead virus 

Live virus 



Figure 20. Immunohistochemical analysis of reovirus treated LN-CaP tumors grown in 
SCID/NOD mice. Formalin-fixed and paraffin-embedded sections were probed with anti-
reovirus antibody and stained with hematoxylin. Representative sections of LN-CaP 
tumors treated with live and U.V.-inactivated reovirus are shown at a magnification of 
400X. 
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Figure 21. Histological and Immunohistochemical analysis of blood vessels from a PC-
3 tumor bearing SCID/NOD mouse, treated with live reovirus. A: Analysis of formalin-
fixed and paraffin-embedded sections stained with hematoxylin and eosin. B: 
Immunohistochemical analysis, sections were probed with anti-reovirus antibody. Arrow 
indicates positively stained endothelial cells within a blood vessel. Magnification of 200 
X . 
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Figure 22. Histological and Immunohistochemical analysis of muscle tissue from a PC-
3 tumor bearing SCID/NOD mouse, treated with live reovirus. A: Analysis of formalin-
fixed and paraffin-embedded sections stained with hematoxylin and eosin. Arrows 
indicate invading neutrophils. B: Immunohistochemical analysis, sections were probed 
with anti-reovirus antibody. Arrow indicates a positively stained muscle cell. 
Magnification of 200 X . 
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Figure 23. Tolerance of reovirus in nude mice. Four different doses of reovirus ranging 
from l x l 0 8 to 5x109 PFUs, (2 mice per dose), were injected intravenously (tail vein) and 
their weights were periodically monitored over 88 days. 
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3.6 Development of a metastatic model of prostate cancer 

A C M V (cytomegalovirus), promoter driven GFP (green florescent protein) 

plasmid construct (pCSGFP3) (kindly been provided by Dr. Leon Browder of the 

Department of Biochemistry and Molecular Biology) was transfected into the three 

prostate cancer cell lines. The brightest stable cells were selected by flow cytometry and 

single cell clones were selected by serial dilution. Selected stable high-level GFP 

expressing PC-3 and DU-145 cells (2X106) were injected by surgical orthotopic 

implantation (SOI) into the dorsal lateral lobe of the prostate gland of SCID/NOD mice. 

From 84 to 99 days after orthotopic injection, the mice began to look sickly (n=2 for each 

cell line), at which time the animals were sacrificed and autopsied. Decreased 

performance status, likely related to post-renal obstruction, was characterized by poor 

grooming, inactivity, and labored breathing. A single cell suspension was prepared from 

lung tissue from a PC-3-GFP injected mouse. It was cut up into small pieces and forced 

through a cell strainer, (Gibco BRL, Burlington, Ontario). Fluorescent PC-3 colonies 

were observed both growing on the plate (Figure 24) as well as within the pieces of lung 

tissue (data not shown). These metastatic GFP-PC-3 cells were then re-injected and 

serially passaged in SCID/NOD mice in an attempt to select for the metastatic phenotype 

and then allowing the evaluation of reovirus given systemically on metastasis. These 

studies will form the basis for many other lines of investigation in prostate cancer 

however, are outside the scope of this thesis. 
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Figure 24. GFP expressing PC-3 cells appearing in the lung after surgical orthotopic 
implantation. A; non-GFP PC-3 cells B; GFP expressing PC-3 cells from lung tissue. 
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4-DISCUSSION 
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4.1 Summary of results 

The objective of this dissertation was to prove the effectiveness of reovirus in 

treating human prostate cancer. Human prostate carcinoma cell lines LN-CaP, DU-145 

and PC-3 were found to be sensitive to reovirus infection in vitro with over 80% of the 

cells dead by 72 hours (Figure 5). LN-CaP cells were found to be the most sensitive to 

infection followed by PC-3 and DU-145 (Figure 5). Reovirus protein synthesis, progeny 

virus detection, and immunoflourescent staining of reovirus proteins further confirm 

reovirus susceptibility and also demonstrate the same order of kinetics of lysis, even 

though all three cell lines are eventually killed (Figures 7-9). A comprehensive flow 

cytometric analysis has revealed that apoptosis is the major mechanism of cell death by 

reovirus infection (Figure 14). After a single intratumoral injection of reovirus in 

SCID/NOD xenograft models, LN-CaP, DU-145, and PC-3 tumors all significantly 

regressed as compared to dead virus treated controls (Figures 16). This study 

demonstrates the potential usefulness of a replication competent virus that kills human 

prostate cancer cells in vitro and in vivo that may occur directly via apoptosis. 

4.2 MAPK: Does it correlate with Reovirus susceptibility 

Previous experiments by M . Coffey et al and Wilcox et al, using a number of 

human brain tumor cell lines, has shown that M A P K activation correlates extremely well 

with infection susceptibility, (83%) (20 and 23), although MAPKinase activation is not 

required for reovirus infection (19). They analyzed the susceptibility of 24 established 

glioma cell lines. Widespread cell killing occurred after exposure to live (but not dead) 

reovirus, and found reovirus replication was restricted in only 4/24 cell lines; U l 18, 
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U178, U343, and UC18 (23). M A P K was phosphorylated (and presumed activated) in 

90% of the cell lines susceptible to reovirus infection. However, no M A P K 

phosphorylation was found in the resistant cell lines; U l 18, U178, U343, and UC18 (23). 

It is interesting that cell lines SF126 and U373 were susceptible to reovirus infection but 

showed no M A P K phosphorylation. Here, the prostate cancer cell lines DU-145, PC-3, 

and LN-CaP clearly demonstrate different phosphorylated M A P K status profiles although 

all the lines were susceptible to reovirus infection (Figure 11). Our data suggests that 

M A P K phosphorylation is not critical for in vivo oncolysis since prostate cancer cell lines 

we tested with low or absent M A P K phosphorylation (LN-CaP and PC-3, Figure 11) were 

still able to form reovirus susceptible tumors in mice (Figure 16). Once established PC-3, 

DU-145 and LN-CaP tumors grew at comparable rates in both mouse models presumably 

regardless of M A P K activation, although LN-CaP cells needed to be co-injected with 

matrigel in order to promote tumor establishment (55). Determining the activity of 

M A P K via the M A P K in vitro kinase assay correlates better with reovirus susceptibility 

Figure 12). The lack of active M A P K under stressed conditions (0% serum), in NIH-3T3 

cells may explain its resistance to infection. This may indicate that under stressed 

conditions in NIH-3T3 cells, i.e. in the presence of virus, the ras pathway is unable to 

remove the phospho-PKR block. It is likely that M A P K phosphorylation is possible in 

LN-CaP and PC-3 cells through stimuli other than the contents of serum. These cells may 

need factors not present in FCS or a higher concentration of serum to activate 

(phosphorylate) M A P K . 

It would be interesting to assess the in vivo M A P K status within solid prostate 

cancer xenograft tumors. It has been shown that growth factors and intracellular cAMP 
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(cyclic adenosine 3', 5'-monophosphate) have large effects on growth differentiation, and 

movement in many cell types (66). M A P K is central to these effects. In LN-CaP cells 

cAMP can potentiate the ability of epidermal growth factor (EGF), interleukin 6, and 

serum to activate M A P K and that this potentiation depends on protein kinase A and Rapl 

(67). Furthermore, treatment of LN-CaP cells with the calcium ionophore A23187 or the 

phorbol ester phorbol 12-myristate 13-acetate activates M A P K (66). However the 

response to cAMP is different in the androgen-independent PC-3 cell line where elevation 

of cAMP slightly inhibits M A P K activation with EGF (66). Other molecules may also be 

playing a role. Its been shown that over-expression of M A P K phosphatase 1 in DU-145 

cells renders cells resistant to Fas ligand-induced apoptosis (67). Reovirus itself may also 

be capable of causing M A P K activation. Whether or not there is a selective mechanism 

for reovirus replication in tumor cells with low M A P K activity is unknown and is being 

investigated but may involve activation of a parallel signaling pathways such as JNK. An 

initial experiment looking at JNK activation has revealed that under serum starvation 

conditions PC-3, DU-145, LN-CaP, as well as NIH-3T3 cells all possessed an 

activateable JNK pathway (Figure 13), as measured by western blotting with phospho-

specific JNK antibodies. The phospho-specific antibody used detects two different iso-

forms of JNK, p50 and p54. Under serum starved conditions all the cell lines possessed 

phosphorylated p54 JNK where as only PC-3 cells had equal amounts of phosphorylated 

p46 JNK (Figure 13). However, the NIH-3T3 cells are resistant to reovirus infection 

(Figure 4) and, the DU-145 cell line (least infectious of the prostate lines tested) 

contained relatively equal levels of phospho-JNK (Figure 13). Therefore examining the 



JNK pathway irrespective of other pathways appears to fail to explain reovirus 

susceptibility. 

Elk-1 phosphorylation under serum-starved conditions was examined as a 

downstream target of the M A P K pathway (Figure 12). The lack of activated M A P K in 

the serum starved NIH-3T3 cells provides a possible correlate with reovirus susceptibility 

that may prove to be more reliable than using phospho-MAPK (Figure 12). With respect 

to LN-CaP and PC-3 cells, neither normal serum (10% FBS) nor serum starvation 

resulted in low level phosphorylation of Elk-1 (Figure 12), suggesting that only minimal 

amounts of M A P K pathway activity are required for conferring viral susceptibility. 

4.3 Reovirus susceptibility 

A l l of our data were consistent in demonstrating a range of reovirus susceptibility 

amongst the three prostate lines. LN-CaP cells were clearly the most susceptible 

followed by PC-3 cells and DU-145 cells. Many possible explanations exist for this 

including differences in cell growth rates, differences in the number of viral receptors 

(sialic acid) (71, 72) expressed between the cell types, and differences in apoptotic 

induction levels between the cell lines complimenting direct viral oncolysis. Cellular 

growth rates do not likely play a role since the most susceptible cell line (LN-CaP), has 

the slowest doubling time in vitro (7) and was the slowest to grow in vivo. In some cell 

lines contact inhibition signals play a key role in determining a productive infection as 

exemplified by confluent DU-145 cells. When allowed to grow to confluence, DU-145 

cells become completely resistant to reovirus infection (no visual CPE after 72 hours, 

data not shown). We are currently investigating the mechanism behind this observation. 
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4.4 Reovirus induces apoptosis in prostate cancer cell lines. 

Analysis of the apoptotic induction data reveals predictive trends which support 

earlier results. As expected maximal annexin V (55), staining occurred on Day 1 for the 

highly susceptible PC-3 and LN-CaP cell lines whereas the DU-145 annexin V peak is 

delayed to the second day after infection (Figure 14). Which is consistent with the 

kenetics of killing. D N A fragmentation levels steadily increased for all cell lines 

indicating the extent of apoptosis in the cell populations. Remaining viable cells after 

Day 4 die off rapidly and residual reovirus resistant cells were not seen. The appearance 

of the Apo 2.7 antigen suggests the involvement of mitochondrial depolarization, or the 

type II apoptotic pathway (69,70). 

The finding that N F - K B phosphorylation is induced with reovirus challenge in 

DU-145 cells (Nodwell et al, manuscript in preparation) provides a clue to the 

mechanism of induced apoptosis. Research is now indicates that reovirus can bind to and 

thereby activate death receptors such as TNF-R1 to induce apoptosis. Recently, using 

isogenic reovirus mutants that differ in the capacity to engage sialic acid it was 

demonstrated that receptor binding is critical for apoptotic induction in HeLa and L 929 

cells (49-52). Furthermore, these differences were not due to differences in viral protein 

synthesis or production of viral progeny (45). It has now been shown that reovirus-

induced apoptosis requires TRAIL binding to its apoptosis inducing receptors DR5 and/or 

DR4 in HEK293 cells (53). TRAIL receptors are functionally similar to CD95 in their 

ability to induce apoptosis through the recruitment of caspase 8 (Figure 4). It is proposed 

that reovirus infection results in the up-regulation of DR5 and the release of TRAIL, 
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thereby activating the TRAIL pathway of cell death (53), as shown in Figure 4. 

Furthermore, the authors have shown that reovirus-induced apoptosis requires the 

transcription factor NF-k(3 (50). Whether this transcription factor plays a role in the up-

regulation of TRAIL and DR5 in reovirus-infected cells remains to be seen. 

4.5 Analysis of PARP cleavage patterns 

The PARP cleavage patterns provide clues to identifying the biochemical 

mechanism of apoptosis. As seen in Figure (44), cleavage patterns vary between 

mechanisms used to induce apoptosis. Treatment of all the cell lines with cisplatin 

produces the 89-kDa-signature fragment of PARP, which signifies activation of caspase 

3-like activity (Figure 15). This pattern has been demonstrated in a vast number of cell 

death models (44). However, a different cleavage pattern is seen with reovirus treatment 

which also varies between the cell lines. The breast cell line MCF-7 demonstrates a 

cisplatin like cleavage pattern (caspase 3 cleaved), with reovirus treatment, Figure (15). 

However, PC-3, DU-145, and LN-CaP cells produce the 89-kDa-signature fragment as 

well as a 75-kDa-cleavage product (Figure 15). This distinct PARP cleavage pattern 

suggest that for the prostate cancer cell lines zymogen(s) other than caspase-3 are 

activated. This could potentially be explained through the reovirus-induced activation of 

calpain that is demonstrated by others in L929 cells (48). 
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Figure 25. Potential caspase 3 or granzyme B cleavage sites in PARP. PARP with 62 
Asp (D) residues has four D X X D : caspase 3 sites (A series), four IXXD: granzyme B 
sites (B series) and three additional D X D : granzyme B sites (C series). From amino acid 
sequencing of PARP fragments, predominant cleavage was observed at D213 for caspase 
3 (site A l ) and D535 for granzyme B (site C2). (44). 

102 



1 AESSDKLYRV EYAKSGRASC KKCSESfePKDl HJMmWQS PMFDGKVPHW 

51 YHFSCFWKVG HSIRHPDVEV DGFSELRWDD QQKVWCTAEA OGVTOKGQDG 

101 IGSKAEKTLO DFAAEYAKSH RSTCKGCMEX lEKOQVRLSK KMVDPEKPQL 

151 GHIDRWYHPO CFVKNRKELO FRPEYSASCL KGFSLIATED KEALKKQLPG 

201 VKSBGKRKCfc) EVPSVtfevAK KKSKKElpSl SKLEKALKAQ NDLIWmKDE 

251 LKKVCSTODL KELLIFNKQQ VPSGESAILD RVAUGMVFOA LLPCEECSGQ 

301 LVFKSDAYYC 1QDVTAWTKC HVKTQTPNRK EWVTPKEFRE ISYLKKLKVK 

351 KQDRIFPPET SASVAATPPP STASAPAAVN SSASAHKPLS NMKII/nCKL 

401 SRNKDfcVKAM 3EKLGGKLTG TANKASLCIS TKKEVEKMJK KMEKVKEANI 

451 RWSEDFLQD VSASTXSLCE LFLAH1LSPW GAEVKAEPVB WAPRGXSGA 

SOI ALSKKSKGQV XEEGINKSEK RMKLTLKGGA A\gpg*iLEH SAHVLEKGOK 

551 VFSATUSLVD JVKCTINSYYK LQLLEDDKEN RYW1FRSW3R VGTVIGSNKL 

601 EQKPSKEQAI EQFMKLYEEK T3NAWHSKNF TKYPKKFYPL EIDYUQDEEA 

651 VKKLTVNPCT KSKLPKPVQD LIKMIFDVES MKKAHVEYEI nLQKKPUXL 
91 

701 SKBQIQAAYS ILSEVQQAVS OGSSDSQILD LSHRFYTlftP HLfrtMCKPPL 
H 

751 LNNADSVQAK VEMLDMXOI EVAYSLLRGG SCOSSI$)gID| VNYEKLKTDI 
c j 

601 KVTJDRDfcEEA EIIRKYVKNT HATIUSAYBL EVIDIFKIER EGECQRYKPF 

851 KQLHNRRLLW HGSKTTOFAG ILSQGLRIAP PEAFVTGYMF GKGIYFACKV 

901 SKSANYYHTS QGDPIGLILL CEVALGMMfE LXHASHISRL PKGKHSVXCL 

951 GK3TPDPSAN | lSI f£ViyPL GTOISSGVID TSLLYNEYJTV YEJLAgVNLKY 

1001 LLKLKFNFKT SLM 

DXXU*: Cupase 3: 4 iiles 

IXXl/. Gr.ruymeU: 4 • l td 

DXU": GranzymeB: 3 sites 



4.6 Calpain 

Calpain is a calcium-dependent papain-like neutral cysteine protease that is 

distributed widely throughout the cytosol of many cell type (73,74). The process by which 

calpain becomes activated is not completely understood. It exists in the cytosol as an 

inactive proenzyme in steady state with its endogenous inhibitor, calpastatin (73,74). 

Calpain activity is increased in L929 cells infected with reovirus and inhibitors of calpain 

reduced reovirus-induced apoptosis (49). It is interesting that although reovirus TL1 is 

known to cause apoptosis less efficiently than type 3 strains (49), treatment with calpain 

inhibitors resulted in equal reductions (on a percentage basis) of apoptosis induced by 

both viral serotypes (49). The mechanism by which reovirus binding leads to apoptosis 

has not been defined, but it has been previously suggested that reovirus binding activates 

a receptor-linked signaling pathway that results in inhibition of D N A synthesis and 

apoptosis (49). Although calpain appears to be implicated, the upstream and downstream 

signaling components are not clear. Known substrates that calpain degrades in vivo 

include proto-oncogenes, steroid hormone receptors, cytoskeletal elements, and protein 

kinases (74). Calpain may also play a physiological role in the regulation of a variety of 

cellular transcription factors and cell-cycle regulating factors including c-jun, c-Fos, and 

NF-K(3 (74-79). Recently, calpain inhibition was found to protect against reovirus-

induced apoptotic myocardial injury (48). 

4.7 A potential apoptotic mechanism 

A number of protein kinase signaling pathways have been implicated in androgen 

receptor signaling. Epidermal growth factor (EGF), insulin-like growth factor - l ( IGF- l ) , 
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keratinocyte growth factor (KGF), can activate transcription from androgen receptor-

regulated genes in prostate cancer cells (80,81). This suggests that interactions between 

androgen receptor and non-steroid receptor signaling pathways exist, though the 

molecular details are unclear. M A P kinase kinase kinase 1 (MEKK1) signaling results 

in the downstream activation of M E K K 4 and subsequently JNK, as well as 

phosphorylation of I-KP kinase thereby releasing NF-KP (82). JNK activation is 

associated with apoptosis in response to growth factor deprivation or withdrawal of extra 

cellular matrix (ankiosis) (82,83). Since constitutively expressed M E K K 1 induces 

apoptosis in diverse cell types (82,83), a M E K K 1 -mediated model of apoptosis has 

emerged. Cellular stress leads to phosphorylation and activation of M E K K 1 followed by 

MEKK1-initiated cleavage of DEVE-directed caspases (DEVE is a commercially 

available peptide substrate). M E K K 1 is itself a target for caspase cleavage, which leads 

to further activation of M E K K 1 by removal of a negative regulatory domain (84-86). It 

has been demonstrated that expression of constitutively active M E K K 1 leads to apoptosis 

of androgen receptor positive (LN-CaP), but not of androgen receptor-negative prostate 

cancer cells (PC-3 and DU-145) (66). Furthermore, M E K K 1 also activates androgen-

regulated gene expression in an androgen receptor-dependent fashion (67). 

The human prostate carcinoma cell lines LN-CaP, DU-145 and PC-3 were found 

to undergo reovirus induced apoptosis regardless of the A R status (Figure 14) obviously 

making reovirus cancer therapy attractive in the androgen resistant metastatic setting. The 

differential stimulation of multiple apoptotic pathways in the three cell lines could 

explain the observed order of kinetics of lysis. The LN-CaP cells would be expected to 

be the most sensitive to reovirus indeed apoptosis due to the additive apoptotic 
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stimulation provided by the presence of androgen receptor signaling. The fact that the 

androgen-receptor negative cells (PC-3 and DU-145) undergo apoptosis indicates the 

presence of other p53-independent apoptotic pathways. 

It should be noted that all the cell lines tested have an intact inducible stress 

(JNK) pathway as evident by the presence of phospho-JNK under serum starvation 

conditions (Figure 13), including reovirus resistant NIH-3T3 cells. NIH-3T3 cells do 

undergo stress induced (JNK) apoptosis however, for some unknown reason NIH-3T3 

cells are not susceptible to reovirus-induced apoptosis. 

The problem with this model, is the absence of phospho-MAPK in LN-CaP and 

PC-3 cells as seen in Figure 11. Possibly, M E K K 1 is being cleaved by caspases at a rate 

that is rapid enough to inhibit M E K K 1 from phosphorylating M A P K . This pathway could 

be missing in DU-145 cells since it demonstrates the greatest amount of phospho-Elk 

under both serum and serum-starved conditions (Figure 12). MEKK-1 in these cells may 

not cleave/activate caspases and therefore is available to act on M A P K . 

4.8 Effect of reovirus on human tumor cell line xenografts: potential role of the 

immune system 

Sub-cutaneous tumors propagated in both SCID/NOD mice and nude mice all 

regressed with a single injection of reovirus (Figure 16 and data not shown). In contrast 

to the severely immunocompromised SCID/NOD mice which died of direct viral 

sequelae, nude mice bearing human xenograph flank tumors treated with reovirus had no 

significant toxicities as evident by their observed health status and weight gain (Figure 

23). We plan to use this model to investigate the effects of a rudimentary immune system 
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on the efficacy of reovirus oncolysis. Further support for the role of the immune system 

is demonstrated in the SCID/NOD model. Reovirus infection of susceptible host tissues 

e.g. lymph vascular endothelium, megakaryocytes, and skeletal muscle (Figures 21 and 

22) triggers an immune response as visualized by the attraction of neutrophils. 

4.9 A metastatic orthotopic prostate cancer model in SCID/NOD mice. 

A surgical orthotopic implantation implantation/injection (SOI) model was 

created. Stable high-level expressing GFP-PC-3 and GFP-DU-145 cells (2X106) were 

injected by SOI into the dorsal lateral lobe of the prostate gland of SCID/NOD mice. 

Significant decreases in performance status occurred 84 to 99 days respectively, after 

orthotopic injection. Animals were then sacrificed and autopsied. Tumor cells harvested 

from the prostate and lymph nodes failed expansion in culture. Decreased performance 

status was most likely related to post-renal obstruction as evident by enlarged full 

bladders. Harvested minced lung tissue from a PC-3-GFP injected mouse was placed into 

culture and observed directly under fluorescence microscopy. Fluorescent PC-3 colonies 

were observed both on the plate as well as within the biopsies of lung tissue (Figure 24). 

Attempts to isolate and expand these metastatic PC-3-GFP cells have been met with 

difficulty however; better expansion conditions are currently being pursued. 

4.10 Reovirus induced apoptosis: a working hypothesis 

A possible model of reovirus-induced apoptosis involving the discussed molecular 

events is shown below (Figure 25). The detection of increased mitochondrial protein 
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using the antibody Apo 2.7 (69,70) (Figures 14) indicates that reovirus infection likely 

stimulates mitochondrial cytochrome c release. One possible apoptotic inducing 

mechanism by calpain could be via PKR. Calpain could act on phospho-PKR to allow 

PKR to activate the NF-kB complex. It is possible that reovirus (live and U.V.-

inactivated) can cross-link sialic acid receptors with death receptors to activate apoptosis, 

possibly with the aid of anti-reovirus antibodies. This idea is reflected in the fact that 

high titers of U.V.-inactivated reovirus (MOI=100 or 1000) can also trigger apoptosis 

(46,48). Further support for reovirus-induced apoptosis has recently been revealed. 

Apoptosis levels have been significantly reduced in PC-3 cells treated with reovirus in the 

presence of either caspase 3 or caspase 8 inhibitors (data not shown). 
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Figure 26. Possible mechanisms of reovirus induced apoptosis. Reovirus could 
be triggering apoptosis intra-cellularly via NF-KP or caspase activation, or 
by promoting death receptor ligand release. Reovirus may also trigger apoptosis 
extra-cellularly via direct death receptor interactions. 
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4.11 Reovirus versus other oncolytic viruses 

The search for more effective cancer therapies has recently focused on viruses as 

potential therapeutic agents. Those evaluated are either operating through direct 

oncolytic properties (29-33), or serve as delivery vehicles for foreign genetic material 

(25-28, 89-92). Advantages and shortcomings exist for each of these strategies include 

augmentation by combining viral therapy with conventional therapies i.e. radiotherapy, 

(93) and chemotherapy (34, 87, 94). Virally mediated direct oncolysis should overcome 

the difficulties of low rates of infection and gene transfer which have plagued virus-

mediated gene transfer approaches. In contrast, reovirus rapidly destroys tumor cells by 

direct oncolysis and apoptosis induction which does not require the expression of foreign 

genes. In addition, reovirus may target most cancerous prostate cells since its receptor 

(sialic acid) is ubiquitously expressed and it does not require the down regulation of 

specific tumor suppressor genes that other viruses do. Upon examination of other 

oncolytic viruses one can envision the ideal oncolytic virus. The ideal oncolytic virus 

would be tumor specific in its action with negligible systemic or local toxicities and 

would be able to infect or exert cytopathic effects on all tumor cells within an organism. 

This virus would be easily manufactured and stored for widespread use, and would be 

able to circumvent potential immune intervention. Further, genetic manipulation of the 

virus would be minimal or ideally wild type. None of the other previously described 

viruses fulfill this ideal viral phenotype. Recent work in ours and other laboratories has 

investigated the role of reovirus as a potential oncolytic virus that does fulfill many of the 

above criteria. 
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4.12 Future directions 

One criticism of established cell lines is that they may not accurately compare to 

human prostate cancer cells due to the possible existence of unknown mutations. It 

would therefore be interesting to examine ex-vivo cell cultures grown directly from 

patient's prostates. Intraprostatic injections have proven to be quite difficult due to the 

small size of the mouse prostate. To avoid this problem a different metastatic model 

system i.e., T R A M P , is being considered. The GFP model may be more applicable in a 

breast cancer metastatic model. Transfected MCF-7 cells with the GFP-construct will 

be injected into mouse mammary fat pads and resulting primary and metastatic tumors 

will be examined for reovirus susceptibility. The reovirus induced apoptosis results in 

the literature are performed mainly in HeLa and L929 cells. Several questions still 

remain to be answered in prostate cancer cell lines. Do similar mechanisms occur in 

prostate cancer cell lines? Is TRAIL release occurring in prostate cancer cell lines as it is 

in HEK293 cells? The reovirus-induced apoptotic pathway(s) will be investigated 

through western blotting and specific caspase inhibitors to elucidate which caspases are 

involved, and if multiple apoptotic pathways being triggered. Also to investigate the 

involvement of Bel 2 family members in mediating reoviral induced apoptosis. In terms 

of determining cell line reoviral susceptibility, the activity of ras itself will be examined 

using a GDP-ras pull-down assay. Preliminary experiments with this assay have revealed 

a strong correlation between ras activity and reovirus susceptibility in glioma cell lines (P, 

Forsyth, personal communication). If successful this method will be modified and used 

directly on patient needle biopsies as a screening tool for determining what patients are 

eligible for reovirus therapy. Next will be to repeat the nude mouse experiments. 
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Immunohistochemical analysis of regressed U.V.-inactivated reoviral treated tumors will 

reveal if any immune system components are recruited. 

4.13 Conclusion 

In summary, human prostate carcinoma cell lines LN-CaP, DU-145 and PC-3 

were found to be sensitive to reovirus infection, and all cell lines are effectively killed 

regardless of their phosphorylated M A P K status. Careful analysis has revealed that 

apoptosis could be the major mechanism of cell death by reovirus infection. After a 

single intratumoral injection of reovirus in the SCID/NOD xenograft model, LN-CaP, 

DU-145, and PC-3 tumors all significantly regressed as compared to dead virus treated 

controls. With these results taken together, this study demonstrates the potential 

usefulness of a replication competent virus that kills human prostate cancer cells. 
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