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Abstract 
 
 

Cody, Brooke L. 
 
 

RESISTANCE TO VESICULAR STOMATITIS VIRUS IS INTRINSIC TO PC3 

PROSTATE CANCER CELLS AND CAUSES INHIBITION OF EARLY STEPS OF 

THE VIRUS REPLICATION CYCLE 

 
Dissertation under the direction of 

Douglas S.Lyles, Ph.D., Professor and Chairman of Biochemistry 
 

The goal of the experiments presented in this thesis was to determine the 

mechanism(s) of resistance of prostate cancer cells to the oncolytic activity of vesicular 

stomatitis virus (VSV).   

In Chapter 1 I analyzed the timing of the different steps of the virus replication 

cycle in PC3 prostate cancer cells (VSV-resistant cells) to LNCaP prostate cancer cells 

(VSV-sensitive cells).  My experiments revealed that several early steps of the viral 

replication cycle are delayed in PC3 cells, including virus penetration and primary 

transcription.  One major difference between these two cell types is that PC3 cells 

constitutively overexpress antiviral mRNAs and proteins.  Combined with the delays at 

several steps of the viral life cycle, these observations led to the two hypotheses tested in 

Chapter 2, which address whether PC3 cell resistance is intrinsic to these cells or whether 

it is induced as a result of an antiviral response.   

The first hypothesis tested in Chapter 2 was that PC3 cells rapidly produce an 

antiviral response, and this induced response makes them resistant to VSV.  This 

hypothesis was tested using an M protein mutant virus that is defective in its ability to 

 x



suppress host antiviral responses, and by silencing the expression of STAT1, a major 

transcription factor responsible for antiviral gene expression in response to interferons. 

The alternative hypothesis was that PC3 cells have intrinsic resistance to VSV, due to 

their constitutive expression of antiviral genes or other gene products that confer 

resistance to virus replication.  The results from Chapter 2 revealed that although VSV 

infection does induce an antiviral response in PC3 cells that provides some protection 

from virus infection, the induced response is not necessary for the resistance of these 

cells and cannot account for the observed delays in the viral replication cycle.   

Finally, in Chapter 3 I address the question of whether overexpression of the 

antiapoptotic protein Bcl-xL plays a role in resistance of prostate cancer cells to VSV.  

By overexpressing Bcl-xL in VSV-sensitive LNCaP cells and silencing Bcl-xL 

expression in VSV-resistant PC3 cells, I was able to demonstrate that the level of Bcl-xL 

expression is important for resistance to VSV.  Reducing Bcl-xL in PC3 cells greatly 

increased their sensitivity to VSV-induced apoptosis.  However, this resistance to 

apoptosis could not account for the overall resistance of PC3 cells to VSV, and instead 

was a distinct aspect of PC3 cell intrinsic resistance.       
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Introduction 

 

Many cancers are only partially responsive to currently used therapies because 

they rapidly adapt and become resistant to chemotherapeutics and radiation.  Because of 

this, there has been a recent surge of interest in developing selectively replicating agents 

such as viruses to treat malignancies for which there are limited or no viable alternatives.  

These agents are termed oncolytic viruses, and vesicular stomatitis virus (VSV) is one of 

several viruses currently being developed as an oncolytic agent for anti-tumor therapies 

(3, 11, 13, 15, 64, 73, 87, 88, 94). An oncolytic virus is one that selectively replicates in 

and kills tumor cells while sparing normal cells.  One means of achieving selectivity for 

cancers is by exploiting defects in host defense mechanisms that are common in cancer 

cells. Specifically, many cancer cells have defects in their type I interferon (IFN-I) 

signaling network, and as a result these cells are sensitive to killing by VSV and other 

oncolytic viruses (87, 88).  However, some cancer cells vary in their resistance to VSV 

(3).  This thesis will address the mechanisms involved in resistance of prostate cancer 

cells to oncolytic VSV.     

 

Prostate cancer  

Prostate cancer is a good candidate for treatment by oncolytic VSV.  Prostate 

cancer is the most common cancer in men and is the second leading cause of cancer-

related deaths in the USA (8, 42, 52).  Primary prostate cancer is treated by removal of 

the prostate.  However, metastasis of primary prostate cancer leads to an incurable 

disease that accounts for the large mortality rates seen in these patients.  Hormone 
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ablation has historically been the predominant treatment for prostate cancer.  

Unfortunately, such treatment provides only temporary and partial regression, and 

hormone refractory prostate cancer (HRPC) eventually develops.  For these patients there 

are no effective treatment options, and oncolytic viruses are being studied for treatment 

of these patients, possibly in combination with other therapies to enhance their 

effectiveness.     

As is typical of many cancers, prostate cancer development involves a complex 

mixture and accumulation of genetic alterations, and there is no particular molecular 

profile identified that initiates tumorigenesis.   Different combinations of the inhibition of 

tumor suppressor genes and/or activation of oncogenes results in a dysregulation of cell 

cycle control and cell death pathways.  PTEN, pRb, and p53 are only three of the 

important tumor suppressor proteins that are mutated or deleted in prostate cancer.  While 

expression of these tumor suppressor genes is usually normal in early prostate cancer 

development, alterations in each of these can be associated with late stage carcinoma 

(59).      

PTEN (phosphatase and tensin homologue deleted on chromosome ten) has been 

implicated in several signaling pathways, but most notably its phosphatase activity 

antagonizes the PI3K-AKT pathway.  Loss of PTEN function results in increased 

signaling through the PI3K-AKT pathway, promoting cell metabolism, growth, and 

survival.  Deletions or mutations in PTEN are among the most common genetic 

alterations in human prostate cancer (8, 98).  The PTEN and p53 pathways have been 

shown to interact, and deletion of both genes accelerates prostate tumorigenesis (29, 52).  

p53 is a critical regulator of cell cycle progression and of apoptosis, and has been shown 
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to be involved in many pathways.  Mutations or deletions in p53 represent the most 

common genetic alterations in human cancers.  Cancers frequently gain resistance to 

chemotherapeutics when p53 function is lost in those cells, and for this reason there is 

interest in devising therapies that do not require active p53.  Finally, p53 function is 

closely intertwined with pRb (retinoblastoma protein) function.  Inactivation of pRb is 

common in prostate cancer development, and alterations in the Rb gene often precede 

changes in genes encoding PTEN and p53 (52).  Because it is also an important regulator 

of cell cycle progression, loss of pRb function results in uncontrolled cell growth.   

Oncogenes are also important in cancer development, and several oncogenes have 

been associated with prostate cancer.  These may include ras, myc, ERBB2, BCL2, and 

AR (androgen receptor) (41, 47).  Another oncogene that has been studied is the 

serine/threonine kinase, Pim-I.  High levels of Pim-I expression have been associated 

with prostate cancers (10, 26, 99).  This oncogene is reported to have relatively weak 

transforming potential, but it may be associated with enhancing the transforming 

potential of the myc oncogene. The phosphorylation targets of Pim-I are numerous and 

varied, but include proteins involved in the regulation of cell cycle progression and 

apoptosis.  Phosphorylation of the proapoptotic protein BAD by Pim-I protects cells 

against apoptosis.  Finally, Pim-I inhibits the IFN-I signaling pathway by activating 

inhibitors of IFN-I signaling, the SOCS (suppressor of cytokine signaling) proteins.  

These two targets of Pim-I may be important in studying oncolytic VSV treatment of 

prostate cancer cells.   

Because prostate cancers are heterogeneous in their genetic origin, it is likely that 

they will vary in their sensitivity to oncolytic viruses.  Sensitivity to oncolytic viral 
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therapy will depend on the extent to which cancers down-regulate genes involved in the 

antiviral response and other cellular changes that might affect viral oncolysis.  Indeed, as 

will be developed in this introduction, prostate cancers differ in this manner such that 

some are IFN-I responsive and some are IFN-I resistant, and  these cancer cells display a 

differential sensitivity to VSV that corresponds to sensitivity to IFN-I.  The goal of this 

thesis is to identify the characteristics of prostate cancer cells that may contribute to their 

resistance to VSV oncolysis.    

 

Oncolytic virotherapy  

 Several viruses are being studied for their potential application as anti-cancer 

therapeutic agents.  These include both DNA and RNA viruses that replicate selectively 

in cancer cells, sparing normal cells.  Some of these viruses include adenovirus, 

coxsackievirus, herpes simplex virus type 1 (HSV-1), measles virus (MV), myxoma 

virus, Newcastle disease virus (NDV), reovirus, VSV, and vaccinia virus (VV) (2, 17, 55, 

65, 74).  Most of these viruses are currently being studied in clinical trials for their use in 

the treatment of a variety of cancers.  Several viruses are involved in phase I and phase II 

clinical trials, but adenovirus and HSV-I have advanced to phase III clinical trials.  While 

some studies involve using viruses alone as therapies against cancer, other studies are 

being conducted that involve combining oncolytic viruses with conventional treatments 

such as radiation or chemotherapy.   

 While most oncolytic viruses are replication competent, replication-deficient 

viruses are being studied to deliver genes that kill cancer cells.  One weakness of this 

approach is that these viruses are not efficient at spreading throughout the body, so these 
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viruses would be limited primarily to direct localized therapies.  Replication-competent 

viruses are more effective anti-cancer agents because they can be genetically engineered 

to enhance their selectivity for cancer cells, and their cancer-selective replication results 

in an amplification of the input dose yielding high concentration of the oncolytic virus in 

the local tumor environment.                   

   Several strategies are employed to develop replication-competent oncolytic 

viruses that selectively target cancer cells.  These strategies can be combined to enhance 

tumor-selectivity of the virus.  One concept is the deletion of viral genes that are required 

for viral replication in normal cells, but are not required in cancer cells.  Viruses can also 

be pseudotyped to express surface proteins that target the virus to cancer cells.  Another 

approach involves designing viruses in which essential viral genes are controlled by 

promoters that are regulated by tumor- or tissue-specific transcription factors.  Another 

interesting strategy involves the incorporation of suicide genes into cancer-selective 

viruses, enhancing the oncolysis of tumor cells.  Finally, some oncolytic viruses are being 

genetically modified to enhance their natural selectivity for tumor cells.  VSV falls in this 

category because it has natural selectivity for replicating in cancer cells that have defects 

in IFN-I signaling.       

 

The VSV genome and replication cycle  

VSV has been widely studied as a prototypical negative strand RNA virus, and 

has also been used to study a number of cellular processes (reviewed in (54, 58).  VSV is 

relatively simple in structure.  The approximately 11kb genome of VSV is single 

stranded, negative-sense RNA encoding 5 proteins which assemble into enveloped bullet 
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shape particles.  The phosphoprotein (P) and large polymerase protein (L) constitute the 

viral RNA-dependent RNA polymerase, which is required for transcription of the 

negative-sense RNA viral genome into positive-sense RNA.  The P and L proteins also 

interact with the nucleoprotein (N) and the viral genome to form the viral nucleocapsid.  

The glycoprotein (G) spans the viral envelope and mediates the interactions between 

virus and the surface of host cells.  G protein not only initiates viral attachment to cells, 

but is also important in the processes of penetration and uncoating.  The final protein, the 

matrix (M) protein, has multiple functions.  In terms of viral structure, M protein binds 

the nucleocapsid to the envelope and condenses the nucleocapsid into a tightly coiled 

structure, giving the virus its bullet shaped morphology.     

    The replication cycle of VSV proceeds very rapidly and is contained entirely in 

the cytoplasm of cells. Rather than binding to a specific receptor, VSV attaches via 

nonspecific electrostatic and hydrophobic interactions with the surface of many cells. The 

virus penetrates by clathrin-dependent endocytosis. Upon acidification of the endosome, 

the viral G protein mediates fusion of the viral envelope with the endosome membrane 

and releases the viral nucleocapsid into the cytoplasm of the cell. The nucleocapsid is 

uncoated and the parental genomes undergo the first biosynthetic step, primary 

transcription, to make viral messages which are translated using host translation 

machinery.  Once sufficient protein levels accumulate during primary transcription, there 

is a switch in the activity of the viral RNA-dependent RNA polymerase in which the 

enzyme terminates transcription and begins replication of the genome (the second 

biosynthetic step).  Progeny genomes serve as templates for the final biosynthetic step, 

secondary transcription, which is a major amplification step in the synthesis of viral 
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proteins.  When sufficient levels of viral proteins and genomes accumulate, viral progeny 

assemble by budding from the host membrane.  

The early steps of the cycle (attachment, penetration, and primary transcription) 

occur within the first 2 hrs of infection, and these steps are typically sensitive to the 

amount of input virus, or multiplicity of infection (MOI). The later steps (replication, 

secondary transcription, and assembly) begin at around 2 hrs and continue until 12-18 hrs 

postinfection, until the cell undergoes apoptosis. Because these later steps are the result 

of major amplifications, they are not usually sensitive to the amount of input virus.  In 

typical permissive cells, the entire VSV replication cycle is completed within 24 hrs, and 

during this time the infected cell is responding to infection by inducing an antiviral 

response.   

 

The antiviral response 

Upon infection with virus and during the subsequent steps of the viral replication 

cycle, one of the most important cellular responses is the innate antiviral response.  This 

response is mediated primarily by the induction of IFN-Is which include IFN-α and IFN-

β.  Interferons are cytokines that participate in complex signal transduction pathways to 

limit viral infection in cells.  Interferon signaling activates expression of a large number 

of genes that have potent antiviral, antiproliferative, and immunomodulatory effects.   

 When a normal cell is infected with virus, that cell immediately responds by 

eliciting an antiviral response.  This occurs because host cells express proteins termed 

pathogen-recognition receptors (PRRs) that are immediate sensors of virus infection.  

PRRs are activated by the conserved pathogen-associated molecular patterns (PAMPs) 
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that are present in viral proteins and nucleic acids (reviewed in (21, 80, 92)).  Different 

PRRs are implicated in responding to different types of pathogens, and some of them 

have been identified as being particularly important for detecting viral infections.  PRRs 

are present in different subcellular compartments which enables them to detect viruses 

that enter by different mechanisms and also to detect viruses at different stages of their 

replication.  For example, the RNA-dependent protein kinase (PKR),  and retinoic-acid-

inducible gene I (RIG-I), and melanoma differentiation-associated gene-5 (mda-5) are 

cytoplasmic PRRs, while some of the Toll-like receptors (TLRs) such as TLR3 and TLR7 

are PRRs associated with endosomal membranes.   

Recognition of PAMPs by PRRs results in activation of complex signaling 

cascades, and these signals vary depending on the stimulating antigen.  Ultimately, these 

signaling networks result in the activation of several transcription factors.  Activation of 

transcription factors NF-κB and AP-1 results in the induced expression of not just innate 

immune response genes, but also genes controlling the cellular processes of 

inflammation, proliferation, and apoptosis.  Also activated upon viral infection is the 

transcription factor IFN response factor (IRF)-3 which is important in stimulating 

expression of a number of antiviral genes, including the gene encoding the type I 

interferon, IFN-β.  IFN-β spreads in both an autocrine and paracrine manner and binds its 

receptor to signal through several proteins, including JAK1, Tyk2, STAT1, and STAT2.  

JAK1 and Tyk2 are kinases associated with the IFN-I receptor (IFNAR), and signaling 

through this kinase results in phosphorylation and activation of STAT1 and STAT2.  

STAT1 and STAT2 are transcription factors that, upon activation, assemble into a 

complex with a third protein, IRF-9, to form the transcription factor interferon stimulated 
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gene factor 3 (ISGF3).  Active ISGF3 translocates to the nucleus and stimulates 

transcription of multiple interferon stimulated genes (ISGs) such as the transcription 

factor IRF7, and genes encoding the antiviral effector proteins PKR, MxA, 2’-5’-oligo(A) 

synthetase (OAS), RNaseL, and major histocompatability complex class-I (MHC-I).  

IRF7 is then activated by phosphorylation and heterodimerizes with IRF3, and these 

proteins cooperate in the amplification of the antiviral response by activating expression 

of about 20 IFN-α genes.  IFN-α then binds IFNAR and prolongs antiviral signaling.   

Studies performed in transgenic mice lacking expression of either the IFN-I 

receptor or STAT1 genes revealed that these are critical components of the antiviral 

response to VSV; mice lacking these proteins were extremely susceptible to lethal VSV 

infection (33, 63).  In fact, studies in IFN-I receptor knockout (IFNAR -/-) mice indicate 

that IFN-I signaling may contribute to tissue tropism by limiting virus replication.  VSV 

is a neurotropic virus that replicates in the CNS of wild type mice, but in IFNAR -/- mice, 

virus replication was detected in every tissue examined (33, 63).     

IFN-I signaling stimulates the expression of hundreds of genes, and the functions 

of the majority of these genes products have not been characterized.  Studies in knockout 

mice have revealed that there is no single IFN-I stimulated gene product that 

accomplishes the global antiviral effect protecting cells or tissues from infections with 

VSV and other viruses.  Instead, the antiviral response in such mice appears to be 

compromised, but not fully depleted.  For example, knockouts of IFN-I induced proteins 

such as PKR, MxA, and RNase L did not prevent but only restricted infection with 

several viruses tested (112).  As a result of these and other similar observations, it is 
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understood that the overall antiviral effect is the result of the combined activities of the 

induced gene products.        

Perhaps the most important consequence of the antiviral response in normal cells 

and in tissues is that the initially infected cell dies as a result of the infection, but the 

surrounding cells are protected from the infection.  The autocrine and a paracrine spread 

of IFN-I signals cells to enter a potent antiviral state in which they can protect themselves 

from the virus.  These cells are effectively resistant to virus infection as a result of their 

antiviral state.  In a tumor system, the protective effect of IFN-I in normal cells will make 

them resistant to virus spread, infection, and killing.  Because of the mutually 

antagonistic effects of proliferative signaling acquired by cells during tumorigenesis and 

the powerful antiproliferative effect of IFN-Is, many tumor cells have developed 

alterations in genes in the antiviral signaling pathways.  Herein lies the principles of 

oncolytic viral therapy; viruses can infect and kill malignant cells that have defective 

antiviral responses.  Some of the normal cells in the vicinity of malignant cells will be 

infected, but those cells will initiate an antiviral response which will protect the 

remaining uninfected surrounding cells.  VSV has been shown to be highly susceptible to 

the antiviral effects of IFN-1, and is a strong candidate for oncolytic viral therapy.   

 

VSV is an attractive candidate oncolytic virus   

There are several compelling reasons for developing VSV as an oncolytic agent 

for tumor therapy.  VSV is rapidly cytocidal and potently induces apoptosis in infected 

culture cells (50).  VSV oncolysis does not require functional p53 (13), which is 

commonly mutated or deleted in cancers.  VSV is a negative strand RNA virus that 
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replicates entirely in the cytoplasm, eliminating any risk of integration of with the host 

cell DNA.  VSV is well studied and naturally occurring mutants have been isolated which 

have phenotypes that increase the oncolytic potential of the virus.  Establishment of 

reverse genetic systems has enabled the generation of recombinant viruses with well 

defined mutations that exploit these phenotypes to increase the selectivity of VSV for 

replication in tumor cells (103).  Finally, VSV is a pathogen of livestock and is relatively 

non-pathogenic in humans (54).  The low pathogenicity in humans has been attributed to 

the extreme sensitivity of VSV to the antiviral effects of IFN-I.   

Tumor cells derived from several types of malignancies have been tested in cell 

culture experiments for their sensitivity to VSV.  Susceptibility to infection by VSV was 

analyzed by measuring viral titers during 18 hour infections; all of the tumor cells tested 

produced viral titers significantly higher than normal cells from corresponding healthy 

tissues (87).  In addition, VSV has been demonstrated to be selective for tumor cells in 

vivo.  The volume of xenografts of human tumors in nude mice decreased when treated 

with VSV (3, 12, 64, 87, 88).  The selectivity for tumor cells in these mice is enhanced by 

treatment of cells with mutants of VSV that are capable of inducing interferon responses.   

 

Tumors have defects in their antiviral signaling pathways   

The observed selectivity of VSV for replication and killing in tumor cells has 

been attributed to the ability of the virus to exploit defects in the innate immune response 

of transformed cells.  During tumorigenesis, many cancers down-regulate genes that are 

important to the cellular antiviral response.  This is not unexpected considering the 

opposing nature of the proliferative signaling pathways that are frequently upregulated 
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during tumorigenesis and the cellular antiviral signaling pathways induced upon viral 

infections (12, 13, 16, 87, 88).  In fact, studies have revealed that many cancers are 

resistant to the antiproliferative effects of IFNs because of defects these tumors have 

acquired in genes involved with the IFN-I signaling pathways (14, 32, 34, 75, 106).  

Tumor cells harboring defects in their antiviral signaling and response pathways cannot 

respond to the effects of IFN-I and therefore cannot protect themselves from viral 

replication and killing.  Such defects render these tumor cells highly susceptible to viral 

infection, and this characteristic is being exploited in the development of oncolytic 

viruses.     

A common defect identified in tumor cells is in STAT1 protein expression.  For 

example, in several melanoma and lymphoma cell lines, STAT1 downregulation appears 

to render these cells resistant to the antiproliferative effects of IFN-1 (51, 90, 106).  Some 

CML patients exhibit not only reduced STAT1 protein expression but also 

overexpression of an inhibitor of STAT1 signaling, SOCS3 (suppressor of cytokine 

signaling 3) (77).  Defects in Jak1, RNaseL have been identified in prostate cancer cells 

(32, 75).  Aberrant expression and activation of PKR has been observed in breast and 

hepatocyte carcinomas (78, 82).  Defective MHC-I has been associated with melanoma, 

and also with gastric, prostate, and colon carcinomas (1, 14, 56, 61).  All of these defects 

confer reduced sensitivity of tumor cells to the antiviral effects induced during viral 

infections, making these cancers amenable to treatment with oncolytic viruses such as 

VSV.  The selectivity of VSV for tumor cells with such defects can be enhanced by using 

M-protein mutants that induce IFN-I in normal cells.     
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M protein mutant VSV enhances selectivity of virus for replication in tumor cells   

Because they are actively replicating agents, one concern in developing viruses as 

oncolytic agents for use in treating human cancers is maintaining safety.  The goal is to 

maximize the ability of the virus to kill tumor cells while sparing normal tissue, without 

sacrificing the cytocidal effects of the virus.  VSV is an optimal candidate to meet these 

requirements because it can be attenuated to accomplish this goal.  The attenuated virus 

that we study has a mutation in the viral M protein.  M protein has multiple functions 

during the viral infection, one of which is a structural role in the assembly of viral 

progeny.  The M protein plays another important role by inhibiting host cell gene 

expression.  This inhibition occurs at the levels of mRNA transcription (4, 110, 111), 

mRNA nucleocytoplasmic transport (35, 71, 97), and translation (28) of host mRNAs.  

One important consequence of M protein’s inhibition of host gene expression is the 

suppression of the host antiviral response (6).  As a result, the wild type strains of VSV 

are potent inhibitors of interferon production in infected cells.  The two distinct roles of 

the M protein, its role in virus assembly and its inhibition of host gene expression, are 

genetically separable (20).  It is this genetic separability that permits the generation of 

recombinant VSV attenuated to maximize safety in animal models.  

The studies presented here involve the use of two recombinant related oncolytic 

vesicular stomatitis viruses.  The first, rwt virus, contains the wt M protein, and infection 

with this virus results in suppression of host antiviral responses due to inhibition of host 

gene expression by wt M protein (6). The second is the rM51R virus, which is isogenic 

with rwt virus except for a single mutation in the gene encoding M protein that results in 

a substitution of methionine for arginine at position 51 of the protein sequence.  This 
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mutation abolishes the ability of M protein to inhibit host gene expression, and as a 

result, cells infected with rM51R virus are able to produce IFN-I and other antiviral 

cytokines in response to viral infection (5, 6, 20). VSVs with this mutation or similar 

mutations have been proposed as strong candidates for oncolytic viral therapy since they 

are attenuated for replication in normal tissues but replicate as well as wild type VSV in 

cancers that have defective antiviral responses (3, 64, 87, 88). 

The rM51R virus is a superior oncolytic agent when compared to its isogenic wild 

type counterpart.  This virus is not defective for growth, implying that the assembly of 

viral particles has not been disrupted (20).  The rM51R virus is capable of inducing 

apoptosis, though in a manner different from the rwt virus (38).  Specifically, in cells 

transfected with M protein mRNA (in the absence of other viral gene products), the wt M 

protein induces apoptosis (50).  In contrast, the M51R mutant M protein is unable to 

induce apoptosis in the absence of other viral gene products (38, 50).  These data suggest 

that inhibition of host gene expression alone (an activity of the wt M protein) is sufficient 

to induce apoptosis.  However, the fact that the rM51R virus can induce apoptosis 

indicates that there are viral components other than the M protein that are inducing 

apoptosis.            

Because these viruses have a mutation that inhibits the ability of the virus to 

suppress host gene expression, the M protein mutants are unable to inhibit the host 

antiviral response.  Hence, rM51R virus is a potent inducer of IFN-I.  Combined with the 

ability to induce apoptosis, its IFN-I inducing phenotype makes rM51R virus a superior 

oncolytic agent.  rM51R virus replicates selectively in tumor cells because it induces an 

antiviral response in normal cells; that response induction limits viral replication and 
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spread in normal cells, protecting them from the virus infection.  The cells that permit 

replication of the virus (tumor cells with defects in antiviral responses) are killed because 

the virus induces apoptosis.  The selectivity and safety of rM51R virus is demonstrated 

by in vivo experiments in which nude mice bearing tumors derived from human prostate 

cancer cells were infected with either the rwt virus or rM51R virus.  The mice treated 

with rwt virus suffered illness due to the virus; about 50% of the mice died as a result of 

the virus infection, and the surviving mice showed fluctuations in their weights as a result 

of illness (3).  In contrast, the mice treated with rM51R virus showed no signs of illness 

and all of the mice survived the experiment.       

 

Tumor cells exhibit differential susceptibility to infection and killing by VSV   

While VSV has shown promise as a candidate oncolytic virus, it may only be 

effective in a subset of cancer cells that exhibit defective responses to IFN-I.  Ahmed et 

al (2004) demonstrated that prostate cancer cells display differential sensitivity to VSV.  

Specifically, two prostate cancer derived cell lines, LNCaP and PC3 cells, differ greatly 

in their interferon responsiveness and thus in their susceptibility to infection with VSV.  

LNCaP cells fit the typical model of transformed cells having defects in their antiviral 

signaling pathways; these cells are not responsive to IFN-I.  As a result of these defects, 

LNCaP cells are highly sensitive to VSV infection and killing.  In contrast, PC3 cells are 

responsive to IFN-I signaling and therefore can protect themselves from viral infection.  

PC3 cells are relatively resistant to VSV infection.  Although PC3 cells eventually 

succumb to infection and killing by VSV, their relative resistance was initially evidenced 
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by a delay in three parameters: 1) viral gene expression, 2) production of progeny virus, 

and 3) cell death.   

Observation of the differential sensitivity of LNCaP cells and PC3 cells to VSV 

led to the question of whether normal prostate cells are similar to LNCaP cells or to PC3 

cells in their sensitivity to VSV.  Experiments have revealed that different cultures of 

benign prostate cells vary in their sensitivity to VSV (3).  Despite the variation observed, 

all of the benign prostate cell cultures tested appear to display sensitivity to VSV 

intermediate to that of LNCaP and PC3 cells.  Studying the basis of the differential 

sensitivity of various prostate tumor cells to VSV will provide insight into how these 

viruses can be tailored to better infect and treat different cancer cell types.   

The differential responsiveness of cancer cells to IFN-I signaling will have a large 

impact on the development of oncolytic viruses because most of these viruses are being 

designed to exploit defects in tumor cell antiviral pathways.  It is important to understand 

the mechanisms cells such as PC3 cells, which are IFN-I competent and are resistant to 

VSV infection, employ to limit viral infection.  Therefore, the goal of the experiments 

proposed here is to test the mechanism of sensitivity or resistance acquired by prostate 

cells as they are transformed, and to try to identify the characteristics that contribute to 

resistance.  The experiments presented in Chapter 1 were designed to determine the 

mechanism of resistance by identifying which step(s) of the viral replication cycle may 

be inhibited in PC3 cells to cause the observed delays.  Based on preliminary results 

showing sensitivity of PC3 cells to increasing MOI from 10 pfu/cell to 50 pfu/cell, I 

hypothesized that an early step of the replication cycle may be inhibited in these cells.  In 
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fact, I found that the major delays in PC3 cells were at the early replication cycle steps of 

penetration and primary transcription.   

Microarray analysis was performed to identify patterns of gene expression in 

LNCaP cells and PC3 cells (24).  As expected, there were many differences in the mRNA 

expression profiles between these two cell types, but these experiments revealed that 

there was a major difference in the expression of antiviral mRNAs such that PC3 cells 

constitutively expressed higher levels of antiviral mRNAs relative to LNCaP cells.  

Combined with the results from Chapter 1 showing delays at several steps of the virus 

replication cycle (which is consistent with a cellular antiviral response), these findings 

led us to the hypothesis tested in Chapter 2 which is that PC3 cells are resistant to VSV 

because they can rapidly induce a response to virus infection.  The alternative hypothesis 

tested was that rather than relying on an induced response to protect them, PC3 cells are 

intrinsically resistant to VSV infection.  The results from Chapter 2 support the 

alternative hypothesis, that resistance of PC3 cells is intrinsic to these cells and does not 

require an induced response.  This hypothesis was further supported by the experiments 

in Chapter 3 which analyzed the contribution of sensitivity to VSV-induced apoptosis in 

LNCaP and PC3 cells.  One difference between LNCaP cells and PC3 cells is the 

expression of antiapoptotic Bcl-xL protein, which is present at higher levels in PC3 cells 

relative to LNCaP cells.  Our results showed that the level of Bcl-xL protein expression 

was important in making LNCaP cells sensitive to VSV-induced apoptosis and in making 

PC3 cells resistant to VSV-induced apoptosis.  However, the increased expression of  

Bcl-xL in PC3 cells was not related to inhibition of the early events in virus infection, 
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which are presumably due to other cellular factors.  Thus, Bcl-xL protein expression is 

one among several factors that contribute to the intrinsic resistance of PC3 cell to VSV. 

 18



Materials and Methods 

 

Virus, cells, and infections. The recombinant viruses, rwt and rM51R, were isolated 

from an infectious cDNA clones, and virus stocks were prepared in BHK cells as 

previously described (50). PC3 and LNCaP cells were from the American Type Culture 

Collection and were cultured in RPMI containing 10% fetal bovine serum (FBS) and 2 

mM glutamine. HeLa cells were cultured in DMEM containing 7%  (FBS) and 2 mM 

glutamine. Cells were grown in monolayers to about 70-90% confluence and were 

infected in small volumes at the multiplicities of infection specified for each experiment.  

 

G protein surface expression. PC3 and LNCaP cells were seeded in 6-well plates and 

infected at the MOIs and times indicated in the figures. Virus infection and incubation at 

4°C frequently caused LNCaP cells to detach from the plates. As a result, both cell types 

were harvested by scraping cells into the media with sterile cell lifters and were collected 

in micro-centrifuge tubes. Cells were gently pelleted and washed with ice cold FACs 

buffer (100 mL PBS and 5 mL fetal bovine serum). The pellet was resuspended in 150-

200 μL FACs buffer and transferred to round bottom 96-well plates. Plates were 

centrifuged at 1000  rpm and the supernatant was gently flicked out of the wells. Cells 

were washed two more times and were then blocked with a small volume of FACs buffer 

for 30 min. Surface-expressed G protein was labeled with anti-G protein antibody I1 (53) 

at 1:300 dilution (all dilutions in FACs buffer) for 1 hr. Cells were washed twice with 

FACs buffer and incubated with a secondary rabbit anti-mouse antibody conjugated to 

FITC (ICN Biomedicals, Inc.) at a dilution of 1:200 for at least 30 min. Cells were 
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washed twice with FACs buffer and were resuspended in 100 μL of 2% 

paraformaldehyde. Samples were stored at 4°C until analyzed by flow cytometry. A 

Beckman Dickinson FACSCalibur flow cytometer was used to quantify G protein cell 

surface fluorescence.    

 

Preparation of radioactively labeled VSV. BHK cells were grown to about 90% 

confluence in two 100 mm dishes (preparations were made in duplicate). Cells were 

infected for 6 hrs with VSV at an MOI of 10 pfu/cell. Cells were washed twice with 

methionine-free DMEM and were then incubated in methionine-free media for 25 min to 

deplete endogenous methionine. Cells were incubated for 1 hr with 100 μCi/mL 

[35S]methionine in methionine-free media, and then washed three times with sterile PBS. 

[35S]methionine-labeled virus was chased from cells by incubating cells in 3 mL of 

regular DMEM for 90 minutes. The supernatant was collected and centrifuged for 20 min 

at 200 rpm. The supernatant was carefully applied to a 2 mL cushion of 15% sucrose. The 

sample was centrifuged at 35,000 rpm for 1 hr using a Beckman SW 50.1 rotor. The 

pellet containing the virus was resuspended in 1 mL DMEM and kept at 4°C until used 

the following day for the attachment experiment.   

 

Analysis of virus attachment. The day before preparation of radioactive VSV, HeLa, 

PC3, and LNCaP cells were seeded (in duplicate) in 6-well plates. Culture media was 

replaced with 0.5 mL ice cold RPMI and cells were harvested by scraping each well with 

a sterile cell lifter. The harvested cells were transferred to labeled Eppendorf tubes and 

placed at 4°C for at least 10 minutes prior to infection. The number of cells per well was 
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determined by trypsinizing an identical well and counting the cells using a 

hemacytometer (usually 5×105 to 9×105 cells). For each experiment, approximately 

1.4×105 CPM of  [35S]methionine-labeled VSV was added to each Eppendorf tube and 

incubated at 4°C for 30, 60, and 90 min. Cells were washed three times with ice cold 

PBS. 200 μL ice cold radioimmunoprecipitation assay (RIPA) buffer was added to each 

tube and incubated at 4°C for 5 min. The radioactivity associated with each sample was 

determined using a scintillation counter.  

 

Penetration: escape of VSV from the surface of cells. This protocol, summarized in 

Fig.4a, uses a neutralizing antibody (I1) to bind virus at the surface which has not been 

internalized. PC3 and LNCaP cells were seeded in 35 mm dishes to be 70% confluent at 

the time of infection. LNCaP cells were seeded in dishes coated with poly-L-lysine to 

facilitate continuous attachment throughout the experiment. 700 μL of cold RPMI was 

added to each dish and cells were placed at 4°C for at least 10 min. Cells were infected 

with VSV (PC3 cells: MOI 50 pfu/cell, LNCaP cells: MOI 10 pfu/cell) for 90 min at 4°C. 

Cells were washed three times with ice cold PBS. The mock, rwt only, I1 antibody only, 

and 0 min samples were kept at 4°C. I1 antibody was added to the 0 min and antibody 

only samples at this time. The remaining dishes were placed in a 37°C incubator. I1 

antibody was added to the cells after being warmed at 37°C for 5, 10, 15, 30, and 60 min, 

at which time cells were immediately moved to 4°C for 30 minutes to allow antibody 

binding to virus on the cell surface. All samples were returned to a 37°C incubator for 16 

hrs and then labeled for surface expression of G protein, which was analyzed by flow 

cytometry.  
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Penetration: escape of VSV from the endosome. This protocol is summarized in Fig.5a. 

PC3 and LNCaP cells in 6-well plates (70% confluent) were infected with VSV (PC3 

cells: MOI 50 pfu/cell, LNCaP cells: MOI 10 pfu/cell). After 0, 15, 30, 45 min, 1, and 2 

hrs of infection, 10 μL of 10 mM chloroquine was added to each well (100 μM final 

concentration). For the 0 min time point, VSV and chloroquine were mixed together 

before addition to the cells. Cells were incubated for a further 16 hrs and then labeled for 

surface expression of G protein.  

 

Real-time reverse transcription PCR analysis. PC3 and LNCaP cells were infected with 

VSV for 2, 4, 8, and 12 hrs either in the presence or absence of 100 μg/mL 

cycloheximide. After infection, total RNA was harvested using TRIzol extraction 

(Invitrogen). Oligonucleotide primers and probes were designed and purchased from 

Sigma-Genosys. Primers for VSV N were forward 5′-GAGTGGGCAGAACACAAATG-

3′ and reverse 5′-CTTCTGGCACAAGAGGTTCA-3′. The probe for VSV N was 5′-

TGCATTGATTTGTCAGCCCATCC-3′ and was labeled at the 5′ end with the reporter 

dye FAM (carboxyfluorescein) and at the 3′ with the quencher TAMRA 

(tetramethylrhodamine). Primers for β-actin were forward 5′-

CACTCTTCCAGCCTTCCTTC-3′ and reverse 5′-GGATGTCCACGTCACACTTC-3′. 

The probe for β-actin was 5′-TGCCACAGGACTCCATGCCC-3′ and was labeled as 

described for the VSV N probe. RT-PCR was performed with the TaqMan One-Step RT-

PCR Master Mix Reagents kit (Applied Biosystems) as described by the manufacturer 

using 25 μL sample volume with 5 μM primers, 2.5 μM probes, and 0.5 ng sample RNA. 

TaqMan PCR assays were performed using an ABI 7700 instrument (Applied 
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Biosystems, Foster City, CA) using the following amplification profile: 1 cycle at 48°C 

for 30 min, 1 cycle at 95°C for 10 min, and 40 cycles at 95°C for 15 s and 60°C for 

1 min. All samples were tested in triplicate. The critical threshold cycle (Ct) is defined as 

the cycle at which the fluorescence becomes detectable above background and is 

inversely proportional to the logarithm of the initial number of template molecules. A 

standard curve was plotted for each primer-probe set with Ct values obtained from 

amplification of known quantities of plasmid DNA coding for either VSV N or β-actin. 

The standard curves were used to transform Ct values of the experimental samples to the 

relative number of DNA molecules. The quantity of cDNA for each experimental gene 

was normalized to the quantity of the constitutively transcribed control gene (β-actin) in 

each sample. For each cell type, the fold change in transcript levels was determined by 

taking the ratio of the level of VSV N cDNA in each experimental condition to the level 

of β-actin cDNA treated under the same conditions. 

 

Quantification of host and viral protein synthesis. PC3 and LNCaP cells were grown in 

35 mm dishes to about 90% confluence and were infected with VSV at MOIs of 10 and 

50 pfu/cell. At 4, 8, 12, and 24 hrs cells were labeled with a 15 min pulse of 

[35S]methionine (100 μCi/mL) in a small volume of methionine free media. Cells were 

washed with PBS and extracts were prepared by harvesting cells in RIPA buffer. Cell 

extracts were analyzed by SDS-PAGE and the fixed and dried gels were analyzed by 

phosphorescence imaging. Radioactivity of N protein bands and background host 

proteins (three sections from each lane excluding viral protein bands) were quantified 

with ImageQuant software (Molecular Dynamics, Inc.) (50).    
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Western blot analysis. LNCaP and PC3 cells were grown to about 80% confluence in 6-

well plates and were either mock infected or infected with VSV. Cells were solubilized in 

RIPA buffer containing protease and phosphatase inhibitors: 1mM 

phenylmethylsulphonyl fluoride, 1mM benzamidine, 1mM pepstatin, 1mM aprotinin, 

1mM sodium fluoride, 100nM okadaic acid, and 100 nM microcystin. Protein 

concentrations were determined using the Bio-Rad DC Protein Assay (Bio-Rad 

Laboratories) and 10 μg of total protein was loaded onto gels. Proteins were resolved by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 8% polyacrylamide gels. 

Following electrophoresis, proteins were transferred onto polyvinylidene difluoride and 

blocked in PBS containing 0.2% Tween-20 and 0.1% BSA.  Immunoblots were then 

probed with antibodies against total PKR (1:1000; Abcam), phospho-PKR (1:1000; 

Thr451; Abcam), total STAT1 (1:1000; Abcam), phospho-STAT1 (1:1000, Tyr701; 

Abcam), MxA (1:1000; supplied by Dr. Georg Kochs, University of Frieburg), or β-actin 

(1:10,000; Sigma Aldrich Incorporated). The positive control was HeLa cells treated for 

18 hrs with IFN-I followed by 15 min with Calyculin A (CalA). Protein band intensities 

were quantified by scanning and analysis with Quantity One software (Bio-Rad). For 

each protein analyzed, the western blots were exposed together so that expression and/or 

phosphorylation levels could be compared between LNCaP and PC3 cells.  

Caspase-3 activity assays.  Cells were grown to about 70% confluence in 96 well plates.  

Cells were infected with rwt virus or treated with staurosporine (SSP; 1 µg/ml; Cell 

Signaling Technologies).  Duplicate wells were lysed, and caspase-3 activation was 

determined with a fluorogenic substrate for caspase-3 (DVED-AFC; R&D Systems, Inc.).  

According to the manufacturer’s protocol, each sample was incubated for 2h with the 
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peptide substrate and fluorescence intensities were measured at excitation and emission 

wavelengths of 400nm and 505nm, respectively, using a Safire II fluorescent microplate 

reader (Tecan).  Prior to addition of the fluorogenic substrate, 10 µL were removed and 

used to determine the protein concentration by Bio-Rad DC Protein Assay (Bio-Rad 

Laboratories).

Cell Viability Assays.  Cells were grown to 50-70% confluence in 96 well plates and 

were infected with virus at the MOIs indicated in the figure legends.  At various times 

postinfection, the viable cells were measured by MTT assay, according to the 

manufacturer’s protocol (Cell Proliferation Kit 1; Roche Diagnostics).     

Growth Curves.  Cells were grown in duplicate in 6 well dishes and were infected with 

rwt virus at multiplicities of 0.1 pfu/cell (multiple step growth curve) or 50 pfu/cell 

(single step growth curve).  At 1 hr postinfection, the media was aspirated, cells were 

washed twice with PBS, and 3 mL of fresh media was added to the wells.  At the 

indicated times postinfection, 120µL of media was removed from each well and stored 

at-70°C.  120µL of fresh media was added to replace the volume removed, so avoid 

concentrating the virus as the time points were collected.  The virus yield (expressed as 

pfu/mL) was determined by plaque assays on BHK cells.   

Responsiveness to IFN.  Cells were grown in 96-well plates to about 50% confluence, 

and were incubated for 18 hrs with increasing concentrations of IFN-I (6.4–4,000 IU/ml 

of Universal type I IFN, PBL Biomedical Laboratories, New Brunswick, NJ). Cells were 

then infected with rwt virus at an MOI of 50 pfu/cell.  At 24, 48, 72, and 96 hrs 

postinfection, viable cells measured by an MTT assay (Cell Proliferation Kit 1; Roche 
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Diagnostics, Indianapolis, IN). Controls included IFN-untreated cells infected with rwt 

virus and IFN-treated cells that were not infected with rwt virus. Data are the averages of 

at least three experiments.   

 
Establishment of stable cell lines expressing targeted shRNAs for gene silencing.  

Construct of shRNA expression vector plasmids.  The pLU-PURO-LacZ plasmid (gift 

from Guangchao Sui, Wake Forest University Department of Cancer Biology (89)) with a 

U6 promoter and puromycin resistance was used for construction of shRNAs to silence 

the mRNA encoding STAT1, MxA, PKR, and Bcl-xL proteins.  Plasmids were 

constructed as instructed in the article describing this technique  (89).  Two distinct 

targeting sequences were designed for each gene; the sequences of the sense and 

antisense oligonucleotides are listed in Table 1.  The sense and antisense strands were 

annealed and inserted into the pLU-PURO-LacZ vector using the BamH1 and EcoR1 

restriction sites.  A scrambled non-targeting (NT) control shRNA sequence was prepared 

in a similar manner.   

Retroviral transductions.  293T cells were cultured in 100 mm dishes in DMEM 

containing 10% FBS (two dishes were grown per target gene).  Cells were transfected 

with the target plasmid and three packaging plasmids using the Invitrogen calcium 

phosphate transfection kit according to the manufacturer’s instructions.  Cells were 

incubated in transfection media for 4-7 hrs, at which time the media was aspirated and 5 

mL of fresh media was added.  48 hrs later, the supernatant was collected and the 

duplicate plates were pooled.  Supernatants were centrifuged for 90 min at 22,000 RPM.  

The supernatants were gently aspirated and the virus pellet was resuspended in 100 μL of 

sterile PBS overnight at 4°C.  RPMI and polybrene (final concentration 6.4 μg/mL) were 
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added to the resuspended virus pellet to total 750 μL.  This solution was used to infect a 

single well of PC3 cells in 6 well dishes.  Cells were incubated with virus for 4 hrs, 

washed with PBS, and then maintained in RPMI containing Gentamycin for 3 days.  A 

control plasmid encoding eGFP was included as a control for infect, 100% of cells were 

infected and strongly fluorescent.  These cells were maintained in 0.5 μg/mL puromycin.    
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Table 1: Oligonucleotide sequences used for shRNA vector constructs.     

 Oligonucleotide sequence 

STAT1-1-sense 5’-aat tcaaaaaggagaataacttcttgctacaa-3’ 
STAT1-1 

STAT1-1-antisense 5’-agctttgtagcaagaagttattctcctttttg-3’ 

STAT1-2-sense 5’-aattcaaaaaggcaaagagtgatcagaaacaaa-3’ 
STAT1-2 

STAT1-2-antisense 5’-agcttttgtttctgatcactctttgcctttt tg-3’ 

MxA-1-sense 5’-aattcaaaaagaacctctgttccacctgaaa-3’ 
MxA-1 

MxA-1-antisense 5’-agcttttcaggtggaacacgaggttctttt tg-3’ 

MxA-2-sense 5’-aattcaaaaagacatttgagacaatcgtgaaa-3’ 
MxA-2 

MxA-2-antisense 5’-agcttttcacgattgtctcaaatgtctttttg -3’ 

PKR-1-sense 5’-aattcaaaaagtctcagaaataatcaaaa-3’ 
PKR-1 

PKR-1-antisense 5’-agctttttgattatttctgagactttttg-3’ 

PKR-2-sense 5’-aattcaaaaagtaaatattgttcactacaata-3’ 
PKR-2 

PKR-2-antisense 5’-agcttattgtagtgaacaatatttactttttg -3’ 

Bcl-xL-1-sense 5’-aattcaaaaagtgccatcaatggcaacccata-3’ 
Bcl-xL-1 

Bcl-xL-1-antisense 5’-agctt atgggttgccattgatggcactttttg-3’ 

Bcl-xL-2-sense 5’-aattcaaaaagcattcagtgacctgacata-3’ 
Bcl-xL-2 

Bcl-xL-2-antisense 5’-agcttatgtcaggtcactgaatgctttt tg-3’ 
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Results 

 

Chapter 1: 

Early steps of the virus replication cycle are inhibited in prostate cancer cells 

resistant to oncolytic vesicular stomatitis virus 

(The data in Chapter 1 have been published (24)) 

 

Synchronous infection in PC3 cells requires more virus than in LNCaP cells   

Previous studies have shown that human prostate cancer cells display differential 

sensitivity to infection with VSV.  In a single cycle infection, benign prostate cells and 

LNCaP prostate cancer cells are highly susceptible to VSV infection, while PC3 prostate 

cancer cells appear relatively resistant (3).  I suspected that the multiplicity of infection 

(MOI) used for a single cycle infection in LNCaP cells was not sufficient for a single 

cycle infection of PC3 cells.  To test this, LNCaP and PC3 cells were infected with VSV 

at an MOI of 10 pfu/cell, which is predicted to infect 99% of cells, and with an MOI of 

50 pfu/cell.  After 8, 16, and 24 hrs infection, cells were harvested and labeled for surface 

expression of the viral G protein using an anti-G antibody.  The levels of G protein 

expression were determined by flow cytometry.  Figure 1a showed that the majority of 

LNCaP cells express G protein at their surface by 8 hrs postinfeciton when infected with 

either MOI 10 or 50 pfu/cell.  In contrast, after 8 hrs infection, an MOI of 10 resulted in 

only 10% of PC3 cells expressing G protein, and an MOI of 50 increases that to about 

40% of PC3 cells (Fig. 1b).  Increasing the time of infection to 16 hrs resulted in the 

majority of PC3 cells infected at MOI 50 expressing G protein, but cells infected with 
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MOI 10 were still lagging in G protein expression.  These results suggested that PC3 cells 

are not synchronously infected with a theoretical MOI of 10 pfu/cell.   

In order to determine the steps in the replication cycle that are delayed in PC3 

cells, I needed to determine the MOI required for synchronous infection of these cells.  

PC3 cells were mock infected or infected with VSV at MOIs of 1, 5, 10, 50, and 100 

pfu/cell. After 16 hours of infection, cells were harvested and expression of the viral G 

protein at the surface of cells was detected by flow cytometry as described above.  

Figure 2a shows sample histograms of PC3 cells that were mock infected or 

infected at MOIs of 5 or 50 pfu/cell. Cells infected at an MOI of 5 and 50 pfu/cell 

expressed levels of G protein above that of mock infected cells. However, upon infection 

at an MOI of 5 pfu/cell there were two distinct populations of cells expressing either a 

low or a high level of G protein at their surface, whereas in cells infected at an MOI of 

50, there was a single population of cells expressing a high level of surface G protein. 

Histograms from a series of experiments were gated as shown in Fig. 2a. to analyze the 

percentage of PC3 cells in the high expressing population (Fig. 2b). Results indicated that 

an MOI of 50 pfu/cell was required to synchronously infect PC3 cells such that over 90% 

of cells were expressing high levels of VSV G protein at their surface. LNCaP cells were 

more typical of cells lines that are susceptible to VSV, in which an MOI of 10 pfu/cell 

resulted in over 90% of cells expressing high levels of G protein expression (Fig. 2c).  
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Figure 1.  Viral gene expression is delayed in PC3 cells relative to LNCaP cells at both 

MOI 10 and 50 pfu/cell.  LNCaP cells (a) or PC3 cells (b) were infected with rwt virus at 

MOIs of 10 and 50 pfu/cell for the indicated times.  Cells were then labeled for surface 

expression of G protein to indicate infected cells and analyzed by flow cytometry. Data 

are expressed as the percentage of cells expressing G at their surface for each condition.  

Data are the average of two experiments.    
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Figure 2.  Establishment of synchronous infection of VSV in PC3 cells.  PC3 cells were 

infected with rwt virus at various MOIs (1 to 100 pfu/cell) for 16 hrs.  Cells were then 

labeled for surface expression of G protein to indicate infected cells and analyzed by flow 

cytometry.  (a) Histograms show different populations of cells expressing low and high 

levels of G protein in mock-infected PC3 cells and PC3 cells infected at MOIs of 5 and 

50.  (b) The histograms were gated to analyze the high population expressing high levels 

of G protein; the data are expressed as the percentage of cells expressing G protein at 

their surfaces for each condition.  PC3 cells require a high MOI (50 pfu/cell) to establish 

a synchronous infection.  (c) LNCaP cells were infected with MOI of 10 pfu/cell and 

labeled for surface expression of G protein to show that when infected at this MOI, 

LNCaP cells are synchronously infected. 
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Attachment of VSV does not vary markedly among different cell types 

To determine whether the differential sensitivity of LNCaP and PC3 cells to VSV 

was due to reduced binding of virus to PC3 cells, virus attachment was analyzed in 

LNCaP and PC3 cells, while HeLa cells served as a control for a highly permissive cell 

line. Attachment was analyzed using VSV radiolabeled with [35S]methionine. Equal 

amounts of radiolabeled VSV were incubated with HeLa, LNCaP, or PC3 cells for 30, 

60, or 90 minutes, at 4°C (a temperature at which virus penetration is inhibited). Cells  

were washed and the radioactivity associated with each cell type was analyzed using a 

scintillation counter. The results are summarized in Fig.3 which plots the counts per 

minute (CPM) per cell as a percentage of the total input CPM against time. Attachment of 

VSV occurred at low levels to all three cell types, and did not appear to change 

significantly over time. There was a small difference in attachment of VSV to the 

different cell types, such that binding to PC3 cells (open circles) occurred at slightly 

lower levels than attachment to LNCaP cells (closed circles), which in turn was slightly 

lower than that observed to HeLa cells (closed squares). However, these differences were 

not statistically significant, indicating that differences in attachment of VSV are not 

likely to account for differences in virus infection.  
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Figure 3.  VSV attachment is similar among different cell types.  rwt virus particles 

were labeled with [35S]methionine.  HeLa, LNCaP, and PC3 cells were incubated with 

equal amounts of radiolabeled VSV for 30, 60, and 90 minutes at 4°C.  Radioactivity 

associated with each cell type was detected using a scintillation counter; data are 

expressed for each cell type as the CPM per cell as a percentage of the total input CPM 

over time.   
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Penetration of VSV is delayed in PC3 cells compared to LNCaP cells 

The penetration step of the VSV replication cycle was analyzed in PC3 and 

LNCaP cells using two methods. Escape of the virus from the cell surface was measured 

using a neutralizing antibody to the VSV G protein, and escape from endosomes was 

measured using the drug chloroquine. The protocol for the antibody escape is diagramed 

in Fig. 4a. Briefly, cells were infected with VSV (LNCaP at MOI = 10 pfu/cell and PC3 

at MOI = 50 pfu/cell) for 90 minutes at 4°C to allow attachment but inhibit endocytosis. 

Cells were then warmed to 37°C. At the indicated times, neutralizing antibody was added 

to the cells, and cultures were transferred to 4°C for 30 min to maximize antibody 

binding and prevent further endocytosis. Cells were then returned to 37°C for 16 hrs and 

were labeled for surface expression of G protein, which was detected by flow cytometry. 

Fig. 4b shows the percentage of cells expressing G protein on their surface for each 

condition.  

When the neutralizing antibody was added to LNCaP cells immediately before the 

cells were warmed to 37°C (0 min), the number of fluorescent cells was similar to that of 

mock infected negative controls. However, when the antibody was added only 5 minutes 

after warming cells, 50% of the cells expressed G protein after 16 hrs infection, 

indicating that infectious virus had escaped the cell surface of half the cells within 5 min 

at 37°C. In the case of PC3 cells, addition of antibody prior to warming to 37°C (0 min) 

reduced the number of cells expressing G protein to approximately 25% of total cells, 

which was somewhat higher than the negative controls. This likely reflects the larger 

amount of virus used to establish a synchronous infection. Despite the larger amount of  
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Figure 4.  Escape of VSV from the cell surface is delayed in PC3 cells relative to 

LNCaP cells.  Cells were infected with rwt virus (LNCaP cells at an MOI of 10; PC3 

cells at an MOI of 50) for 90 min at 4°C.  As diagramed in panel a, cells were warmed to 

37°C for various times to allow endocytosis to proceed.  After the warming step, a VSV-

neutralizing antibody (I1) was added to cells, and they were transferred to 4°C for 30 min 

to allow antibody binding.  Cells were then incubated at 37°C for 16 hrs, labeled for 

surface expression of G protein, and analyzed by flow cytometry.  Data is expressed as 

the percentage of cells expressing G at their surface for each condition (b).   
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virus, the half time for virus escape from the cell surface was approximately 15 min, 

representing a delay of approximately 10 minutes relative to LNCaP cells.  

  Escape of virus from endosomes was measured using chloroquine, a drug that 

inhibits acidification of the endosome. This protocol, as diagramed in Fig. 5a, is similar 

to the analysis of escape from the cell surface. However, longer time points were 

analyzed since escape from endosomes is a later step in virus penetration. Briefly, cells 

were infected with VSV (LNCaP at MOI = 10 pfu/cell and PC3 at MOI = 50 pfu/cell) 

and chloroquine was added at 0, 15, 30, 45 min, 1, or 2 hr postinfection. Cells were 

harvested 16 hrs after infection, and were labeled for surface expressed G protein which 

was detected by flow cytometry. Fig. 5b shows the percentage of cells with surface 

expression of G protein for each condition. 

When chloroquine and VSV were added to LNCaP cells simultaneously (0 min) 

fewer than 10 % of the cells expressed G at their surface after 16 hrs infection. There was 

no increase in cells expressing G protein when chloroquine was added 15 min after 

infection, indicating that it takes longer than 15 min for the virus to escape from the 

endosome. However, when chloroquine was added 30 min after infection, the majority of 

LNCaP cells expressed G protein after 16 hrs infection. In the case of PC3 cells, when 

chloroquine was added at the time of infection (0 min) or 15 min after infection, a small 

percentage of the cells expressed G protein. Similar to the previously described 

experiment, this can likely be attributed to the larger amount of virus used to establish a 

synchronous infection. When chloroquine was added to PC3 cells 30 or 45 min after 

infection, only 35-45% of cells expressed G protein. Only when chloroquine was added 2 

hrs after infection did most of the PC3 cells express G protein. From these data, the 
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Figure 5.  VSV escape from the endosome is delayed in PC3 cells relative to LNCaP 

cells.  As diagramed in panel a, cells were infected with rwt virus (LNCaP cells at an 

MOI of 10; PC3 cells at an MOI of 50) and at various times postinfection were treated 

with 100 µM chloroquine (to inhibit acidification of the endosome).  Sixteen hours later 

cells were harvested and labeled for surface expression of G protein and analyzed by flow 

cytometry.  Data is expressed as the percentage of cells expressing G at their surface for 

each condition (b). 
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halftimes for virus escape from endosomes were estimated to be 23 min in LNCaP cells 

and 52 min in PC3 cells, representing a delay of almost 30 min.  

 

Primary transcription is delayed in PC3 cells relative to LNCaP cells.     

Following penetration, the viral nucleocapsid is released into the cytoplasm where 

the parental genome undergoes primary transcription. Once sufficient levels of viral 

proteins accumulate, the parental genome undergoes replication to generate progeny 

genomes which then undergo secondary transcription. VSV primary and secondary 

transcription were analyzed in cells treated or not treated with cycloheximide to inhibit 

viral protein synthesis. Because genome replication requires new protein synthesis, cells 

treated with cycloheximide only undergo primary transcription. Cells were infected in the 

absence or presence of cycloheximide (LNCaP at MOI = 10 pfu/cell and PC3 at MOI = 

50 pfu/cell). Total RNA was harvested from cells after 2, 4, 8, and 12 hrs of infection and 

the levels of VSV N RNA were detected using reverse transcription real time PCR. The 

VSV N RNA levels were normalized to actin mRNA levels at each time point. The 

results of primary transcription analysis are shown in Fig. 6a. There was a delay in 

primary transcription in PC3 cells relative to LNCaP cells such that VSV-infected PC3 

cells required 8 hrs to accumulate levels of VSV N RNA comparable to the levels that 

LNCaP cells accumulated when infected for only 2 hrs. Therefore, I conclude that 

relative to LNCaP cells, VSV primary transcription is delayed by approximately 6 hrs in 

PC3 cells.  

Figure 6b shows analysis of N RNA accumulation in the absence of 

cycloheximide. The levels of N detected can mostly be attributed to the amplification of  
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Figure 6.  Primary transcription of rwt virus is delayed in PC3 cells relative to LNCaP 

cells.  Cells were infected with rwt virus (LNCaP cells at an MOI of 10; PC3 cells at an 

MOI of 50) for 2, 4, 8, and 12 hrs in the presence (a) and absence (b) of cycloheximide.  

Total RNA was harvested and levels of VSV N cDNA were analyzed by reverse 

transcriptase real time PCR.  N cDNA levels were compared to β-actin cDNA at each 

condition.  Data are expressed as the ratio of N cDNA to actin cDNA.       
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viral gene expression during secondary transcription. Similar to results with primary 

transcription, there was a delay in secondary transcription such that VSV-infected PC3 

cells required between 8-12 hrs to accumulate a level of VSV N RNA comparable to the 

level LNCaP cells accumulated when infected for only 4 hrs. This result suggests that the 

delay in secondary transcription in PC3 cells relative to LNCaP cells was mostly due to 

the delay in primary transcription, because there was not much difference in the timing of 

the delay observed in primary versus secondary transcription.  

 

VSV protein synthesis rates in PC3 cells are reduced at early times and increased at 

later times, relative to LNCaP cells 

Figure 7 shows the rates of VSV and host protein synthesis in LNCaP and PC3 

cells. Cells were mock infected or infected with VSV at either an MOI of 10 or 50 

pfu/cell. At 4, 8, 12, and 24 hrs postinfection, cells were pulsed with [35S]methionine, and 

were harvested for analysis by SDS-PAGE and phosphorescence imaging. Representative 

images for LNCaP and PC3 cells are shown in Figs.7 a and d, respectively. Fig.7 a shows 

three major results that are typical of VSV infection of sensitive cell lines such as LNCaP 

cells. First, viral protein synthesis peaked early in infection and declined at late times 

postinfection. Second, host protein synthesis was rapidly shut off, a result of the ability of 

the VSV M protein to inhibit host gene expression. Third, the synthesis of viral proteins 

and the inhibition of host protein synthesis were largely independent of MOI in this 

range. These three results were different for VSV infection of PC3 cells as shown in 

Fig.7 d. In PC3 cells, viral protein expression was delayed and was barely detectable at 

early times of infection. Host protein synthesis was inhibited, but the shut off was more  
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Figure 7.  Analysis of protein synthesis in PC3 cells and LNCaP cells infected with rwt 

virus.  Both LNCaP cells (a, b, and c) and PC3 cells (d, e, and f) were infected with rwt 

virus at MOIs of 10 and 50 pfu/cell.  At various times postinfection cells were labeled 

with [35S]methionine.  Lysates were analyzed by SDS-PAGE and phosphorescence 

imaging (a and d).  Viral proteins are indicated to the right of each gel.  The radioactivity 

of the VSV N protein bands was quantified and is shown for LNCaP cells in panel b and 

for PC3 cells in panel e.  The radioactivity of background host protein synthesis (taken 

from three sections of each lane that exclude viral protein bands) was quantified and is 

shown for LNCaP cells in panel c and for PC3 cells in panel f.  Relative to LNCaP cells, 

there is a delay in viral protein synthesis in PC3 cells, but it is similar to the delay seen in 

primary transcription.   
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gradual than in LNCaP cells. As expected from Fig. 2, the expression of viral proteins in 

PC3 cells was dependent on MOI, since infection at an MOI of 10 pfu/cell was 

asynchronous.  

Viral and host protein synthesis were quantified and results of multiple 

experiments are shown in Figs. 7 b, c, e, and f. As a representative of viral protein 

synthesis (Figs. 7 b and e), the density of the VSV N protein band (the most abundant 

viral protein) was determined and is expressed for both cell types a percentage of the 

level of N protein in LNCaP cells infected at an MOI of 50 pfu/cell for 4 hrs. In LNCaP 

cells infected with an MOI of either 10 or 50 pfu/cell, N protein expression was highest at 

4 hrs postinfection and declined similarly over the course of infection (Fig. 7b). In 

contrast, when PC3 cells were infected at an MOI of 10 pfu/cell, there was very little N 

protein expression at 4 and 8 hrs postinfection (Fig. 7e). However, by 24 hrs 

postinfection, N protein synthesis in PC3 cells was higher than the maximum rate of 

synthesis in LNCaP cells. When PC3 cells were infected with an MOI of 50 pfu/cell, N 

protein synthesis was detectable earlier than when cells were infected with an MOI of 10 

pfu/cell, although N protein synthesis was still delayed relative to LNCaP cells. However, 

by 8 hrs postinfection with an MOI of 50 pfu/cell, N protein synthesis was maximal in 

PC3 cells at a level almost 2-fold higher than the maximum rate in LNCaP cells. The 

high level of viral protein synthesis in PC3 cells at later times postinfection was 

unexpected, since the level of production of progeny virus at 24 hrs postinfection was 

about 13 fold less in PC3 cells compared to LNCaP cells (though by 48 hrs, viral titers 

were similar between these cell types) (3). This indicates that there is also a delay in 

assembly of these proteins into infectious virions.         
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Host protein synthesis was calculated by analyzing radioactivity in three areas in 

each lane devoid of viral protein bands. Host protein synthesis in LNCaP and PC3 cells is 

shown in Figs.7c and f as a percentage of host protein synthesis in control mock infected 

cells. In LNCaP cells, host protein synthesis was reduced to 60% of control by 4 hrs 

postinfection and to about 25% by 8 hrs (Fig. 7c). In contrast, host protein synthesis in 

PC3 cells was not reduced at 4 hrs postinfection and was still around 70% of mock 

infected cells at 8 hrs postinfection (Fig. 7f). Host protein synthesis declined to about 

30% of that of mock infected cells by 24 hrs postinfection. These data indicate that host 

protein synthesis was shut off in PC3 cells infected with VSV, but this shut off was 

delayed relative to LNCaP cells.     

 

PC3 cells constitutively overexpress antiviral proteins  

 The observation that multiple steps in the VSV replication cycle are delayed in 

PC3 cells suggests that PC3 cells have some of the properties of cells in an antiviral state, 

since one of the characteristics of antiviral responses is that they affect multiple steps in 

virus replication. This hypothesis was tested by performing microarray analysis of 

mRNAs encoding antiviral proteins expressed in mock- or rwt virus-infected LNCaP 

cells and PC3 cells.  Microarray experiments performed by M. Ahmed and S. Puckett 

revealed that PC3 cells constitutively express higher levels of antiviral mRNAs than 

LNCaP cells (24).  Data from those experiments led to the selection of three antiviral 

genes that have potential impact on PC3 cell resistance, and are further analyzed in this 

thesis.    
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Western blot analyses were used to determine whether expression of the selected antiviral 

mRNAs reflected corresponding proteins levels. Figure 8 shows analysis of MxA, 

STAT1, and PKR proteins as examples of genes detected only in PC3 cells (MxA, 

Fig.8a), detected in both cell types but overexpressed in PC3 cells (STAT1, Fig.8b), and 

detected in both cell types at levels that were not significantly different (PKR, Fig.8c). 

Expression and/or phosphorylation of these proteins was assessed in both LNCaP cells 

and PC3 cells during a time course of rwt virus infection. IFN-I treated HeLa cells were 

used as positive controls.   

The anti-MxA antibody detected a band corresponding to MxA after IFN-I 

treatment in HeLa cells (Fig. 8a). The antibody also detected a non-specific protein that 

ran slightly below MxA, as seen in the negative control (HeLa-mock). This non-specific 

signal, but not the MxA band, was detected in LNCaP cells, both mock- and VSV-

infected. However, the band representing MxA was detected in both mock- and VSV-

infected PC3 cells. Despite the suspected IFN-I signaling in PC3 cells, I did not see an 

increase in MxA expression after infection with rwt virus. This is likely a result of the M 

protein shutting off host gene expression. The MxA western blots confirmed the 

microarray data, in which the Mx1 message was not expressed in LNCaP cells, but was 

detected in PC3 cells.  
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Figure 8.  PC3 cells constitutively express antiviral proteins that may provide 

immediate protection against VSV infection.  Western blotting was performed on 

LNCaP and PC3 cell lysates to detect the expression levels and/or activation status of 

MxA (a), STAT1 (b), and PKR (c) during a time course of rwt virus infection.  Cells 

were infected with rwt virus (LNCaP cells at an MOI of 10; PC3 cells at an MOI of 50), 

and lysates were prepared at the indicated times postinfection.  The control for each 

Western blot was HeLa cells treated for 18 hrs with IFN-α and 15 min with CalA, and 

actin protein expression levels were included to demonstrate equal loading among lanes.  

(a) Induction of MxA protein expression was detected with an antibody against total 

MxA.  (b) Total STAT1 protein expression and STAT1 phosphorylation status were 

detected using total and phospho-specific antibodies.  (c) Similarly, total PKR protein 

expression and PKR phosphorylation status were detected using total and phospho-

specific antibodies.  The positive signal for phospho-PKR was indicated by a doublet of 

bands, which was masked in the control lane due to very strong signal strength in this 

sample. 
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There was no detectable STAT1 phosphorylation in LNCaP cells at any time 

tested (Fig. 8b). Despite the lack of functional Jak1 in LNCaP cells (32), which is critical 

for IFN-I signaling, total STAT1 increased during the time course of infection in LNCaP 

cells. This is likely due to signals other than IFN-I, produced during virus infection. 

Although not apparent in the figure, STAT1 was detectable in mock infected LNCaP 

cells using longer exposure times. Total STAT1 expression was higher in PC3 cells than 

LNCaP cells, as expected from the microarray data, and increased slightly following 

VSV infection. In PC3 cells, phospho-STAT1 was detected at 4 hrs postinfection and was 

increased at 8 hrs postinfection, consistent with the presence of IFN-I signaling in these 

cells.   

Similar to what was observed for STAT1 activation, phospho-PKR was not 

detected in mock- or VSV-infected LNCaP cells (Fig. 8c). Total PKR expression was 

similar between the two cell types and remained constant during VSV infection. 

Surprisingly, phospho-PKR was detected in mock infected PC3 cells. PKR remained 

phosphorylated during VSV infection in PC3 cells until 4 hrs postinfection, after which it 

was not detected. This result indicates that infection of PC3 cells with VSV induces the 

dephosphorylation of PKR, and this correlates with the increase in viral protein 

translation between 4 and 8 hrs postinfection (Fig. 6e). 
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Chapter 2: 

Resistance to vesicular stomatitis virus is intrinsic to PC3 prostate cancer cells 

 

 The experiments in Chapter 1 demonstrated that relative to LNCaP prostate 

cancer cells, PC3 prostate cancer cells are resistant to VSV infection.  I found that several 

steps of the virus replication cycle are delayed in PC3 cells. This is characteristic of a 

typical antiviral response.  Induction of IFN-I signaling activates expression of many 

antiviral effector genes, and it is thought to be the collective effect of those gene products 

that achieves what is broadly termed the antiviral response.  I also found that in the 

absence of any infection, PC3 cells constitutively express higher levels of antiviral 

proteins than LNCaP cells.  Based on these observations, I wanted to test the hypothesis 

that VSV infection causes a rapidly induced antiviral response in PC3 cells, enabling 

them to delay the virus replication cycle and thus delay the consequences of infection.  

The alternative hypothesis I wanted to test is that the resistance observed can be 

attributed to characteristics intrinsic to these PC3 cells, not to an induced response.   

 My first approach to test these hypotheses was to compare the effects of two 

viruses in PC3 cells.  The experiments in Chapter 1 were performed using a recombinant 

wild type VSV (rwt virus). rwt virus infection can be compared to infection with another 

virus which is isogenic to rwt virus with the exception of a mutation in the gene encoding 

the viral matrix (M) protein (rM51R virus).  Due to the effects of the wild type M protein, 

the rwt virus is a powerful inhibitor of host gene expression. Antiviral genes are among 

those whose expression is inhibited during rwt virus infection.  In contrast, the rM51R 

virus cannot inhibit host gene expression, and as a result, infection with rM51R virus 
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induces an antiviral response.  A comparison of the infectious cycle of these two viruses 

tests our hypotheses because any response that depends on new host gene expression in 

PC3 cells infected with rwt virus will be enhanced during infection with rM51R virus.  

Therefore, if the induced response is important in PC3 cell resistance to VSV, these cells 

should have increased resistance to rM51R virus compared to rwt virus.   

 

Infection with rM51R virus induces an antiviral response in PC3 cells 

LNCaP cells are known to have defective IFN-I responses, while in PC3 cells this 

response is intact.  I first confirmed my assumption that rM51R virus infection induces a 

response in PC3 cells by analyzing protein induction and activation during virus infection 

in LNCaP cells (MOI 10) and PC3 cells (MOI 50).  Western blots were used to detect 

expression of the IFN-I induced protein MxA (Fig. 9a), and the levels and 

phosphorylation (activation) of the transcription factor involved in the IFN-I signaling 

pathway, STAT1 (Fig. 9B), during a time course of rM51R virus infection.  IFN-I treated 

HeLa cells were used as positive controls.   

     Similar to what I observed in Fig. 8a, the anti-MxA antibody detected a band 

corresponding to MxA after IFN-I treatment in HeLa cells (Fig. 9a).  The band 

representing MxA was not detected in LNCaP cells, either mock infected or during the 

time course of rM51R virus infection.  In contrast, the band representing MxA was 

present in mock infected and rM51R virus infected PC3 cells.  MxA levels increased 

after 6 hrs postinfection in PC3 cells, which is consistent with IFN-I signaling induced by 

rM51R virus infection. 
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Figure 9.  rM51R virus infection induces antiviral protein expression and/or activation 

in PC3 cells.  Western blotting was performed on LNCaP and PC3 cell lysates to detect 

the expression levels and/or activation status of antiviral proteins MxA (a) and STAT1 

(b) during rM51R virus infection to demonstrate the antiviral response established in PC3 

cells.  Cells were infected with rM51R virus (LNCaP cells at an MOI of 10; PC3 cells at 

an MOI of 50), and lysates were prepared at the indicated times postinfection.  The 

control for each Western blot was HeLa cells treated for 18 hrs with IFN-α and 15 min 

with CalA, and actin protein expression levels were included to demonstrate equal 

loading among lanes.  (a) MxA protein expression increased during rM51R virus 

infection in PC3 cells but not in LNCaP cells.  (b) Total STAT1 protein expression 

increased and STAT1 phosphorylation was robust in PC3 cells, but not in LNCaP cells.   
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 Little if any STAT1 phosphorylation was detected in LNCaP cells during most of 

the time course (Fig. 9b).  This was expected because LNCaP cells have compromised 

IFN-I signaling (32, 75) which results in inability to phosphorylate STAT1.  The low 

level of phosphorylation at 4 hr can likely be attributed to other signals that result from 

virus infection.  In contrast, phosphorylation of STAT1 was robust in PC3 cells infected 

after 4 and 8 hrs of rM51R virus infection (Fig. 9b).  This signal was much more intense 

than the level of phosphorylation detected in PC3 cells infected with rwt virus (Fig. 8b).  

These results are consistent with an rM51R virus-mediated induction of interferon 

signaling.  Total levels of STAT1 were increased during virus infection in both LNCaP 

and PC3 cells.  In LNCaP cells, this increase was similar to what was observed during a 

time course of rwt virus infection.  The pattern of total STAT1 expression in PC3 cells 

was similar during rwt virus and rM51R virus infections, although the increase in 

expression appeared to be more robust during infection with rM51R virus, again 

consistent with induced antiviral signaling.   

 As a further test for induction of an antiviral response, I compared cell killing by 

rwt virus and rM51R virus under multiple cycle and single cycle conditions (Fig. 10).  I 

also compared another prostate cancer cell line, DU145 cells, which was previously 

shown to be resistant to VSV (M. Ahmed, unpublished data).  The low MOI of 0.1 

pfu/cell (Fig. 10a) is a condition where very few cells are initially infected and as a result, 

the infected cells are able to produce signals to activate an antiviral response in an 

attempt to protect surrounding uninfected cells in the population.  The high MOI tested, 

50 pfu/cell (Fig. 10b), is the condition at which PC3 cells are synchronously infected.  

PC3 or DU145 cells were infected for 24, 48, or 72 h at which time the number of viable 
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cells was determined using an MTT assay.  The data is plotted to reflect the percentage of 

viable cells relative to mock-infected cells.  Both cell types were resistant to killing by 

both viruses at the low MOI infections (Fig. 10a).  PC3 cells were more resistant to 

killing by rM51R virus at 72 hrs postinfection than they were to killing by rwt virus 

(rM51R virus killed 30% of cells versus rwt virus killing 50% of cells).  A similar pattern 

was observed for DU145 cells, although these cells are overall more resistant to VSV-

induced killing.  This result confirms the increased antiviral response that is induced by 

rM51R virus infection.  Similar to the low MOI infection, both cell types were more 

resistant to killing by rM51R virus than by rwt virus in the high MOI infection.  For PC3 

cells this was most evident at 72 hrs postinfection, where rwt virus killed about 75% of 

cells while rM51R virus about 50% of cells.  When infected with rwt virus, DU145 cells 

responded similarly to PC3 cells, about 70% of cells killed by 72 hrs postinfection.  

DU145 cells infected with a high MOI of rM51R virus were very resistant, because the 

virus killed only 30% of cells by 72 hrs postinfection.  These results indicate that the 

response induced by rM51R virus can affect the outcome of infection in both a multiple 

cycle and a single cycle infection.   
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Figure 10.  The response induced by rM51R virus infection delays VSV-induced cell 

killing of PC3 and DU145 cells.  PC3 cells and DU145 cells were infected with either 

rwt virus or rM51R virus at MOIs of 0.1 (a) and 50 (b) pfu/cell.  At the indicated times 

postinfection, live cells were measured by MTT assay.  Data are expressed as the viable 

cells as a percentage of mock infected cells.  Data are the average of two experiments.          
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 The experiments in Fig. 2 demonstrated that high multiplicities of virus were 

required to synchronously infect PC3 cells with rwt virus.  To further test whether the 

induced response is important for PC3 cell resistance, I compared the multiplicities 

required for synchronous infection by rwt virus to rM51R virus in PC3 cells.  This assay 

was also performed in another VSV-resistant cell line, DU145 cells.  For these 

experiments, PC3 cells (Fig. 11a) and DU145 cells (Fig. 11b) were mock-infected or 

infected with either rwt virus or rM51R virus at the increasing MOIs of 0.1, 1, 5, 10, and 

50 pfu/cell.  Cells were harvested after 16 hrs infection and were labeled for surface 

expression of G protein which was detected by flow cytometry.  For both cell types, the 

amount of surface expressed G protein was similar whether cells were infected with rwt 

virus or rM51R virus.  The response induced by rM51R virus did not increase PC3 cells 

resistance to VSV at any MOI tested.  DU145 cells responded similarly, both viruses 

resulted in similar levels of G protein surface expression at each MOI tested.  These cells 

appeared remarkably more resistant to VSV than PC3 cells because even at the highest 

MOI of 50 pfu/cell, at which the majority of PC3 cells express G protein at their surface, 

less than 50% of DU145 cells expressed G protein.   
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Figure 11.  Viral gene expression in resistant prostate cancer cells is not affected by the 

rM51R virus-induced antiviral response.  PC3 cells (a) and DU145 cells (b) were 

infected with both rwt virus and rM51R virus at various MOIs (0.1 to 50 pfu/cell).  

Sixteen hours later cells were harvested and labeled for surface expression of G protein 

and analyzed by flow cytometry.  Data is expressed as the percentage of cells expressing 

G at their surface for each condition.   
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Despite the response induced by rM51R virus infection of PC3 cells, a previous 

study found no difference between rwt virus and rM51R virus when analyzing for either 

surface expression of viral G protein or for titers reached during viral growth curves in 

PC3 cells (3).  I wanted to determine whether there were any differences between the two 

viruses at an earlier step of the viral replication cycle, at the level of primary or secondary 

transcription.  LNCaP cells and PC3 cells infected with rM51R virus were analyzed for 

expression of the viral N mRNA using real-time RT-PCR.  Data in Chapter 1 

demonstrated a large delay in rwt virus primary transcription in PC3 cells relative to 

LNCaP cells.  If the induced response is important in making PC3 cells resistant to VSV, 

then I would expect that infection with rM51R virus would result enhancing the 

resistance of these cells, and I would see a larger delay in primary transcription.   

 Primary and secondary transcription rates for rM51R virus were analyzed in 

LNCaP cells and PC3 cells as described for Fig. 6.  Cells were infected in the absence or 

presence of cycloheximide (LNCaP at an MOI of 10 and PC3 at an MOI of 50). Total 

RNA was harvested from cells after 2, 4, 8, and 12 hrs of infection and the levels of VSV 

N RNA were detected using reverse transcription real time PCR.  The rM51R virus N 

RNA levels were normalized to cellular actin mRNA levels at each time point. The 

results of primary transcription analysis are shown in Figure 12a. There was a delay in 

primary transcription in PC3 cells relative to LNCaP cells such that rM51R virus-infected 

PC3 cells required 4 hrs to accumulate levels of N RNA comparable to the levels that 

LNCaP cells accumulated when infected for only 2 hrs, and this delay increases at 

subsequent time points. Therefore, I conclude that relative to LNCaP cells, primary 

transcription of rM51R virus is delayed in PC3 cells. 
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Figure 12.  Primary transcription of rM51R virus is delayed in PC3 cells relative to 

LNCaP cells.  Cells were infected with rM51R virus (LNCaP cells at an MOI of 10; PC3 

cells at an MOI of 50) for 2, 4, 8, and 12 hrs in the presence (a) and absence (b) of 

cycloheximide.  Total RNA was harvested and levels of VSV N cDNA were analyzed by 

reverse transcriptase real time PCR.  N cDNA levels were compared to β-actin cDNA at 

each condition.  Data are expressed as the ratio of N cDNA to actin cDNA.     
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Figure 12b shows analysis of N RNA accumulation in the absence of 

cycloheximide. The levels of N detected can mostly be attributed to the amplification of 

viral gene expression during secondary transcription. Similar to results with primary 

transcription, there was a delay in rM51R virus secondary transcription.  By 4 hrs 

postinfection, LNCaP cells reach a level of N RNA that is never reached in PC3 cells, 

even after 12 hrs postinfection. 

Interestingly, the delays in both primary and secondary transcription in PC3 cells 

were not enhanced when cells were infected with rM51R virus (as compared to rwt virus, 

contrast Figs. 6 and 12).  Primary and secondary transcription rates of rwt virus and 

rM51R virus are similar in LNCaP cells, but in PC3 cells rM51R virus transcription rates 

appear slightly faster than rwt virus transcription.  This indicates that the response 

induced by rM51R virus-infection of PC3 cells did not lengthen the delay observed at the 

level of primary transcription.  If anything, there is less of a delay in primary 

transcription for rM51R virus than for rwt virus.       

 

Is the induced response important for PC3 cell resistance to VSV? 

         The experiments described above suggest that while VSV infection of PC3 cells 

does induce an antiviral response, enhancing that response by infection with an IFN-I 

inducing strain of VSV does not increase PC3 cell resistance.  Our second approach to 

further test the role of an induced response in PC3 cell resistance was to reduce 

expression of key elements of the antiviral response pathway.  To do this, I generated 

lentiviral based vectors expressing shRNA targeted to sequences of antiviral genes 

encoding STAT1, MxA, and PKR proteins.  Two sequences were designed per target 
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gene, and stable PC3 cells lines were established with reduced expression of these three 

proteins.  The clones with the most efficient reduction in expression were selected for 

further analysis, and they were tested for their response to VSV infection.  Figure 13 

shows the western blots used to detect expression of STAT1 (a), MxA (b), and PKR (c) 

in PC3 cells infected with lentiviruses harboring the shRNA sequences.  The clones with 

the most efficient silencing were selected for further analysis.  STAT1 silencing in the 

two clones was similar and very efficient such that STAT1 protein could not be detected 

by western blot.  The second STAT1 clone was chosen for further analysis.  The first 

MxA clone was efficiently silenced, and MxA could not be detected by western blot, but 

the second clone had robust MxA expression.  The first MxA clone was chosen for 

further analysis.  PKR was not efficiently silenced in the first clone, so the second clone 

was selected.  PKR expression in this clone is reduced by about 50% compared to the 

parental PC3 cells and the NT shRNA control cells.   
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Figure 13.  Antiviral protein expression in stable PC3 cell lines with silenced STAT1, 

MxA, and PKR.  PC3 cells were infected with lentiviruses harboring shRNA sequences 

targeting either STAT1, MxA, or PKR to establish stable cell lines with reduced 

expression of these proteins.  Western blotting was performed on PC3 cell lysates to 

detect the expression levels of STAT1 (a), MxA (b), or PKR (c) in each stable cell line.  

For each cell line, the clone with the most efficient reduction in protein expression was 

selected for further study.      
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  Effect of silencing STAT1 protein expression in PC3 cells.  

 STAT1 plays an integral role in IFN-I signaling.  It is phosphorylated downstream 

of the activated IFN-I receptor, and once phosphorylated it participates in the formation 

of a transcription factor necessary for activating the expression of many IFN-stimulated 

genes.  Silencing the expression of this protein in PC3 cells could provide insight into the 

importance of the IFN-I signaling pathway in making these cells resistant to VSV.  

Figure 14 shows western blot analysis of STAT1 total protein levels in STAT1 shRNA 

cells during a time course of rwt virus infection (MOI = 50 pfu/cell), and also in mock-

infected STAT1 shRNA cells, parental PC3 cells, and non-targeted (NT) control shRNA 

cells (NT shRNA).  This figure shows that shRNA mediated silencing of STAT1 was 

effective, and that the levels of STAT1 did not increase during virus infection.    
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Figure 14.  Efficient silencing of STAT1 protein in PC3 cells is not induced during rwt 

virus infection.  Western blotting was performed to detect STAT1 protein expression 

levels in lysates prepared from parental PC3 cells, PC3 cells infected with non-targeted 

(NT) shRNA, and PC3 cells infected with STAT1 shRNA.  rwt virus infection did not 

increase STAT1 protein expression in STAT1 shRNA cells.    
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The functional knockdown of STAT1 in PC3 cells was tested using an IFN-I 

protection assay.  In cells with functional STAT1, pretreatment with IFN-I will activate a 

signaling pathway to establish an antiviral response in the cells, protecting these cells 

from virus infection.  For this experiment, PC3 cells, NT shRNA cells, and STAT1 

shRNA cells were incubated with titrated doses of IFN-I for 18 hrs prior to virus 

infection.  Cells were then infected with rwt virus (MOI = 50 pfu/cell) for 24, 48, 72, and 

96 hr, at which times the number of viable cells was determined by MTT assay.  Figure 

15 shows the viable cells as the percentage of mock-infected cells after 96 hrs of virus 

infection.  The titrations for the parental PC3 cells and the NT shRNA cells are quite 

similar, increasing amounts of IFN-I protects these cell lines to similar degrees.  In cells 

with silenced STAT1, protection of cells by IFN-I pretreatment was significantly reduced 

at most IFN-I concentrations.  The amount of IFN-I required to protect 50% of PC3 and 

NT shRNA cells was about 100 IU/mL, whereas the amount of IFN-I required to protect 

50% of STAT1 shRNA cells was closer to 4,000 IU/mL.  Reducing the levels of STAT1 

had the predicted effect of making cells less responsive to IFN-I protection.   
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Figure 15.  Silencing STAT1 makes PC3 cells less responsive to IFN-I mediated 

protection from VSV-induced cell killing.  Parental PC3 cells (open diamonds), NT 

shRNA control cells (open squares) and STAT1 shRNA cells (closed circles) were 

pretreated with IFN-I for 18 hrs and were then infected with rwt virus (MOI=50).  At 24, 

48, 72, and 96 hrs postinfection, live cells were measured by MTT assay.    Results 

presented here are from the 96 hr infection.  Data are expressed as the viable cells as a 

percentage of mock-infected cells and mock-treated cells. 
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I have shown that virus infection induces an antiviral response in PC3 cells (Fig. 

9), and I have established cells with functionally silenced STAT1.  Using these cells I 

could further test the hypothesis that the induced response is important in making PC3 

cells resistant to VSV infection.  The first experiment I did to test this hypothesis was to 

measure viral titers in both multiple cycle and single cycle growth curves.  Cells were 

infected with a low MOI of 0.1 pfu/cell or a very high MOI of 50 pfu/cell.  At various 

times postinfection, aliquots of culture media were removed, and the amount of virus in 

those aliquots was measured by plaque assay.  Under multiple cycle infection (MOI 0.1 

pfu/cell) conditions, a very small percentage of cells in the population are initially 

infected, and those infected cells can initiate a paracrine antiviral response; this response 

will slow the spread of virus and therefore will slow the virus growth rate.  If STAT1 

were important in making PC3 cells resistant to virus infection, then reducing expression 

of this protein should result in a more rapid growth rate in the multiple cycle infection.  

This was not the result.  Instead, the STAT1 shRNA cells supported virus growth at a rate 

very similar to both the parental PC3 cells and the NT shRNA cells (Fig. 16a).  Cells 

infected under single cycle infection (MOI 50) are synchronously infected, and therefore 

any signaling that occurs would be autocrine in nature.  Again, if STAT1 were important 

to PC3 cell resistance, I would expect to see an enhancement of the viral growth rates.  

Under these conditions, the STAT1 shRNA cells had an abrogated growth rate compared 

to the NT shRNA cells, and even more so compared to the parental PC3 cells.  The rate 

of virus growth was slower and the final titers reached after 48 hr infection were actually 

somewhat lower in the STAT1 shRNA cells.  These results suggest that a STAT1-

mediated induced response is not important in the resistance of PC3 cells to VSV  
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Figure 16.  Silencing STAT1 does not accelerate viral growth in PC3 cells.  Parental 

PC3 cells, NT shRNA control cells, and STAT1 shRNA cells were infected with 0.1 

pfu/cell (a, multiple step growth curve) or 50 pfu/cell (b, single step growth curve).  

Small aliquots of culture media were collected at the indicated times postinfeciton, and 

viral titers were measured by plaque assay.  Data are the average of two experiments.      
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infection, and instead support the alternative hypothesis that PC3 cells have intrinsic 

resistance.   

 I also measured the effect of silenced STAT1 in PC3 cells by measuring viral 

protein synthesis rates in STAT1 shRNA cells.  The experiments in Figure 7 compared 

viral protein synthesis rates in VSV-resistant PC3 cells to VSV-sensitive LNCaP cells 

infected at two MOIs, MOI = 10 pfu/cell, which synchronously infects LNCaP cells, and 

MOI = 50 pfu/cell, which synchronously infects PC3 cells.  The observations in this 

assay represent the accumulation of delays at each step of the virus replication cycle that 

I observed in PC3 cells.  In these experiments, viral gene expression was delayed in PC3 

cells, and increasing the MOI resulted an earlier detection of viral proteins.  I decided to 

use this approach to determine whether an induced response through STAT1 is important 

in PC3 cell sensitivity to virus.  Cells were infected with rwt virus at MOIs of 10 and 50 

pfu/cell.  At 4, 8, 12, and 24 hrs postinfection, cells were pulsed with [35S-]methionine 

and were harvested for analysis by SDS-PAGE and phosphorescence imaging.  Figure 17 

shows representative images for PC3 cells (a), NT shRNA cells (b) and STAT1 shRNA 

cells (c).  The graphs below each gel image reflect the quantification of the viral M 

protein signal in each gel, which is expressed as a percentage of the signal strength at 

MOI 50, 24 hr for each cell line.  I detected no difference in the patterns of protein 

synthesis in the parental PC3 cells, NT shRNA cells, and the STAT1 shRNA cells.  This 

is further support for the intrinsic model of resistance, because if STAT1 expression were 

important for PC3 cell resistance to VSV, reducing expression would make these cells 

more sensitive and I would be able to detect an acceleration of viral protein synthesis, 

particularly in cells infected at an MOI of 10 pfu/cell.   
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Figure 17.  Analysis of viral protein synthesis rates in PC3 cells with silenced STAT1.  

Parental PC3 cells (a), NT shRNA control cells (b), and STAT1 shRNA cells (c) were 

infected with rwt virus at MOIs of 10 and 50 pfu/cell.  At various times postinfection 

cells were labeled with [35S]methionine.  Lysates were analyzed by SDS-PAGE and 

phosphorescence imaging.  Viral proteins are indicated to the right of each gel.  The 

radioactivity of the bands corresponding to the VSV M protein were quantified and is 

shown in the graphs below each gel image as the amount of M protein as a percentage of 

the MOI 50, 24 hr sample for each cell type.  Data represent the average of two to three 

experiments.  The patterns of viral protein expression are not affected by silenced STAT1 

in PC3 cells.     
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Effect of silencing MxA protein expression in PC3 cells. 

MxA expression typically requires IFN-I signaling.  It is downstream of STAT1 

signaling, and its role in the antiviral response is to inhibit gene expression of several 

viruses.  The observation that PC3 cells constitutively express MxA in the absence of 

IFN signaling suggested that constitutive expression of MxA may play a role in the 

intrinsic resistance of PC3 cells to VSV.  Among the IFN-I inducible proteins that are 

constitutively expressed in PC3 cells, I chose to analyze this protein because MxA has 

been shown to inhibit primary transcription of VSV, and I have demonstrated that 

primary transcription of VSV is delayed in PC3 cells by several hours (Fig. 6a).   

Similar to the experiments described in Fig. 17 above, I compared viral protein 

synthesis rates in PC3 cells, NT shRNA cells, and in MxA shRNA cells.  This readout 

was used as a surrogate readout for primary transcription, which was the step with the 

biggest delay in the virus replication cycle in PC3 cells.  If constitutive expression of 

MxA was important for making PC3 cells resistant to VSV infection, then reducing MxA 

expression should increase viral primary transcription, and I would be able to detect viral 

proteins at earlier times postinfection in MxA shRNA cells.  Figure 18 shows the 

representative gel images and quantification of the viral M protein signal for PC3 cells 

(a), NT shRNA cells (b) and MxA shRNA cells (c).  Rather than accelerating the rate of 

viral protein synthesis, reduced expression of MxA caused a slight delay, which most 

evident in cells infected with MOI 10 (comparing NT shRNA cells to MxA shRNA 

cells).  These results suggest that the level of constitutive expression of MxA present in 

PC3 cells is not sufficient to cause the delay in viral protein synthesis observed in these 

cells.     
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Figure 18.  Analysis of viral protein synthesis rates in PC3 cells with silenced MxA.  

Parental PC3 cells (a), NT shRNA control cells (b), and MxA shRNA cells (c) were 

infected with rwt virus at MOIs of 10 and 50 pfu/cell.  At various times postinfection 

cells were labeled with [35S]methionine.  Lysates were analyzed by SDS-PAGE and 

phosphorescence imaging.  Viral proteins are indicated to the right of each gel.  The 

radioactivity of the bands corresponding to the VSV M protein were quantified and is 

shown in the graphs below each gel image as the amount of M protein as a percentage of 

the MOI 50, 24 hr sample for each cell type.  Data represent the average of two to three 

experiments.  The patterns of viral protein expression are not affected by silenced MxA 

in PC3 cells.     
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Viral growth rates were also compared in PC3 cells, NT shRNA cells, and MxA 

shRNA cells.  These experiments were performed as described for Figure 16.  Similar to 

what was observed in STAT1 shRNA cells, reduced expression of MxA did not 

accelerate the viral growth rates at either MOI tested (Figure 19).  When comparing the 

NT shRNA cells and the MxA shRNA cells, the growth rates in the multiple cycle 

infection were nearly identical (Fig. 19a).  In the single cycle infection, viral titers were 

slightly higher in MxA shRNA cells than in NT shRNA cells after 8 and 12 hrs infection, 

but levels were similar at later times postinfection (Fig. 19b).  These results confirm the 

observations from our analysis of protein synthesis rates, suggesting that the level of 

MxA that is constitutively expressed in PC3 cells is not important for their resistance to 

VSV.   
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Figure 19.  Viral growth is not accelerated in PC3 cells with reduced MxA expression.  

Parental PC3 cells, NT shRNA control cells, and STAT1 shRNA cells were infected with 

0.1 pfu/cell (a, multiple step growth curve) or 50 pfu/cell (b, single step growth curve).  

Small aliquots of culture media were collected at the indicated times postinfeciton, and 

viral titers were measured by plaque assay.  Data are the average of two experiments.     
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 A potential role of MxA in the IFN-I response of PC3 cells was determined by 

testing the MxA shRNA cells in the IFN-I protection assay (Fig. 20).  The amount of 

IFN-I required to protect 50% of PC3 and NT shRNA cells was about 100 IU/mL.  In 

contrast, even at the highest concentration of IFN-I used (4,000 IU/mL) fewer than 50% 

of the MxA shRNA cells were protected from VSV-induced killing.  This result indicates 

that the levels of MxA that are induced in PC3 cells by IFN-I pretreatment play a major 

role in the induced antiviral response in these cells.  The experiments presented in the two 

previous figures (18 and 19) indicated that the constitutive levels of MxA expressed in 

PC3 cells are probably not important for the observed resistance in these cells.  We know 

that MxA expression can be induced in the absence of IFN-I pretreatment because 

infection with rM51R virus results in induced expression of this protein (Fig. 9a).  

However, expression of MxA was not induced during rwt virus infection (Fig. 8a), which 

is the virus used in many of these experiments.  It is possible that in normal PC3 cells, the 

constitutive expression of MxA is not sufficient to inhibit virus infection, but if cells are 

pretreated with IFN-I they can induce MxA expression to an even greater level, and they 

are less sensitive to virus killing.  IFN-I pretreatment does not protect the MxA shRNA 

cells to the same level, presumably because of the reduced level of MxA expression. 
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Figure 20.  Silencing MxA greatly reduces the protective effect that IFN-I 

pretreatement provides against VSV-induced PC3 cell killing.  Parental PC3 cells (open 

diamonds), NT shRNA control cells (open squares) and MxA shRNA cells (closed 

circles) were pretreated with IFN-I for 18 hrs and were then infected with rwt virus 

(MOI=50).  At 24, 48, 72, and 96 hrs postinfection, live cells were measured by MTT 

assay.    Results presented here are from the 96 hr infection.  Data are expressed as the 

viable cells as a percentage of mock-infected cells, and are the average of at least three 

experiments. 

 

 

10

0

20

30

40

50

70

60

90

100

80

1 10 1000100 10000

IFN (IU/mL)

C
el

lV
ia

bi
lit

y
(%

of
m

oc
k-

in
fe

ct
ed

ce
lls

)

PC3
NT shRNA
MxA shRNA

 

 

 78



Effect of silencing PKR protein expression in PC3 cells. 

 PKR serves multiple functions in the antiviral signaling pathway.  It is an early 

detector of virus infection.  Once activated by viral components, PKR induces variety of 

antiviral effects, including the inhibition of protein synthesis by phosphorylation of 

eIF2α.  Expression of PKR is also induced downstream of IFN-I signaling.  PKR has 

been shown to play an important role in VSV infections, because PKR null mice are very 

susceptible to lethal VSV infections (86).  Western blots in Figure 8c revealed that PKR 

is constitutively phosphorylated in PC3 cells, even in the absence of virus infection.  This 

phosphorylation is only detected up to 4 hrs postinfection, but was consistently reduced 

when cells were infected for more than 4 hrs.  These results suggested that constitutive 

phosphorylation of PKR might play a role in inhibiting the early events in VSV infection, 

prior to about 6 hrs postinfection.   The shRNA sequence designed to target PKR was not 

very efficient at silencing expression of this protein, as shown in Figure 13.  In PKR 

shRNA cells, PKR expression levels are reduced by about 50% compared to levels in 

PC3 cells and NT shRNA cells. 

 The effect of reduced PKR expression was examined as for the other shRNA 

silenced cells.  Viral protein synthesis rates were analyzed in PKR shRNA cells as 

described for Figs. 17 and 18, and the results are shown in Figure 21.  The rate of M 

protein synthesis in PKR shRNA cells (Fig. 21c) was quite similar to that observed in NT 

shRNA cells (Fig. 21b) for both MOIs tested.  Reduced expression of PKR in PC3 cells 

does not enhance virus replication as measured by this assay.  As expected based on the 

analysis of viral protein synthesis, reduced expression of PKR also has no impact on the 

viral titers reached during either multiple cycle or single cycle infection conditions (Figs.  
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Figure 21.  Analysis of viral protein synthesis rates in PC3 cells with reduced 

expression of PKR.  Parental PC3 cells (a), NT shRNA control cells (b), and PKR 

shRNA cells (c) were infected with rwt virus at MOIs of 10 and 50 pfu/cell.  At various 

times postinfection cells were labeled with [35S]methionine.  Lysates were analyzed by 

SDS-PAGE and phosphorescence imaging.  Viral proteins are indicated to the right of 

each gel.  The radioactivity of the bands corresponding to the VSV M protein were 

quantified and is shown in the graphs below each gel image as the amount of M protein 

as a percentage of the MOI 50, 24 hr sample for each cell type.  Data represent the 

average of two to three experiments.  The patterns of viral protein expression are not 

affected by reduced PKR expression in PC3 cells.     
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22a and 22b, respectively).  When PKR shRNA cells were pretreated with IFN-I and 

assayed for protection from virus induced killing, they responded the same as the parental 

PC3 cells and the NT shRNA cells (Fig. 23).  For all three cell lines, approximately 100 

IU/mL IFN was necessary to protect 50% of cells from rwt virus induced killing.  It is 

difficult to draw conclusions on the role of PKR in PC3 cell resistance to VSV because 

the silencing of this protein was not very efficient.  It is possible that PKR is important in 

this model, but that the levels to which its expression has been reduced in the PKR 

shRNA cells is not sufficient to demonstrate this.  My results for PKR are thus 

inconclusive.   
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Figure 22.  Viral growth is not accelerated in PC3 cells with reduced expression of 

PKR.  Parental PC3 cells, NT shRNA control cells, and STAT1 shRNA cells were 

infected with 0.1 pfu/cell (a, multiple step growth curve) or 50 pfu/cell (b, single step 

growth curve).  Small aliquots of culture media were collected at the indicated times 

postinfeciton, and viral titers were measured by plaque assay.  Data are the average of 

two experiments.      
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Figure 23.  Reducing PKR expression in PC3 cells does not alter the protective effect 

that IFN-I pretreatment provides against VSV-induced cell killing.  Parental PC3 cells 

(open diamonds), NT shRNA control cells (open squares) and PKR shRNA cells (closed 

circles) were pretreated with IFN-I for 18 hrs and were then infected with rwt virus 

(MOI=50).  At 24, 48, 72, and 96 hrs postinfection, live cells were measured by MTT 

assay.    Results presented here are from the 96 hr infection.  Data are expressed as the 

viable cells as a percentage of mock-infected cells, and are the average of at least three 

experiments. 
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Chapter 3: 

High expression levels of antiapototic Bcl-xL constitute a distinct 

aspect of the intrinsic resistance of PC3 cells to vesicular stomatitis virus 

  

My experiments so far support the model of intrinsic resistance in PC3 cells to 

explain the inhibition of early steps in virus replication, rather than the hypothesis that 

these steps are inhibited due to an induced response.  However, the induced response 

does have an impact on virus infection, because both PC3 cells and DU145 cells were 

more resistant to rM51R virus-induced killing than rwt virus-induced killing, especially 

during the multiple cycle infection (Fig. 10a).  These two models are not mutually 

exclusive, and it is likely that in vivo, the intrinsic resistance of PC3 cells to VSV is 

amplified by an induced response.  In addition to the constitutive antiviral gene 

expression in PC3 cells, there are other characteristics of these cells which may 

contribute to their resistance to VSV.  Expression levels of the antiapoptotic Bcl-xL 

protein may contribute to the resistance of PC3 cells to VSV induced apoptosis.  

Compared to the LNCaP prostate cancer cells, which are extremely sensitive to VSV 

infection and killing, PC3 cells overexpress Bcl-xL.  In the experiments in Chapter 3, I 

wanted to analyze the role that expression levels of this antiapoptotic protein plays in the 

resistance of PC3 cells to VSV induced apoptosis.   

The first approach I took to examine the role of Bcl-xL in the sensitivity or resistance of 

LNCaP and PC3 cells to VSV was to overexpress this protein in LNCaP cells.  Figure 24 

shows the results of a western blot comparing Bcl-xL protein expression levels in PC3 

cells and LNCaP cells, and in two clones of LNCaP cells that stably overexpress Bcl-xL.  
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PC3 cells have much higher levels of Bcl-xL than LNCaP cells.  The LNCaP-Bcl-xL 

clone1 cells express Bcl-xL approximately 2-3 times over the level in wt LNCaP cells, 

and clone3 cells greatly overexpress Bcl-xL relative to wt cells.  These cells were tested 

for their sensitivity to VSV-induced apoptosis by assaying caspase-3 activation.  Cells 

were infected with rwt virus (LNCaP cells and clones at MOI 10, PC3 cells at MOI 50).  

After 12, 24, and 48 hrs infection, lysates were prepared, and caspase-3 enzymatic 

activity was assayed using a fluorogenic substrate.  The results are shown in Figure 25 as 

the relative fluorescence units (RFU) per µg protein for each cell type.  Figure 25a shows 

the background level of Caspase-3 activity in these cells, which is similar among the 

different cell types.  When comparing the response of cells to the positive control 

(staurosporine, Fig. 25b), the wt LNCaP cells had the highest Caspase-3 activity of all the 

cells lines tested, and these cells have the lowest Bcl-xL levels.  The LNCaP cells became 

less sensitive to staurosporine-induced Caspase-3 activity as the amount of Bcl-xL 

overexpression increased, with clone3 having the lowest level of activity.  PC3 cells had 

levels of Caspase-3 activation similar to the LNCaP-Bcl-xL clone3 cells in response to 

staurosporine.  Caspase-3 activity resulting from VSV infection is shown in Fig. 25c.  In 

response to VSV, the wt LNCaP cells and LNCaP-Bcl-xL clone1 cells had similar levels 

of Caspase-3 activity.  PC3 cells infected with VSV had activated caspase-3 to a lesser 

degree, and this was even further reduced in the LNCaP-Bcl-xL clone3 cells.  The results 

from these experiments indicate that the low level of Bcl-xL expression in LNCaP 

prostate cancer cells likely contributes to their sensitivity to virus-induced cell killing, 

because increased expression of this protein makes cells less sensitive to virus-induced 

apoptosis. 
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Figure 24.  Bcl-xL overexpression in LNCaP cells.  LNCaP cells lines with ectopic 

expression of Bcl-xL were a gift from Yang et al. (107).  Western blotting was performed 

to detect Bcl-xL protein expression levels in lysates prepared from PC3 cells, wild type 

LNCaP cells, and two clones of LNCaP cells that overexpress Bcl-xL to different levels.    
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Figure 25.  Bcl-xL overexpression increases LNCaP cell resistance to VSV-induced 

caspase-3 activation.  Wild type LNCaP cells, LNCaP Bcl-xL overexpressing clones 1 

and 3, and PC3 cells were either mock-infected (a), staurosporine-treated (b), or infected 

with rwt virus (c, LNCaP cells at an MOI of 10; PC3 cells at an MOI of 50).  At the 

indicated times, caspase-3-like activity was measured with a fluorogenic substrate 

(DEVD-AFC) and is expressed in arbitrary fluorescence units per microgram of total 

protein.  The data represent the average of two experiments. 
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  I further tested the importance of Bcl-xL expression levels in prostate cancer cells by 

silencing Bcl-xL expression in PC3 cells using the same lentiviral based vectors 

described previously.  Two different lentivirus vectors were generated, each harboring an 

shRNA sequence targeting the gene encoding Bcl-xL protein.  PC3 cells were infected 

with these vectors along with a lentivirus containing the same non-targeting control 

shRNA sequence used previously.  Figure 26 shows the results of a western blot 

comparing Bcl-xL protein expression levels in parental PC3 cells, NT shRNA cells, and 

in the two PC3 cell lines which were infected with the Bcl-xL shRNA.  The targeted 

shRNA sequences reduced Bcl-xL expression to different degrees, and the clone 2 with 

the most efficient silencing was used for subsequent experiments.   
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Figure 26.  Reduced expression of Bcl-xL in PC3 cells.  PC3 cells were infected with 

lentiviruses harboring shRNA sequences targeting Bcl-xL to establish stable cell lines 

with reduced expression of this protein.  Western blotting was performed on lysates from 

parental PC3 cells, NT shRNA control cells, and Bcl-xL shRNA cells to detect the 

expression levels of Bcl-xL in these cells.  Clone 2 had the most efficient reduction of 

Bcl-xL expression and was selected for further study.     
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The effect of reduced Bcl-xL protein expression in PC3 cells was first tested by 

analysis of caspase-3 activation, similar to that described for Fig. 25.  Cells were mock-

infected, staurosporine-treated, or rwt virus-infected (MOI 50) for 12, 18, 24, and 36 hr 

after which time lysates were prepared and analyzed for Caspase-3 activity.  Figure 27 

shows the results of these experiments, plotted at the RFU/µg protein for each cell type 

and time point.  Figure 27a shows the background Caspase-3 activity in mock-infected 

cells.  PC3 cells and NT shRNA cells have similar background levels of Caspase-3 

activity, and this background is slightly increased in the Bcl-xL shRNA cells.  Bcl-xL 

shRNA cells were more sensitive to staurosporine-induced Caspase-3 activation than PC3 

and NT shRNA cells (Fig. 27b).  This difference was even greater in Bcl-xL shRNA cells 

infected with rwt virus (Fig. 27c).  Caspase-3 activation was 3-5 fold higher in Bcl-xL 

shRNA cells than parental PC3 and NT shRNA cells at 12 hrs postinfection.  Although 

Bcl-xL expression was not completely silenced in Bcl-xL shRNA cells, the levels to 

which Bcl-xL protein expression was reduced is sufficient to make PC3 cells much more 

sensitive to rwt virus induced apoptosis.   
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Figure 27.  Reducing Bcl-xL expression greatly increases PC3 cell sensitivity to VSV-

induced caspase-3 activation.  Parental PC3 cells, NT shRNA control cells, and Bcl-xL 

shRNA cells were either mock-infected (a), staurosporine-treated (b), or infected with rwt 

virus (c, LNCaP cells at an MOI of 10; PC3 cells at an MOI of 50).  At the indicated 

times, caspase-3-like activity was measured with a fluorogenic substrate (DEVD-AFC) 

and is expressed in arbitrary fluorescence units per microgram of total protein.  The data 

represent the average of two experiments. 

 93



30000

25000

20000

10000

5000

15000

0

12 hr

18 hr

24 hr
36 hr

PC3 cells NT shRNA cells Bcl-xL shRNA cells

a. mock-infected

30000

25000

20000

10000

5000

15000

0
PC3 cells NT shRNA cells Bcl-xL shRNA cells

b. staurosporin-treated

30000

25000

20000

10000

5000

15000

0
PC3 cells NT shRNA cells Bcl-xL shRNA cells

c. rwt virus-infected

R
FU

/u
g

pr
ot

ei
n

R
FU

/u
g

pr
ot

ei
n

R
FU

/u
g

pr
ot

ei
n

 

 94



Cell viability was analyzed by MTT to further determine the effect of Bcl-xL 

expression levels on cell death in PC3 cells, as shown in Fig. 28.  PC3 cells, NT shRNA 

cells, and Bcl-xL shRNA cells were infected with an MOI of 50, and at 24, 48, 72, and 96 

hrs postinfection the percentage of viable cells in each condition relative to mock-

infected cells was determined using an MTT assay.  The percentage of viable cells was 

very similar in the parental PC3 cells and the NT shRNA cells throughout the time course 

of infection.  In contrast, relative to these two controls, the Bcl-xL shRNA cells had 

reduced cell viability at every time point analyzed.  These results confirm the results from 

Fig. 27, indicating that the level of Bcl-xL protein expression is important in making PC3 

cells more resistant to VSV-induced killing.   
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Figure 28.  PC3 cells with reduced Bcl-xL expression have increased sensitivity to 

VSV-induced cell killing.  Parental PC3 cells (diamonds), NT shRNA control cells 

(squares) and Bcl-xL shRNA cells (circles) were infected with rwt virus (MOI=50).  At 

24, 48, 72, and 96 hrs postinfection, live cells were measured by MTT assay.  Data are 

expressed as the viable cells as a percentage of mock-infected cells, and are the average 

of at least three experiments. 
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Bcl-2 family members have been proposed to regulate cellular antiviral responses 

(81).  This raises the question of whether Bcl-xL expression levels are sufficient to confer 

the differential sensitivity or resistance to VSV replication observed in LNCaP and PC3 

cells.  To address this question, I tested the Bcl-xL shRNA cells in to determine whether 

reduced expression of Bcl-xL had any impact on the delays observed in the replication 

cycle in PC3 cells.  Figure 29 shows analysis of viral protein synthesis rates as described 

for Figs. 17, 18, and 21.  The pattern of viral protein synthesis in Bcl-xL shRNA cells 

(Fig. 29c) is similar to that observed for the PC3 cells and NT shRNA cells (Figs. 29a 

and b, respectively), where viral proteins are detected late in the replication cycle and 

increasing the MOI from 10 to 50 resulted in earlier detection of viral proteins.  The 

levels of viral proteins detected at 24 hr in Bcl-xL shRNA cells infected with MOI 10 

were reduced relative to the control cell lines, and this is unexpected because this graph 

represents M protein levels relative the 24 hr time point in cells infected with MOI50.  

Both MOIs result similar reduced cell viability (Fig. 29 and unpublished data), so this 

cannot be explained by suggesting that there is more cell death at this time point.  

Regardless of this observation, if Bcl-xL protein overexpression in PC3 were sufficient to 

cause the delay of virus replication observed in these cells, then I would be able to detect 

an acceleration of the time course of viral protein synthesis in cells with reduced Bcl-xL 

expression such that viral proteins would be detected at earlier times compared to the 

parental PC3 cells and NT shRNA cells.   
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Figure 29.  Analysis of viral protein synthesis rates in PC3 cells with reduced 

expression of Bcl-xL.  Parental PC3 cells (a), NT shRNA control cells (b), and PKR 

shRNA cells (c) were infected with rwt virus at MOIs of 10 and 50 pfu/cell.  At various 

times postinfection cells were labeled with [35S]methionine.  Lysates were analyzed by 

SDS-PAGE and phosphorescence imaging.  Viral proteins are indicated to the right of 

each gel.  The radioactivity of the bands corresponding to the VSV M protein were 

quantified and is shown in the graphs below each gel image as the amount of M protein 

as a percentage of the MOI 50, 24 hr sample for each cell type.  Data represent the 

average of two to three experiments.  The patterns of viral protein expression are not 

affected by reduced Bcl-xL expression in PC3 cells.     
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When tested in either multiple cycle infection (Fig 30a) or a single cycle infection 

(Fig. 30b), reduced expression of Bcl-xL did not alter the rate of viral growth or the 

maximum titers reached, relative to parental PC3 cells or NT control cells.  These results 

were not surprising based on the analysis of protein synthesis rates (Fig 29).  Reduced 

expression of Bcl-xL protein in PC3 cells does not result in an acceleration of the viral 

replication cycle as measured by any of these experiments.  These results indicate that 

Bcl-xL expression levels confer to PC3 cells a resistance to VSV killing which is distinct 

from the resistance of these cells in terms of the observed delay in the viral replication 

cycle.   

Finally, the ability of IFN-I pretreatment to protect PC3 cells with reduced 

expression of Bcl-xL was tested as described previously.  The results with Bcl-xL shRNA 

cells were similar to those observed for Stat1 shRNA cells and MxA shRNA cells.  In 

PC3 cells with reduced expression of Bcl-xL protein, protection by IFN-I pretreatment 

was significantly reduced at every IFN-I concentration tested.  The amount of IFN-I 

required to protect 50% of PC3 and NT shRNA cells was about 100 IU/mL.  In contrast, 

even at the highest concentration of IFN-I used (4,000 IU/mL), fewer than 50% of the 

Bcl-xL shRNA cells were protected from VSV-induced killing.  Because IFN has 

antiproliferative effects in addition to antiviral effects, it is possible that the high levels of 

Bcl-xL expression in normal PC3 cells and the NT shRNA cells contribute to a resistance 

of the antiproliferative effects of IFN.  Reducing expression to the level seen in Bcl-xL 

shRNA cells may increase PC3 cell sensitivity to the antiproliferative effects of IFN.   
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Figure 30.  Viral growth is not accelerated in PC3 cells with reduced Bcl-xL 

expression.  Parental PC3 cells, NT shRNA control cells, and Bcl-xL shRNA cells were 

infected with 0.1 pfu/cell (a, multiple step growth curve) or 50 pfu/cell (b, single step 

growth curve).  Small aliquots of culture media were collected at the indicated times 

postinfeciton, and viral titers were measured by plaque assay.  Data are the average of 

two experiments.      
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Figure 31.  PC3 cells with reduced expression of Bcl-xL are significantly less protected 

by IFN-I pretreatment to VSV-induced cell killing.  Parental PC3 cells (open diamonds), 

NT shRNA control cells (open squares) and Bcl-xL shRNA cells (closed circles) were 

pretreated with IFN-I for 18 hrs and were then infected with rwt virus (MOI=50).  At 24, 

48, 72, and 96 hrs postinfection, live cells were measured by MTT assay.  Results 

presented here are from the 96 hr infection.  Data are expressed as the viable cells as a 

percentage of mock-infected cells, and are the average of at least three experiments. 
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Discussion and Summary 

 

Several studies have shown that oncolytic vectors based on VSV are promising 

agents for anti-tumor therapy (3, 12, 13, 64, 73, 87, 88).  Cancer cells that are defective in 

antiviral signaling are selectively killed by VSV.  Numerous cancer cell types, including 

both primary and immortalized tumor cell lines, have defective interferon signaling 

pathways (1, 14, 32, 34, 51, 56, 61, 75, 77, 78, 82, 90, 106).  For example, LNCaP 

prostate cancer cells, a line derived from a biopsy of a lymph node metastasis (100), are 

non-responsive to IFN-I (3).  Studies have shown that LNCaP cells have defects in 

expression of Jak1 (32) and RNase L (75), and as shown here, PKR phosphorylation was 

not detected during VSV infection (Fig. 8c).  However, some cancer cells retain IFN-I 

responsiveness.  Predictably, these cancers are relatively resistant to oncolytic VSV.  In 

an analysis of VSV infection in the NCI 60 cell panel, 81% of cell lines were found to be 

unresponsive to IFN-I, while the remaining 19% retained IFN-I responsiveness (88).  

Because these studies were conducted using immortalized cell lines, it is not known 

whether retention of IFN-I responsiveness is more frequent in naturally occurring 

cancers. 

PC3 prostate cancer cells, derived from a bone marrow metastasis (100), are an 

example of a cell line that has retained IFN-I responsiveness.  These cells were observed 

to be relatively resistant to VSV infection under presumed single cycle infection 

conditions (3).  Because PC3 cells are more resistant to VSV infection than normal 

prostate epithelial cells (3), they represent a clear exception to the concept that during 

tumorigenesis, cells develop defects in their antiviral responses.  The goal of the studies 
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reported here was to determine the basis for resistance of PC3 cells to VSV infection.  

More broadly, these experiments will help to identify characteristics of cancer cells that 

may contribute to their amenability to therapy with oncolytic viruses such as VSV.  This 

knowledge would permit screening of tumors prior to treatment with oncolytic viruses to 

determine which would be predicted to respond effectively to such therapies. 

 

Early steps of the viral replication cycle are delayed in PC3 cells 

The experiments presented in Chapter 1 demonstrated that multiple steps of the 

VSV replication cycle, including several early steps (Figs. 4-6a), are delayed in PC3 

cells. Because I saw progressively longer delays in the early steps of the virus life cycle, 

and such a large increase in the timing of the delay between penetration (Figs. 4 and 5) 

and primary transcription (Fig. 6a), I do not think that the overall delay observed can all 

be attributed to that first delay in escape of the virus from the cell surface, but instead is 

an accumulation of delays at several steps. Nevertheless, the delays in virus replication 

observed in PC3 cells under single cycle conditions are relatively modest when compared 

to the profound resistance of PC3-derived tumors to VSV infection in mice (3). The 

delays observed in cultured PC3 cells under single cycle conditions are amplified during 

lower MOI infections (3). At the low MOI conditions intrinsic to the in vivo studies, 

antiviral signaling in the PC3-derived tumor would be very effective at limiting virus 

spread. This would be especially true for the inhibition of the virus at early steps of the 

replication cycle, since they are the steps which are most sensitive to MOI. 

The observation that multiple steps in virus replication are delayed in PC3 cells 

suggested that resistance is due to expression of antiviral gene products, since inhibition 
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of multiple steps of virus replication is a characteristic of the host antiviral responses. For 

example, in different cell types, IFN-I treatment can affect VSV replication at the level of 

virus penetration (104, 105), primary transcription (45, 68, 69, 85), or virus assembly 

(93). While the data presented here correlate the constitutive expression of antiviral gene 

products in PC3 cells with the anticipated effects of a typical antiviral response 

(inhibition of the virus at multiple levels), they do not represent a direct link. My results 

do not preclude the possibility that there are factors intrinsic to PC3 cells which 

mechanistically delay the virus replication cycle, independent of the expression of 

antiviral proteins. These possibilities are not mutually exclusive; a mechanistic delay 

could enable PC3 cells to activate an antiviral response, which then further inhibits the 

virus replication cycle. 

 

Constitutive phosphorylation of PKR in PC3 cells  

In addition to constitutive expression of antiviral genes in PC3 cells (24), I 

observed constitutive phosphorylation of PKR (Fig. 8c). PKR phosphorylation did not 

increase further following infection, but instead declined after 4 hr postinfection, 

suggesting that VSV infection induces negative regulators of PKR.  Phosphorylated PKR 

is known to inhibit protein synthesis by inactivating eIF2α.  However, despite 

constitutive PKR phosphorylation, PC3 cellular protein synthesis is maintained at high 

levels. These results are similar to what is observed in transformed mouse embryonic 

fibroblasts (MEFs), in which there is a dysregulation of signaling downstream of PKR 

activation (11). Similar observations have been made in other cancer cells (78).  

Interestingly, the dephosphorylation of PKR at 4 hr postinfection in PC3 cells was 
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correlated with an increase in translation of viral proteins (Fig. 7d and e) in the absence 

of a corresponding increase in viral mRNA (Fig 6).  Despite the high level of viral 

protein synthesis in PC3 cells at late times postinfection, there is a pronounced delay in 

release of infectious virus relative to LNCaP cells (3).  While these observations suggest 

a block in virus assembly in PC3 cells, further experiments in our laboratory showed that 

this was not the case (M. McKenzie and D.S. Lyles, unpublished data). 

 

IFN-I signaling is not constitutive in PC3 cells 

Many of the antiviral genes that are constitutively expressed in PC3 cells are 

normally transcriptionally activated during IFN-I signaling, and are only expressed 

during a cellular antiviral response.  However, despite the fact that these genes are 

constitutively expressed in PC3 cells, the IFN-β and IFN-α mRNAs were not detected by 

microarray analysis (24).  In addition, the expression of antiviral gene products in PC3 

cells was not due to constitutive signaling through STAT1, because STAT1 

phosphorylation was not detected in mock-infected cells (Fig. 8b).  However, unlike 

LNCaP cells, PC3 cells were able to signal in response to IFN-I produced during virus 

infection, as shown by phosphorylation of STAT1 beginning around 4 hours 

postinfection (Fig. 8b).  Further evidence that IFN-I signaling plays a role in resistance 

during VSV infection of PC3 cells was that pre-treatment of PC3 cells with neutralizing 

IFN-I antibody resulted in an increase in cell killing after VSV infection (M. Ahmed, 

unpublished data).  In most cell types, infection with wild type VSV results in inhibition 

of IFN-I production.  This is due to the ability of the wild type VSV M protein to globally 

shut off host gene expression (4-6, 18, 19, 109).  In PC3 cells, the shut off of host gene 
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expression is delayed by several hours (Fig. 7f), which is likely a result of the cumulative 

delays in the virus replication cycle in these cells.  During this delay in the shut off of 

host protein synthesis, while rwt virus infection is causing a reduction in gene expression 

at the mRNA level (24), PC3 cells continue to express and activate antiviral proteins 

encoded by the antiviral mRNAs constitutively expressed in these cells (Fig. 8).  This 

possibly contributes to delay of the VSV replication cycle in PC3 cells.   

 

VSV infection of PC3 cells induces an antiviral response 

The results from Chapter 1, combined with the results of microarray experiments 

revealing that PC3 cells constitutively overexpress many antiviral mRNAs (24), led to the 

prediction that PC3 cells are in a primed antiviral state and therefore can more effectively 

respond to virus infection extremely rapidly by inducing an antiviral response.  In 

Chapter 2, I tested two hypotheses based on these findings.  The first is that PC3 cells are 

resistant to VSV because of an induced response.  The second, alternative hypothesis is 

that PC3 cells have intrinsic resistance to VSV.  These hypotheses are not mutually 

exclusive, and it is likely that both are important for PC3 cell resistance to VSV.     

While the levels of IFN-I detected during infection of PC3 cells with rwt virus are 

low, rM51R virus infection induces high levels of IFN-I (3).  I further demonstrated that 

IFN-I signaling occurs in PC3 cells because phosphorylation of STAT1 during rM51R 

virus infection was more rapid and robust than phosphorylation induced during rwt virus 

infection (compare Figs. 9b and 8b).  Finally, expression of the IFN-I inducible MxA 

protein increased in PC3 cells during infection with rM51R virus, while levels were not 

increased and only maintained during infection with rwt virus (compare Fig. 9a and 8a).  
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Even infection with rM51R virus did not induce MxA expression in LNCaP cells (Fig. 

9a), confirming the inability of these cells to mount an antiviral response.   

The importance of IFN-I signaling for the resistance of PC3 cells to VSV 

infection was analyzed in the experiments presented in Chapter 2.  This was first tested 

using the IFN-I inducing rM51R virus.  The experiments in Chapter 1 were performed 

using rwt virus, which inhibits host gene expression and therefore infection with this 

virus does not usually allow cells to mount a robust antiviral response.  If IFN-I signaling 

is important for the delays observed in the viral replication cycle in Chapter 1, then 

infection with rM51R virus should cause even longer delays.    The induced response in 

PC3 cells had little if any effect on the early steps of the virus replication cycle.  Recall 

that the early steps of the virus life cycle are sensitive to increasing MOI; when viral gene 

expression was analyzed during an MOI titration in PC3 cells, there was no difference 

between infection with rwt virus or rM51R virus (Fig. 11).  Also, viral mRNA levels 

resulting from primary transcription were similar whether cells were infected with rwt 

virus or rM51R virus (Fig. 6a vs Fig. 12a).  The later steps of the replication cycle are 

also not affected by the induced response in PC3 cells.  Viral secondary transcription 

rates were similar whether PC3 cells were infected with rwt or rM51R virus.  If anything, 

the secondary transcription rates of rM51R virus in PC3 cells were slightly faster than the 

rates of rwt virus secondary transcription (Fig. 6b vs. Fig. 12b).  Finally, during a single 

cycle infection of PC3 cells, virus yields were similar whether cells were infected with 

rwt virus or rM51R virus (3).   

Although I was unable to detect an effect on the delays of the steps of the virus 

replication cycle, the induced response does seem to have an effect on virus-induced cell 
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death.  PC3 cells were less sensitive to rM51R virus induced killing compared to rwt 

virus induced killing (Fig. 10).  This effect was amplified during low MOI infections, 

which are the conditions present in the in vivo experiments that demonstrated resistance 

of PC3 tumors to VSV (3), again confirming that the antiviral response induced in PC3 

cells does have a protective effect in these cells.  It is possible that the magnitude of the 

induced response in the cell culture experiments is not great enough to observe increased 

resistance in terms of delays in the virus life cycle, and it is possible that the induced 

response plays a greater role in PC3 cell resistance than my experiments may indicate. 

 

PC3 cell resistance to VSV does not require an induced response 

 PC3 cells have been demonstrated to be IFN-I competent, both in the literature 

and in these studies.  However, the importance of IFN-I signaling in terms of VSV 

infection of PC3 cells has not been confirmed.  In fact, our studies in PC3 cells with 

stably silenced STAT1 indicate that IFN-I signaling during virus infection does not 

account for the observed delays in the virus replication cycle.  Remarkably, silencing 

STAT1 had no impact on viral yields in a multiple cycle growth curve, in which few cells 

are initially infected and thus have the potential to produce IFN-I to establish an antiviral 

response in the surrounding uninfected cells (Fig. 16a).  Because STAT1 is an important 

mediator of IFN-I signaling, if the IFN-I induced response were important for making 

PC3 cells resistant to VSV, PC3 cells with silenced STAT1 would be expected to have 

higher virus yields at earlier times in a multiple cycle infection.   

Similar to what was observed in the multiple cycle infection, silencing STAT1 did 

not increase virus yields in a single cycle growth curve.  Instead, both the rate of growth 
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and the final titers reached were lower in STAT1 silenced cells compared to the non-

targeted (NT) control cells and even more so compared to the parental PC3 cells (Fig. 

16b).  Analysis of viral protein synthesis rates in cells infected with MOIs of 10 and 50 

pfu/cell serves as a surrogate readout for delays observed in Chapter 1 because it 

represents the accumulation of delays in the virus replication cycle such that viral 

secondary transcription and translation is delayed by several hours in PC3 cells relative to 

LNCaP cells (Fig. 7).  If a STAT1-mediated response were an important factor in 

delaying the virus replication cycle in PC3 cells, I would expect to see an acceleration of 

viral protein synthesis in STAT1-silenced PC3 cells such that I could detect viral proteins 

at earlier times postinfection.  Instead, silencing STAT1 had no impact on the rates of 

viral protein synthesis in PC3 cells (Fig. 17).   

My results indicate that STAT1 levels do not affect the delays in the VSV 

replication cycle in PC3 cells.  As a critical component of the canonical IFN-I signaling 

pathway, the fact that silencing STAT1 does not make PC3 cells more sensitive to virus 

supports the hypothesis that PC3 cells have intrinsic resistance to VSV.  However, the 

results presented here do not exclude the possibility that a non-IFN-I mediated response 

is induced in PC3 cells to make them resistant to VSV, or that the signaling that does 

occur involves non-conventional transcription factors in place of STAT1.       
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Constitutive expression of antiviral effector protein MxA does not account for PC3 cell 

resistance to VSV    

Expression of MxA is regulated by IFN-I, and this antiviral effector protein has 

been shown to be an important player in the IFN-I response.  MxA is cytoplasmic in 

humans and has been shown to inhibit replication of several RNA viruses, including 

members of the families Bunyaviridae, Orthomyxoviridae, Paramyxoviridae, 

Rhabdoviridae, Togaviridae, Picornaviridae, and Reoviridae (44, 46).  Specifically for 

my purposes, MxA has been shown to inhibit primary transcription of VSV (69, 79, 85).  

While the mechanism is unclear and may vary depending on virus, it is thought that MxA 

binds viral capsids and targets them for inactivation (37, 44).  Mx1, the mouse ortholog 

of MxA, was identified in inbred strains of mice that were resistant to doses of influenza 

viruses which were normally lethal to laboratory strains of mice (7, 83, 84).  In 

retrospect, this is a surprising finding because it is an exception to the more general 

observation that there is no single antiviral gene that confers resistance to virus infection.  

Studies in transgenic mice lacking the IFN-I receptor (IFNAR1-/-) but expressing human 

MxA were variably resistant to Thogoto virus, La Crosse virus, and Semliki Forest virus 

(46).  IFNAR1-/- mice are severely compromised in their ability to mount and antiviral 

response (36, 63), so experiments in IFNAR1-/- mice that express MxA enables closer 

examination of the contribution a single IFN-I stimulated gene makes to antiviral 

defense.         

In most cell types, expression of the MxA gene is strictly regulated by IFN-I and 

to a lesser extent by IFN-III (IFNλ) (45).  For this reason, I was surprised to observe that 

PC3 cells constitutively express MxA at the mRNA and protein level ((24) and Figs. 8a 
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and 9a).  Interestingly, levels of MxA protein expression only increased during rM51R 

virus infection, which is known to induce IFN-I production in PC3 cells, but not during 

rwt virus infections, indicating that the low levels of IFN-I induced by rwt virus are not 

sufficient to induce MxA expression.            

 Because MxA is constitutively expressed in PC3 cells, and because MxA has 

been shown to inhibit primary transcription of VSV, I expected that reducing MxA 

expression would reduce the delays in the viral life cycle in PC3 cells.  Surprisingly, PC3 

cells with silenced MxA were just as resistant to VSV as the parental PC3 cells and the 

NT control cells.  As with the STAT1 silenced PC3 cells, I used analysis of viral protein 

synthesis rates in cells infected with MOIs of 10 and 50 pfu/cell as a surrogate readout for 

delays in the viral replication cycle.   Recall that the greatest difference was at the level of 

primary transcription, which was delayed about 6 hrs in PC3 cells.  The levels of MxA 

that are constitutively expressed in PC3 cells do not appear to be enough to account for 

these delays, because in PC3 cells with silenced MxA, the rate of viral protein synthesis 

was not accelerated (Fig. 18).     

Interestingly, silencing MxA had a profound effect on the ability of IFN-I 

pretreatment to protect PC3 cells from VSV infection.  Compared to the parental PC3 

cells and the NT control cells, in which there was a IFN-I concentration-dependent 

protection from VSV-induced cell killing, PC3 cells with silenced MxA were not well 

protected by IFN-I pretreatment (Fig. 20).  These results indicate that MxA does have a 

protective effect against VSV in IFN-I treated PC3 cells.  It is likely that the level of IFN-

I produced during virus infection is not sufficient to induce the level of MxA expression 

necessary to inhibit VSV replication in these cells.  This would help to explain why 
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primary transcription of VSV in PC3 cells is not delayed to a greater extent when cells 

are infected with the IFN-I inducing rM51R virus than when cells are infected with rwt 

virus (compare Figs. 12a and 6a).  These results lead us to the conclusion that the 

constitutive levels of MxA that are expressed in PC3 cells probably do not contribute the 

observed resistance of cells to VSV.  Because MxA levels induced by IFN-I pretreatment 

can ultimately provide some protection of PC3 cells from VSV, these results also support 

the alternative hypothesis that it is not an induced response but instead something 

intrinsic to PC3 cells (other than MxA) that is causing the delays in the viral replication 

cycle.      

 

Why are antiviral mRNAs constitutively expressed in PC3 cells? 

The two proposed hypotheses, that PC3 cells are resistant to VSV because of an 

induced response or that they are intrinsically resistant to VSV, are not mutually 

exclusive.  There are many antiviral genes that are constitutively expressed in PC3 cells 

and the expression of these genes could support either or both hypotheses.  The mere fact 

that antiviral genes are constitutively expressed supports the intrinsic model of resistance, 

but among those could be genes whose products are involved in amplifying an induced 

response, perhaps distinct from the canonical IFN-I mediated antiviral response.  In 

addition, there could be genes whose products could exert a mechanistic inhibition that 

antagonizes VSV infection.  I have only investigated the roles of three antiviral genes, 

and have not found them to be important for PC3 cell resistance to VSV.   Separate from 

the elevated antiviral genes, there could be other genes that are present in PC3 cells that 

are not related to antiviral signaling that could enhance resistance of PC3 cells to VSV.    
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The results presented here raise the question of why so many antiviral genes are 

constitutively expressed in PC3 cells, in the absence of constitutive IFN-I signaling.  It is 

possible that cells express antiviral genes during tumor development as a result of 

exposure to virus in vivo, but this has not been reported for PC3 cells.  It is also possible 

that there are retroviral elements present in these cells that stimulate genes such as OAS 

and RNase L (60).    Also, there may be signaling mechanisms other than IFN-I that 

activate these genes.  One of these could involve the constitutive activation of PKR 

(Fig.8c).  The functional significance of the phosphorylation status of PKR was 

questionable because PC3 cellular protein synthesis remained robust in the presence of 

constitutive PKR phosphorylation (Fig. 7).  Also, reduced expression of PKR in PC3 

cells had no impact on the ability of IFN-I to protect cells from VSV killing (Fig. 23).  

However, this lack of effect may be a result of the inefficient silencing because when 

PKR is completely silenced, has been shown to induce tumor cell death (67).  Finally, 

reduced expression of PKR had no detectable effect on the viral replication cycle (Figs. 

21 and 22).  However, it is possible that constitutive phosphorylation of PKR is important 

for transmitting signals within PC3 cells.  Although the PKR has been considered to have 

tumor suppressive effects, some studies report that PKR expression is elevated in cancer 

cells and may in fact have the opposite effect of promoting tumor growth or survival (48, 

49, 76).  Also, PKR has been shown in cancer cells to activate an NFκB-dependent 

antiapoptotic signaling pathway, and may also activate AKT-mediated survival pathways 

(66, 91, 96).      

The pathways that are regulated by NFκB are complex and vary depending on the 

signal.  Aberrant regulation of NFκB, resulting in constitutive proliferative signaling, has 
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been identified in many different types of cancer (57).  NFκB activation is one of the 

characteristics that differ between LNCaP cells and PC3 cells; while it can be activated in 

LNCaP cells by certain signals such as TNFα, NFκB is constitutively active in PC3 cells 

(40).  This may or may not be connected to constitutive phosphorylation of PKR.  Several 

interferon stimulated genes (ISGs) have promoter elements to which NFκB subunits can 

bind, demonstrating the interplay between IFN-I and NFκB signaling (31, 72, 108).  Our 

studies with STAT1 silenced cells indicate that STAT1-independent mechanisms may be 

important for PC3 cell resistance to VSV.  There is evidence that in response to PI3K, 

NFκB can signal through the IFNAR-1 receptor to phosphorylate STAT3 (31, 72, 108), 

and although it is not conventional, STAT3 has been shown to activate expression of 

some ISGs that are normally activated by STAT1 in response to IFN-I signaling (22).  

This may provide an alternative mechanism for activating IFN-stimulated genes, and may 

account for some of the constitutive antiviral gene expression in PC3 cells.  STAT3 may 

not be expressed in PC3 cells, but evidence for this is contradictory (9, 27, 39, 62).  

Interestingly, NFκB suppressed the expression of a subset of ISGs during IFN-I 

signaling.  These genes include Gbp1, Mx1, and Lmp7, all of which are genes that are 

constitutively expressed at high levels in PC3 cells (24, 31, 101).   

 

High levels of antiapoptotic Bcl-xL protein enhance PC3 cell resistance to VSV 

 In Chapter 3, I investigated the role of apoptosis regulation in the resistance of 

PC3 cells to VSV.  In normal cells, the pathways that stimulate proliferative signaling 

and apoptotic signaling are carefully balanced.  That balance is abrogated during 

tumorigenesis, and pathways that facilitate apoptosis are frequently mutated in cancer 
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cells.  One well described mechanism that cancer cells use to tilt the balance towards 

proliferation is by increasing the expression of antiapoptotic proteins in the Bcl-2 family, 

such as Bcl-xL.  For example, one study reported increased Bcl-xL levels in prostate 

cancers with increasing Gleason-scores (25).        

The antiapoptotic activity of Bcl-xL is regulated by proapoptotic Bcl-2 family 

members containing one Bcl-2 homology (BH) domain (BH3-only proteins).  For 

example, in some cancer cells, Bcl-xL is regulated by the proapoptotic BH3-only protein 

BAD (107).  In the absence of proliferative signaling, BAD heterodimerizes with Bcl-xL, 

thus permitting apoptotic signaling by release of cytochrome c from the mitochondria.  In 

the presence of proliferative signaling, BAD is phosphorylated and sequestered, which 

permits Bcl-xL to inhibit apoptosis.     

 In both LNCaP cells and PC3 cells, as with many prostate cancers, the PI3K/Akt 

pathway is constitutively upregulated due to mutations in the negative regulator of this 

pathway, PTEN (23, 70, 95, 102).  One consequence of signaling through the Akt 

pathway is BAD phosphorylation, which promotes antiapoptotic Bcl-xL signaling (30).  

Studies comparing LNCaP cells and PC3 cells indicate that the Bcl-xL/BAD ratio in 

these cells can explain the differences the sensitivity to apoptosis induced by many 

stimuli in these two cell lines (107).  While BAD protein levels are similar in LNCaP 

cells and PC3 cells, Bcl-xL is greatly overexpressed in PC3 cells relative to LNCaP cells.  

The high Bcl-xL expression in PC3 cells may be a consequence of constitutive NFκB 

activation in these cells, because studies report that NFκB can activate Bcl-xL expression 

(43).   
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The studies from Chapter 3 extend our understanding of the importance of Bcl-xL 

overexpression in cancer cells and of the role of apoptotic signaling in response to 

oncolytic VSV.  Studies of VSV-induced apoptosis in cancer cells are ongoing in our 

laboratory.  VSV induces both the mitochondrial and the death receptor pathways.  One 

mechanism of VSV-induced apoptosis is the result of the inhibition of host gene 

expression, which occurs during rwt virus infection.  Inhibition of host gene expression 

provides enough of a signal to the cell that it is under attack, and the resulting induction 

of apoptosis occurs via the mitochondrial pathway (50).  A second mechanism of VSV-

induced apoptosis results from the establishment of the host antiviral response, and is 

thought to involve the death receptor pathway (38).  The primary pathway of apoptosis 

induced by VSV may depend on cell type.  Both the mitochondrial and the death receptor 

pathways can ultimately be involved because of crosstalk between the two.  Crosstalk can 

involve signaling through Bid, and perhaps other BH3 only proteins.  Importantly, it was 

shown that Bcl-xL inactivation is critical for VSV-induced apoptosis (Pearce and Lyles, 

in submission).  These findings support the idea that the ratio of Bcl-xL to other BH3-

only proteins, such as Bid, is going to be important in the sensitivity or resistance cells 

display to VSV-induced apoptosis.             

My results from Chapter 3 further support the idea that Bcl-xL expression levels 

and inactivation are important for VSV-induced apoptosis.  Compared to the parental 

PC3 cells and NT control cells, caspase-3 activation was significantly increased in PC3 

cells with reduced expression of Bcl-xL (Fig. 27).  Similarly, these cells were 

significantly more sensitive to VSV-induced cell death (Fig. 28).  These results support 

the idea that it is the ratio of Bcl-xL to some other protein, perhaps Bid, that keeps 

 117



apoptotic signals in check.  This model was further supported by experiments in LNCaP 

cells that overexpress Bcl-xL.  Relative to the wild type LNCaP cells, LNCaP cells that 

greatly overexpress Bcl-xL (clone 3) gained resistance to VSV-induced caspase-3 

activation (Fig. 26).  A LNCaP cell line that overexpressed Bcl-xL to a lesser degree 

(clone 1) was just as sensitive as the wild type LNCaP cells.       

PC3 cells with reduced Bcl-xL expression were significantly less protected from 

VSV-induced killing by IFN-I pretreatment than were the parental PC3 cells and the NT 

control cells (Fig. 31).  This result demonstrates the relationship between proapoptotic 

IFN-I signaling and the antiapoptotic Bcl-xL signaling, because reducing Bcl-xL levels 

sensitizes PC3 cells to the proapoptotic signals of IFN-I and virus infection.  Bcl-xL 

overexpression likely provides a mechanism to PC3 cells and other cancer cells to protect 

against apoptosis.        

 

Apoptotic signaling in PC3 cells is a distinct mechanism of resistance.   

 The studies of Bcl-xL protein expression in LNCaP cells and PC3 cells raise the 

hypothesis that PC3 cells are resistant to VSV purely because they are more resistant to 

apoptosis.  This is not the case, because even though they are more sensitive to VSV-

induced apoptosis, the viral life cycle was delayed similarly in Bcl-xL silenced PC3 cells 

compared to the parental PC3 cells and the NT control PC3 cells (Figs. 29 and 30).  

Instead, it appears that the resistance of PC3 cells to induction of apoptosis, by means of 

Bcl-xL overexpression, is one aspect of the intrinsic resistance of these cells to VSV, and 

that the delays in the virus replication cycle are a separate aspect of PC3 cell resistance.  

Figure 32 illustrates my model of the distinct aspects of PC3 cell resistance to VSV, 
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including constitutive antiviral gene expression, high levels of Bcl-xL, and the possible 

contribution of IFN-I signaling. 

Summary 

Many cancers down-regulate antiviral genes during tumorigenesis, and as a result 

will be amenable to oncolytic therapy with VSV.  LNCaP cells are a good example; they 

are non-responsive to IFN-I and are also very sensitive to VSV infection and killing.  

PC3 cells represent an exception to this generalization because they constitutively 

express antiviral genes.  It is unknown how common this exception is in vivo.  If PC3 

cells have this mRNA expression profile in part because of constitutively activated 

NFκB, and constitutive activation of NFκB is common in cancers, then this “exception” 

could be more common than expected.  The studies presented here indicate that PC3 cells 

have intrinsic resistance to VSV, but the specific mechanisms of that resistance have not 

been determined.  Bcl-xL overexpression is important for resistance to apoptosis, but 

does not account for the delays in the viral replication cycle that occur in PC3 cells.  

Because delays are observed at several steps of the life cycle, it is likely that several 

genes are involved.  It is possible that the genes involved in resistance to VSV are among 

the IFN-I inducible genes that are overexpressed in PC3 cells, but it is also possible that 

there are alternative signaling pathways that are independent of STAT1 which activate 

the responsible genes.  Whatever the cause, if constitutive expression of high levels of 

Bcl-xL and of antiviral genes is common in vivo, such tumors will likely be resistant to 

many oncolytic viruses.  

Tumors may need to be screened for resistance to virus to predict whether they 

will be amenable to treatment with oncolytic VSV.  Gene products such as STAT1, MxA 
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and phospho-PKR did not appear to be mechanistically involved, but may be useful 

screening tools as overall indicators of constitutive antiviral signaling.  Future 

experiments will be necessary to identify additional antiviral gene products in naturally 

occurring tumors that correlate with resistance to oncolytic VSV.   
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Figure 32.  Model of PC3 cell resistance to VSV.  Resistance to VSV can largely be 

attributed to intrinsic factors of PC3 cells.  The VSV replication cycle is inhibited in PC3 

cells, primarily at the early steps of viral entry, penetration, and primary transcription.  In 

addition to constitutive activation of the transcription factor NFκB, PC3 cells 

constitutively overexpressed antiviral genes and proteins.  While the pattern of resistance 

of PC3 cells to VSV resembled the anticipated effects of an antiviral induced response, 

the induced response was not necessary for inhibiting the viral life cycle.  Instead, there 

probably are host factors that are intrinsic to PC3 cells, in the absence of an IFN-I-

induced response, that make these cells resistant to VSV.  PC3 cells are capable of 

inducing an IFN-I antiviral response, and this response likely contributes, to some extent, 

to the observed resistance, and may depend on the intensity of the IFN-I signal.  In 

addition, the constitutive overexpression of antiapoptotic Bcl-xL in PC3 cells as 

important in protecting these cells from VSV-induced apoptosis.  This is a distinct 

mechanism of intrinsic resistance because the virus replication cycle was still inhibited in 

PC3 cells with reduced Bcl-xL.  PC3 cells represent a cancer cell type that has developed 

multiple and independent aspects of resistance to viral infections.                                 
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	Responsiveness to IFN.  Cells were grown in 96-well plates to about 50% confluence, and were incubated for 18 hrs with increasing concentrations of IFN-I (6.4–4,000 IU/ml of Universal type I IFN, PBL Biomedical Laboratories, New Brunswick, NJ). Cells were then infected with rwt virus at an MOI of 50 pfu/cell.  At 24, 48, 72, and 96 hrs postinfection, viable cells measured by an MTT assay (Cell Proliferation Kit 1; Roche Diagnostics, Indianapolis, IN). Controls included IFN-untreated cells infected with rwt virus and IFN-treated cells that were not infected with rwt virus. Data are the averages of at least three experiments.  

