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Abstract 

Yu, Nanmeng 

CHANGES IN SUSCEPTIBILITY TO VESICULAR STOMATITIS VIRUS DURING 

PROGRESSION OF PROSTATE CANCER 

Dissertation under the direction of 

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

 

Vesicular stomatitis virus (VSV) is an attractive oncolytic virus.  Differing sensitivity to 

VSV oncolysis of human prostate cancer cell lines has been observed in previous 

experiments.  The goal of my experiments was to determine the mechanisms of 

sensitivity and resistance to VSV.  

 

In Chapter 1, the changes in sensitivity to VSV during progression of prostate cancer 

were determined to test the hypothesis that sensitivity to VSV changes during prostate 

cancer evolution, from the stage of initiating mutation, to invasive adenocarcinoma and 

castration-resistant adenocarcinoma.  In primary cultures of prostate Pten -/- tumor cells, 

the response of prostate cancer cells within the same tumor to VSV infection was 

heterogeneous.  Some cells were susceptible to VSV, whereas other cells were resistant.  

The resistance of tumor-derived Pten -/- cells was not simply dependent on Pten loss, as 

acute deletion of the Pten gene resulted in sensitivity to VSV infection and poor 

interferon responsiveness.  The resistant tumor-derived Pten -/- cells overexpressed 

antiviral signaling protein STAT1, and rapidly activated antiviral signaling in response to 
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VSV infection.  Upon castration, castration-resistant prostate cancer cells gained 

sensitivity to VSV treatment. 

 

In Chapter 2, the effect of mutating a single cancer-initiating gene on susceptibility to 

VSV infection was determined.  Deletion of the Rb gene increased susceptibility to VSV 

infection and reduced interferon responsiveness of prostate epithelial cells.  

Downregulation of TAK1 had very little effect on sensitivity to virus.   

 

In Chapter 3, the effect of activated IL-6/STAT3 pathway on sensitivity to VSV was 

evaluated.  The resistant tumor-derived Pten -/- cells have activated IL-6/STAT3 signaling, 

overexpressing IL-6 that constitutively activates STAT3.  Upon inhibition of STAT3 

activation, signaling through type I interferon system was unaffected, and had very little 

effect on viral gene expression.  However, inducing the activation of this pathway in 

normal Pten L/L cells had a small effect on protection from VSV infection.   Together, 

these data suggest that activation of IL-6/STAT3 pathway does play a small role in 

antiviral defense against VSV in murine prostate epithelial cells.  
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Introduction 

Prostate cancer poses a significant health problem worldwide.  It is the most common 

visceral malignancy among men in the United States, and is the second leading cause of 

male cancer-related deaths (58, 62).  Prostate carcinogenesis occurs through a series of 

genetic mutations and epigenetic alterations, such that normal prostate epithelium 

develops into invasive adenocarcinoma.    For patients with localized prostate cancer, 

radiation therapy and/or radical prostatectomy typically achieve > 90% disease-free 

survival within five years (23, 142).  However, treatment for metastatic disease is less 

effective.  Since androgenic effects are important for growth of normal and malignant 

prostatic cells, androgen deprivation therapy was developed to control prostate cancer 

growth.  Nonetheless, nearly all men with metastatic prostate cancer eventually develop 

castration-resistant disease after treatment with androgen deprivation, such that the 

cancer cells continue to proliferate under conditions of very low serum androgen.  

Patients who present with castration-resistant disease typically have poor prognosis, 

with median survival of 14 months following diagnosis (7, 65, 82).  These patients have 

limited options with conventional anti-cancer therapy and would be candidates for 

oncolytic virus therapy.   

 

Vesicular stomatitis virus (VSV) is an attractive oncolytic virus agent.  It infects a wide 

range of cell types and readily induces apoptosis in the cells that it infects (85).  VSV has 

been shown to infect and induce apoptosis in cancer cell lines from various tissue types, 

such as breast adenocarcinomas, pancreatic ductal adenocarcinomas and 

glioblastomas (2, 5, 25, 28, 90, 94).  Although VSV demonstrates permissiveness in 

cancer cell lines of each tissue type, the common trend observed is that some cancer 

cell lines are susceptible to VSV infection and VSV-induced cell death, whereas other 
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cell lines are not.  In prostate cancer, previous studies from our lab demonstrated that 

LNCaP cells are sensitive to infection and killing by VSV, while PC-3 cells are resistant 

to killing in vitro (2, 25).  Similar results were obtained upon VSV treatment of the LNCaP 

and PC-3 tumors grafted into nude mice, where tumor regression was achieved in 

LNCaP tumors but not in PC-3 tumors (2).  This differential response to VSV infection 

may result from the intrinsic heterogeneity of prostate cancer, such that various genetic 

aberrations within each tumor cause this variability in sensitivity to VSV treatment.  The 

differential susceptibility to prostate cancer may also result from progression to tumor, 

such that sensitivity of to VSV treatment changes at different stages of tumor 

development.  The goal of the experiments presented here is to determine susceptibility 

of prostate cancer to VSV during development of prostate cancer, from the stage of 

initiating mutation, to invasive adenocarcinoma to castration-resistant tumor.  The 

experiments presented here also examine the mechanisms of susceptibility or resistance 

to VSV in prostate cancer. 

 

Genetic Alterations in Prostate Cancer 

Human prostate cancer develops as normal prostate epithelium acquires an initiating 

mutation that leads to formation of prostatic intraepithelial neoplasia or PIN, a 

proliferation of benign epithelial cells.  Additional mutations and epigenetic changes lead 

to invasive adenocarcinoma of the prostate, in which there is an overwhelming 

proliferation of malignant cells that breaches the basal layer of epithelial cells, resulting 

in severe disruption of prostatic glandular architecture.  Further mutations lead to 

development of metastatic prostate cancer that spreads to other organs.  Patients with 

localized disease are treated with radiation therapy and radical prostatectomy.  
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Treatment for metastatic prostate cancer involves androgen deprivation therapy, which 

typically leads to formation of castration-resistant metastatic cancer by a number of 

mechanisms, including additional mutations and epigenetic changes.   

 

There are several known risk factors for prostate cancer.  The most important of which 

are age, ethnicity and genetic factors.  The incidence of prostate cancer has a strong 

correlation with age due to accumulation of genetic mutations.   Some of these genetic 

alterations include loss of heterozygosity (LOH) in the tumor suppressor PTEN (129, 

131).  Other tumor suppressors commonly lost in prostate cancer include pRb and TAK1 

(81, 130).  The role of these tumor suppressors in prostate carcinogenesis are discussed 

below. 

 

PTEN (phosphatase and tensin homology deleted on chromosome 10) is one of the 

most frequently mutated tumor suppressor genes in human cancer.  Its role as a major 

tumor suppressor gene was suggested when LOH was found in chromosome 10q23 in 

31% of glioblastoma cell lines, 100% of prostate cancer cell lines and 6% of breast 

cancer cell lines (75, 116).  These findings have been further confirmed in primary breast, 

endometrial, lung, colorectal, glioblastoma and prostate tumors.  The role of PTEN as a 

tumor suppressor is further suggested by syndromes associated with germline mutations 

of the PTEN gene.  This group of syndromes, known as PTEN hamartoma tumor 

syndromes, is characterized by aberrant growth of benign tumors, reviewed in (22).  

Patients with this syndrome have significantly higher risk of developing aggressive 

tumors (22). 
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In prostate cancer, PTEN undergoes copy number loss early in prostate carcinogenesis, 

in 20-30% of primary prostate cancer samples (129, 131).  Overwhelmingly, deletion 

and/or mutations in the PTEN gene has been detected in advanced and metastatic 

prostate cancers (114, 123).  The loss of PTEN in murine prostate cancer models 

demonstrates the functional role of PTEN as a tumor suppressor in the prostate.  Mice 

with conditional deletion of the Pten gene in the prostate develop invasive 

adenocarcinoma as early as 9 weeks of age, whereas Pten heterozygotes develop 

invasive adenocarcinoma much later in life (129).  Conditional prostate Pten knockout 

mice are also one of the few murine models that readily develop metastatic prostate 

cancer.  Following castration, these mice develop castration resistant disease (129).  

Together, these studies demonstrate a major role for Pten as a tumor suppressor and 

indicate that Pten loss is involved in progression of prostate cancer. 

 

The tumor suppressive properties of Pten are exerted by antagonizing the 

phosphatidylinositol-3-kinase (PI3K) signaling pathway (as reviewed in (44)).  Upon 

stimulation of cells with growth stimuli, PI3K catalyzes the conversion of 

phosphatidylinositol 4,5-bisphosphonate (PIP2) to phosphatidylinositol 3,4,5-triphosphate 

(PIP3), a second messenger that promotes survival, growth and proliferation.  PTEN is a 

plasma-membrane lipid phosphatase that negatively regulates PIP3-mediated 

downstream signaling by hydrolyzing 3-phosphate on PIP3 to generate PIP2.  With PTEN 

loss, PIP3 accumulates and promotes the recruitment of the serine threonine kinases 

AKT1, AKT2, AKT3 and PDK1.  Once recruited to the cellular membranes, AKT isoforms 

are activated by phosphorylation at two different residues.  Activation of AKT signaling 

promotes cell survival through phosphorylation of proapoptotic factors such as BAD and 

procaspase-9, and cell progression and growth through glycogen synthase kinase-3 
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(GSK-3) and p21.  Activation of AKT signaling also leads to indirect activation of 

mTORC1, which plays a role in mediating translation of proteins, and is a regulator that 

links nutrient sensing and to cell growth and cancer, (reviewed in (102)).  In an analysis 

of mTOR signaling by Hsieh et al in prostate cancer, ribosomal profiling showed that 

mTOR regulates translation of mRNAs that are involved in cellular invasion and 

metastasis (59).  Together, activation of this PI3K/AKT pathway plays a major role in 

mediating progression to tumor upon PTEN loss. 

 

More recently, there has been an interest in AKT-independent roles of PTEN.  Pten-null 

prostates eventually develop invasive adenocarcinoma.  But transgenic models with 

prostate-specific overexpression of a constitutively active AKT develop only localized 

and mostly preneoplastic lesions (88).  Discrepancies between other mouse models of 

Pten loss and Akt suggest that an AKT-independent mechanism contributes to PTEN 

tumorigenesis.  A more recent cDNA analysis of isogenic cell line pairs silenced for 

PTEN showed a strong association of PTEN loss with activation of JNK pathway (127).  

The authors determined that that activation of JNK pathway upon PTEN loss is 

independent of AKT activation.  They also demonstrated that JNK activation cooperates 

with AKT activation in tumorigenesis.  As a member of the MAPK pathway, the role of 

JNK in carcinogenesis needs to be further investigated.  However, these data suggest 

that the role of PTEN in regulating carcinogenesis is more than only regulating the AKT 

pathway. 

 

Analyses of Pten deletion in genetically engineered mouse models have uncovered its 

cooperativity with other key genes that are deregulated in prostate carcinogenesis.  
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Inactivation of Pten has been shown to cooperate with loss of function of the Nkx3.1 

homebox gene, a putative tumor suppressor specific to the prostate, to promote 

neoplastic formation (64).  The loss of Pten also cooperates with the loss of tumor 

suppressor retinoblastoma (pRb) to promote earlier adenocarcinoma formation (64).  

Together, these studies demonstrate a role for PTEN to cooperate with other tumor 

suppressors in regulating prostate cancer progression. 

 

The role of another tumor suppressor, the retinoblastoma (Rb) protein has been debated 

among prostate cancer biologists.  Rb can prevent tumor progression by binding to 

transcription factors such as E2F and blocking their ability to activate transcription.  E2F 

is a transcription factor that controls activities involved in transitioning from G1 to S 

phase in the cell cycle.  The genes that E2F control include DNA replication proteins, 

nucleotide biosynthetic proteins, cyclin E and cyclin dependent kinase 2 (cdk2), all of 

which are involved in mediating DNA replication.  Thus, many of the genes involved in 

activation of DNA replication and the regulation of the G1/S transition are under the 

control of the Rb/E2F pathway (24). 

 

In prostate cancer, loss of chromosome 13q, including a region containing the Rb gene, 

occurs in at least 20% of the prostate tumors.  Wang et al. demonstrated that with 

embryonic prostatic rescue and tissue recombination approaches, homozygous loss of 

Rb results in dysplasia and invasive adenocarcinoma (130).  In a conditional Cre-

dependent Rb-null model, only development of focal hyperplasia was observed within 

the mouse prostate (87).  In another transgenic mouse model, SV40 large T antigen was 

dominantly expressed in prostate epithelia to inactivate Rb (56).  These mice developed 
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aberrant proliferation and abundant apoptosis in prostatic luminal epithelial cells, which 

caused murine PIN development and confirmed the previous experiment.  However, it 

was only with introduction of heterozygous Pten that the invasive adenocarcinoma 

phenotype was observed.  Together, these studies demonstrate that loss of Rb early 

leads to development of low grade prostate cancer.  More recently, Sharma et al. finds 

that Rb deficiency in prostate cancer cells offers very little proliferative advantage in the 

presence of androgen in vitro (107).  But in androgen-deprived media, Rb deficient 

prostate cancer cells had significant proliferative advantage.  A follow-up analysis 

determined that RB loss is overrepresented in prostate cancer metastases and 

castration-resistant disease (110).  As a consequence of RB downregulation, E2F1 

mediates overexpression of AR.  RB downregulation also promotes more rapid tumor 

growth following castration (110).  Together, these studies suggest a role for Rb in 

restricting tumor development in prostate cancer.   

 

TGF-β-activated kinase-1 (TAK1) is a member of the MAP3K family, and a recently 

discovered tumor suppressor in the prostate.  It is also a key intermediary in the 

signaling of Toll-like receptors (TLRs), IL-1 receptor (IL-1R), TNF receptor (TNFR) and 

TGF-β receptor (101).  On activation by corresponding ligands, TLR/IL-1R and TNFR 

recruit and phosphorylate TAK1.  Phosphorylated TAK1 subsequently activates IKB (IKK) 

and MAP kinase kinse (MKK) 4/7, leading to the activation of NF-KB and JNK 

respectively.  NF-KB and JNK are important pathways for regulating immune response 

and inflammation (101).   
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Although TAK1 plays a major role in immune response, its role in cancer development is 

less apparent.  Hepatocyte-specific deletion of Tak1 leads to development of 

spontaneous hepatocyte death, but compensatory proliferation develops eventually 

causing carcinoma nodules to form (61).  In this analysis, TAK1 appears to act as a 

tumor suppressor in hepatocytes.  However, activation of TAK1 appears to promote 

metastasis of colorectal carcinoma to the lung (31).  This analysis suggests a role for 

TAK1 as a proto-oncogene.  It appears that TAK1 may have different effects on 

carcinogenesis depending on the tissue type. 

 

In the prostate, deletion of DNA sequences from chromosome 6q14-21 is one of the 

most common deletion events in the genome of prostate cancers.  High resolution SNP 

arrays and allele-specific analyses performed by Liu et. al detected deletion at 6q14-21 

region in 38% of the prostate cancer specimens examined (81).  Contained in this region 

is the TAK1 gene.  Deletion of the TAK1 gene was considerably more frequent in high 

grade tumors, found in 75% of the Gleason grade 9 (high tumor grade) tumor specimens.  

TAK1 deletion is also associated with poor PSA recurrence-free survival (66).  Recently, 

Wu et. al demonstrated that deficiency of Tak1 in mouse prostate stem cells promotes 

cell growth in vitro and tumor development in tissue recombination studies in vivo (136).  

Together, these studies validate the role of TAK1 as a tumor supressor in the prostate. 

 

The role of inflammation in tumor initiation and malignant progression has become a 

point of focus in cancer research.  Of note, signal transducer and activator of 

transcription 3 (STAT3) activity has been linked to inflammation-associated 

tumorigenesis (141).  STAT3 is a signaling protein that transduces extracellular signals 
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to the nucleus and regulates transcription of genes.  Upon ligand stimulation, STAT3 is 

phosphorylated at Y705 tyrosine residue, dimerizes and translocates to the nucleus to 

bind to its cognate DNA response element.  In many tumors, STAT3 directly interacts 

with the NF-kB family member RELA, trapping it in the nucleus and thereby contributing 

to constitutive NF-kB activation.  Together, activation of these proteins leads to 

transcription of genes involved in tumor proliferation, survival, angiogenesis and invasion.  

Many STAT3-regulated genes encode cytokines and growth factors, notably interleukin 

6 (IL-6), the receptors of which in turn activate the same STAT3 pathways, thereby 

propagating a positive feedback loop between tumor cells, promoting inflammatory 

responses that further support tumor growth and survival (52). 

 

In prostate cancer, activation of STAT3 has been found in 77% of lymph node and 67% 

of bone metastases of clinical human prostate cancer specimens (1).  Transduction of 

prostate cancer cell lines with STAT3 promoted migration and cell invasion in vitro, and 

significantly increased the number of prostate cancer metastases to the lung (1).  

Inhibiting expression of STAT3 induced apoptosis in prostate cancer cell lines (16).  

Together, these studies suggest that overexpression and activation of STAT3 promotes 

prostate cancer tumorigenesis and inhibiting STAT3 can be used as a strategy for 

treating prostate cancer. 

Oncolytic Viruses in Prostate Cancer 

The use of replication-competent viruses that can selectively replicate in and destroy 

neoplastic cells is a novel strategy in cancer therapy.  Current oncolytic viruses under 

research include DNA viruses such as adenovirus, herpes simplex virus and vaccinia 

and RNA viruses such as Newcastle disease virus, reovirus and VSV (2, 4, 28, 39, 45, 
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60, 126, 143).  Several of these viruses have been used in phase I clinical trials to 

determine safety and toxicity in prostate cancer patients.  Just like conventional cancer 

therapy, strategies have been developed to target the oncolytic virus towards tumor cells 

and spare the normal cells.  One of the first oncolytic viruses tested in prostate cancer 

patients is an adenovirus mutant that contains prostate-specific enhancer in the 

adenovirus genome in order to drive prostate-specific expression of adenovirus genes 

(36).  Intraprostatic administration of this virus achieved 25-50% PSA reduction in some 

patients with local recurrence of prostate cancer.  Strategies to enhance cancer cell 

death following virus infection include the incorporation of suicide genes such as the 

herpes simplex virus thymidine kinase (HSV-TK) into the virus genome, such that HSV-

TK converts gancyclovir into a toxic product that specifically kills cancer cells.    

Incorporation of the cytosine deaminase (CD) gene that converts 5-fluorocytosine into a 

toxic metabolic also enhances tumor cell death.  Adenoviruses that incorporate both of 

these suicide genes were also able to achieve PSA reduction in some of the patients 

with prostate cancer (115).  Among RNA viruses, reovirus has been tested clinically for 

treatment of prostate cancer.  Reovirus is a double-stranded RNA virus that 

demonstrates permissiveness in cells with aberrant Ras/RalGEF/p38 signaling (120).  

When administered to patients with prostate cancer, PSA reduction was observed in 

very few patients (126).  The overall trend observed for oncolytic virus therapy in 

prostate cancer patients, is that some tumors respond to treatment, but many tumors do 

not.  Better oncolytic viruses are still needed for prostate cancer patients. 

 

 

Vesicular Stomatitis Virus 
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Vesicular stomatitis virus (VSV) is a member of the Rhabdoviridae family of viruses.  It is 

an enveloped virus with helical nucleocapsid containing single-stranded, negative sense 

RNA.  The 11kb RNA genome of VSV encodes genes for five proteins.  The 

nucleocapsid (N) protein encapsidates the viral RNA genome, and together with the 

phosphoprotein (P) and the large polymerase protein (L), form the viral ribonucleoprotein 

complex.  The L protein is responsible for transcribing viral RNA genome.  The P protein 

binds L Protein to the nucleocapsid, and its phosphorylation is necessary for 

transcription activation (14, 15).  Cryo-EM analysis showed that two nested, left-handed 

helices exist within the virion (47).  The outer helix consists of the matrix (M) protein and 

the inner helix consists of the nucleoprotein N and RNA.  The M protein also links 

neighboring M and N subunits, providing rigidity by clamping adjacent turns of the 

nucleocapsid (47).  The M protein also binds to the lipid bilayer of the virus envelope.  

Contained in the viral envelope is the viral glycoprotein (G), whose role is to mediate 

virus attachment and penetration during infection. 

 

The VSV lifecycle consists of the early events of attachment, penetration and primary 

transcription.  Later steps in the lifecycle include secondary transcription and virus 

budding.  Although VSV infects a wide range of cell types, the cellular receptor for G 

protein has been under debate.  It has been proposed that nonspecific electrostatic and 

hydrophobic interactions mediate attachment of VSV G protein to the cell surface.  

Recently, Finkelshtein et. al demonstrated that LDL receptor and its family members 

may serve as a means for VSV G protein attachment (43).  Following attachment, VSV 

penetrates into the cells via clathrin-dependent endocytosis and actin is involved at the 

completion of this process because the virus is too long to fit completely within a clathrin-

coated vesicle (34, 89, 121).  The process of fusion of viral membrane with endocytic 
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membrane to release the nucleocapsid is mediated by pH-dependent conformational 

changes in the G protein (99, 100).  Upon membrane fusion, the internal virion 

components are released into the cytoplasm.  The M protein dissociates from the 

nucleocapsids to allow primary transcription to occur.  The viral RNA polymerase 

transcribes the leader RNA and the five viral transcripts from the viral genome.  The viral 

mRNA transcripts are 5’-capped and polyadenylated in the 3’ region by the viral L 

protein, and are translated into viral proteins using host cell translation machinery.  

Expression of viral proteins is required for the viral polymerase to begin replication of the 

viral genome.  Also required for this process is encapsidation of nascent RNA, which 

serves as a signal for the viral polymerase to begin replication of the full length genome 

versus transcription of viral RNA.  The positive sense antigenome is first synthesized, 

and serves as a template for replication of the negative sense progeny genome.   

 

Once the viral progeny genomes are encapsidated, they can be assembled into progeny 

virions, or can be used as templates for secondary transcription.  Secondary 

transcription is the major amplification step in the virus replication cycle, in which a 

majority of the viral proteins are synthesized.  Assembly of the virus occurs at the 

plasma membrane.  The G protein is synthesized by ribosomes associated with the 

rough endoplasmic reticulum and are transported to the plasma membrane via the 

secretory pathway.  The M protein is a soluble protein and is found to associate with the 

plasma membrane.  At the site of virus budding, nucleocapsids form complexes with M 

protein, and M protein directs the formation of the helical structure of the nucleocapsid.  

Finally, multivesicular body apparatus is relocalized and used for budding of the 

assembled virus.  
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 Host Antiviral Responses 

Intracellular virus replication creates products that are recognized by sensors known as 

pathogen pattern recognition receptors (PRRs).  In the case of many negative stranded 

RNA viruses, the viral replication products activate the cytoplasmic PRR known as 

retinoic-acid inducible gene I (RIG-I) or other members of the RIG-I family. They may 

also activate membrane-associated receptors known as toll-like receptor (TLR) 4, 7 and 

13 (49, 84, 104, 113, 140).  Engagement of viral ligands of their cognate PRRs leads to 

activation of multiple signal transduction pathways that lead to activation of transcription 

factors, such as IFN stimulatory factor (IRF) 3 and NF-kB.  These signaling molecules, 

upon activation, transduce to the nucleus and serve as transcriptional activators for 

interferon (IFN) production (reviewed in (96)).  Type I IFN, which includes IFN-α and –β, 

bind to their cognate receptor.  The type I IFN receptor is associated with Janus 

activated kinase (JAK) 1 and tyrosine activated kinase (Tyk2).  Upon IFN engagement of 

their receptors, JAK1 and Tyk2 autophosphorylate which leads to phosphorylation and 

activation of signal transduction and activators of transcription (STAT) 1 and 2.  

Phosphorylation and activation of STAT1 leads to formation of homo- or heterodimers of 

STAT1, which interacts with IRF9 to form interferon stimulated gene factor 3 (ISGF3).  

This complex translocates to the nucleus and binds promoters that contain IFN-

stimulated response elements (ISREs) that are present in the promoters of certain IFN-

stimulated genes (ISGs).  This leads transcription and expression of hundreds of 

antiviral genes that together induce an antiviral effect.    

 

The functional importance of the type I IFN system in creating antiviral response to VSV 

was demonstrated when mice lacking type I IFN receptor subunits (IFN-α/βR 0/0) were 
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infected with VSV (93).  IFN-α/βR 0/0 mice exhibit increased susceptibility to VSV, such 

that these mice died within 3-6 days of intravenous VSV inoculation, whereas the all of 

the wildtype mice survived.  This increased susceptibility to VSV was also observed in 

mice with targeted disruption in STAT1 (38).  Although disruption of key signal 

transduction molecules in the type I IFN system demonstrate the importance of type I 

IFN system in providing protection from VSV, no particular single downstream interferon 

stimulated gene product has demonstrated complete protection to VSV.  For example, 

protein kinase R (PKR) inhibits viral replication by inhibiting protein translation through 

phosphorylation and inactivation of eukaryotic initiation factor 2α.   PKR-/- mice were 

slightly more susceptible to VSV infection, depending on the route of inoculation (117).  

Recently, Fensterl et. al demonstrated a role for Ifit2/ISG54 gene product P54 in 

protection from VSV.  P54 binds to the translation initiation factor eIF3 and inhibits 

protein translation.  Ifit2-/- mice were not as susceptible to VSV as IFNAR-/- mice, but 

were more susceptible than wt mice (41). Another interferon-stimulated gene product, 

Rnase L, does not appear to enhance anti-VSV activity of IFNs (77).  Together, these 

data suggest that the antiviral activity of the type I IFN system is exerted by cooperativity 

among multiple interferon-stimulated gene products. 

Inhibition of Host Gene Expression by VSV     

Many viruses evolve mechanisms to suppress or evade host antiviral responses.  A 

primary mechanism by which VSV suppresses host antiviral responses is through 

inhibition of host gene expression.   This occurs at the levels of transcription of host 

mRNA, transport of host mRNA from the nucleus to the cytoplasm and translation of 

host mRNA into proteins.  The viral M protein is the major viral gene product that 

mediates this inhibitory activity.  Expression of M protein in transfected cells in the 

absence of other viral components inhibits expression of cotransfected genes driven by 
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a wide variety of different promoters (19-21, 42).  Transfection of cells with M protein, 

inhibited transcription of genes from RNA polymerase I, II and III -dependent promoters 

(3).  The host protein Rae1 is involved in this process.  Rajani et al found that M protein 

interacts with Rae1 and silencing of Rae1 restored host RNA synthesis to 40% of 

uninfected control levels (97).  M protein has very little effect on transcription in Xenopus 

oocytes, and the role of M protein in inhibiting nuclear-cytoplasmic transport was 

investigated in these cells.  Radiolabeled RNAs were injected into the nucleus of the 

Xenopus oocytes preinjected with M mRNA, and M protein inhibited the movement of 

radiolabeled RNAs from the nucleus to the cytoplasm (54).  This effect is likely 

independent of Rae1, as silencing Rae1 had little effect on net accumulation of host 

mRNA in the nucleus upon VSV infection (97).  The translational control of protein 

synthesis by VSV was shown by polysome profiling.  The average size of polysomes 

translating individual cellular mRNAs were reduced following VSV infection, suggesting 

that VSV infection altered translation of host mRNA (83).  Rae1 does not appear to be 

involved in host translation, as silencing of Rae1 did not alter the rate of host or viral 

protein synthesis (97).  VSV infection does alter the host translation apparatus, by 

dephosphorylating the cap-binding translation factor eIF4E (33).  Thus, VSV inhibits host 

gene expression at levels of transcription, nuclear-cytoplasmic transport and translation 

such that host innate immune responses are inhibited and viral replication can occur. 

VSV as an oncolytic agent 

Vesicular stomatitis virus is an attractive oncolytic agent.  It infects a wide range of cell 

types.  This widespread infectivity is an important aspect when considering VSV as a 

therapeutic agent for the treatment of malignancies, so that different types of tumors can 

be treated.  Although wildtype VSV produces an acute, febrile disease in cattle, it rarely 

produces significant disease in humans.  Some laboratory adapted strains, whose 
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pathogenicity have been largely attenuated, cause very little if any morbidity and 

mortality in immunocompromised and immunocompetent mouse models (2, 85, 119).  

These attenuated strains of VSV are promising as candidate oncolytic viruses because 

they exhibit very little pathogenicity but show no reduction in their oncolytic potential (2, 

119).  Compared to other replication-competent vectors, VSV is particularly appealing for 

its rapid replication rate of 8-12 hours in susceptible tumor cells, such that significant 

tumor destruction may have occurred prior to the initiation of host adaptive immune 

system (2, 5, 12, 118).  VSV has not been shown to undergo any genetic recombination 

or reassortment during infection and replication.  More importantly, VSV does not exhibit 

any evidence of transforming potential and does not integrate any part of its genome into 

the host (12).  Seroprevalence studies also indicate that exposure to VSV is generally 

uncommon, which suggests that there would be very little preexisting immunity that 

would mediate clearance of VSV when used as an oncolytic virus (85).   

 

Recombinant strains of VSV have been generated to improve the oncolytic capabilities 

of VSV and to enhance specificity for tumor cells, providing a safer alternative for human 

cancer therapies.  VSV strains harboring mutations in the M protein, compared to those 

with wildtype M protein, are defective in their ability to suppress host antiviral responses, 

including the IFN response (119).  Since some tumor cells are defective in their antiviral 

responses, the selectivity of viruses for tumor cells versus normal cells can be enhanced 

by strategies that activate antiviral response in normal cells.  This can be achieved by 

either pretreatment with IFNs or by using VSV strains that induce IFN production, such 

as M protein mutant viruses or recombinant VSV that expresses IFN from the viral 

genome (118, 119).  The wt strains of VSV induce relatively little IFN production in 

infected cell.  This is due to inhibition of host gene expression by the viral matrix (M) 

protein.  The rM51R virus is a virus isogenic to recombinant wild type virus.  It contains a 
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mutation that substitutes an arginine for methionine at position 51 of the 229 amino acid 

M protein.  This mutation renders the virus defective in its ability to inhibit host gene 

expression, but does not compromise the expression of viral genes or the production of 

infectious progeny (4, 119).  The rM51R virus is just as potent as the recombinant wt 

virus in inducing tumor cell lysis in vitro and tumor regression in vivo (2, 119).   

 

VSV induces oncolysis by inducing apoptosis.  The wt M protein induces apoptosis 

directly through inhibition of host gene expression (85).  The M protein activates the 

mitochondrial pathway of apoptosis, which involves the release of cytochrome c and 

other proapoptotic proteins from the mitochondria.  This results in the activation of the 

initiator caspase, caspase 9 (85).  The M protein mutant viruses are defective in shut-off 

of host gene expression.  Consequently, the M protein mutant viruses induce apoptosis 

by a mechanism other than the shut-off of host gene expression.  In fact, the M protein 

mutant viruses appear to induce apoptosis by inducing activation of the death receptor 

pathway (85).  The initiator caspase 8 is activated as part of this response.  

Aberrant Antiviral Signaling in Cancer 

The current research on oncolytic virus therapy is based on the principle that as some 

tumors evolve, they pursue proliferative signaling pathways that are antagonistic to 

antiviral signaling pathways, rendering these tumor cells more susceptible to virus 

infection than normal cells.  IFNs inhibit cell growth and control cellular apoptosis and 

are generally antiproliferative (48).  Activation of STAT1 signaling pathway by IFNs leads 

to expression of procaspases and induce apoptosis (30, 35).  In addition to these 

proapoptotic effects, IFNs are often cytostatic.  This growth-inhibitory activity is mediated 

through suppression of the pocket proteins and inhibitors of cyclin-dependent kinases, 

thereby causing cell cycle arrest (103).  Thus, many cancers compromise expression of 
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antiviral signaling molecules to promote cell survival (11, 37, 134).  These cancer cells 

downregulate key components of the antiviral signaling, including STAT1, Jak1 and 

Rnase L.  Such defects in antiviral signaling render these cancer cells susceptible to 

oncolytic viruses.   

 

It is interesting to note that upregulation of interferon responses may also promote 

tumorigenesis.  Hix et al demonstrated that overexpression of STAT1 in low metastatic 

breast cancer cells promoted aggressive tumor growth.  This may occur through 

suppression of antitumor T cell function, thereby driving breast cancer progression (57).  

Microarray comparison of gene expression changes between invasion sites and primary 

sites of melanomas revealed significant enrichment of STAT1 signaling pathway in 

invasion sites (105).  Silencing STAT1 impaired the migratory and invasive capabilities 

of metastic melanoma cells (105).  These data suggest that upregulation or activation of 

STAT1 may be necessary for progression to tumor in some cancer cells.  In these cases, 

cells may acquire resistance to oncolytic viruses during progression to tumor. 

Human Prostate Cancer Cell Lines are Differentially Susceptible to VSV 

Different tumor cell lines, although derived from the same tissue type, show differential 

sensitivity to VSV infection.  In malignant glioblastoma cell lines treated with VSV, some 

cell lines such as U87 cells are highly sensitive to VSV infection and are not protected by 

pretreatment with IFN, whereas other cell lines such as A172 retain some IFN-response 

and are protected from infection by VSV (132).  In the case of prostate cancer, PC-3 

cells are resistant to VSV infection whereas LNCaP cells are sensitive.  These two cell 

lines derived from metastatic prostate cancers are differentially responsive to VSV 

treatment, and illustrate the heterogeneous response of prostate cancer cell lines to VSV 
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infection (2).  A subsequent analysis by Carey et. al found that there were major delays 

in the early events of  virus replication cycle in PC-3 cells when compared to LNCaP 

cells, suggesting that IFN-stimulated genes are active at multiple steps in PC-3 cells to 

deter virus replication (25).  Indeed, a microarray analysis comparing gene expression 

changes between PC-3 and LNCaP cells overexpression of antiviral genes in PC-3 cells, 

and overexpression of the key IFN signaling molecule STAT1 was confirmed by 

immunoblotting (25).   

 

These studies suggest that during tumor progression, some cancer cells may upregulate 

their antiviral responses to promote aggression, whereas other cancer cells may 

downregulate their antiviral responses to promote survival.  I hypothesize that the 

susceptibility of prostate cancer changes during tumor development, at the stages of 

initiating mutation, invasive adenocarcinoma and castration-resistant adenocarcinoma.  

This hypothesis was tested using cells derived from a murine model of prostate cancer, 

the prostate Pten knockout mouse.  Primary cultures of tumor-derived Pten -/- cells 

contain a mixture of cells that are susceptible and resistant to VSV.  Upon castration and 

tumor evolution, castration-resistant tumors develop susceptibility to VSV.  Clonal 

populations of tumor-derived Pten -/- cells in long-term culture poorly support viral gene 

expression even when infected at high MOI.  This is not simply dependent on Pten 

deletion because cells that are deleted for the Pten gene in vitro (acutely-deleted Pten -/- 

cells) are susceptible to VSV infection and support viral gene expression.  In addition, 

acutely-deleted Pten -/- cells were also poorly responsive to IFN treatment and protection 

from VSV-induced cell death.  Tumor-derived Pten -/- cells also exhibit resistance to 

VSV-induced cell death when compared to acutely-deleted Pten -/- cells.    Tumor-

derived Pten -/- cells also overexpress STAT1.  Together, these data in chapter 1 
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suggest a model in which prostate epithelial cells are susceptible to VSV and poorly 

responsive to IFN protection when Pten is acutely deleted.  During tumor development, 

prostate cells acquire resistance to VSV infection and thereafter-induced cell death.  

Upon castration, castration-resistant tumors evolve to regain VSV sensitivity. 

 

The differences susceptibility to VSV may also arise due to the various genetic 

alterations occuring during prostate carcinogenesis.  Dysregulation of oncogenic 

pathways, such as loss of the tumor suppressor pRb or TAK1, may have consequences 

on antiviral signaling and affect susceptibility to VSV.  The effect of loss of Rb was tested 

in murine prostate epithelial cells.  Rb-/- cells were more susceptible to VSV-induced cell 

death.  Downregulation of Tak1 had very little effect on susceptibility to VSV or response 

to IFN.  Together, these data in chapter 2 suggest that IFN response and susceptibility 

to VSV may be dependent on the type of genetic alterations occuring during prostate 

carcinogenesis. 

 

Activated STAT3 have been shown to modulate prostate carcinogenesis, as well as 

antiviral defense.  Chapter 3 explores the effect of activated IL-6/STAT3 signaling on 

susceptibility to VSV.  Tumor-derived Pten -/- cells have constitutively active STAT3 

signaling, which is mediated by high levels of IL-6 production.  Activated STAT3 has very 

little effect on activation and expression levels of STAT1.  However, IL-6 induced 

activation of STAT3 plays a small role in mediating antiviral defense against VSV, 

protecting control Pten L/L cells from VSV infection at low multiplicities of infection. 
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Materials and Methods 

Mice 

Prostate-specific Pten -/- mice were generated by crossing Pten Loxp/Loxp mice with mice of 

the ARR2Probasin-Cre transgenic line PB-Cre4, in which expression of the cre 

recombinase is under the control of a modified rat prostate-specific probasin promoter, 

as previously described (74, 138).    Pten L/L mice were backcrossed to C57BL/6 for 3-5 

generations (17).  The mice were a generous gift from Dr. Yong Q Chen’s laboratory at 

Wake Forest School of Medicine.  DNA was acquired via tail snipping for genotyping.  

Castration procedure was performed on prostate-specific Pten -/- mice at 3 months of 

age under isoflurane anesthesia.  Recovery from the procedure was carefully monitored.  

All animals were maintained in an isolated environment.  Animal care was conducted in 

compliance with the state and federal Animal Welfare Acts and the standards and 

policies from the US Department of Health and Human Services.  The protocol was 

approved by the Institutional Animal Care and Use Committee at Wake Forest University.   

 

Cells and Viruses 

Primary cultures of epithelial cells were derived from prostates of normal Pten L/L, tumor 

Pten -/- and castration-resistant Pten -/- mice at 3 and 6 months of age.  This culture 

method was first developed by Nandi et al and was modified by Barclay et al (13, 95).  

Briefly, prostate lobes wre microdissected from the mice and collected into tubes 

containing HEPES-buffered saline (HBS).  The prostate lobes were washed repeatedly 

in HBS containing 5% penicillin/streptomycin.  The prostate lobes were then minced 

using a sterile razor blade and digested for 2-3 hours using 225U/mL of collagenase 

(type IV, Worthington).  Digestion was considered complete when the organoids were 
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released from the surrounding stroma.  The digested tissue was layered on to a Percoll 

gradient and the epithelial organoids were separated from the stromal cells and debris 

by gradient centrifugation (2000rpm, 20 mins).  The fraction containing epithelial 

organoids was isolated and washed repeatedly.  The organoids were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM)/F12 (1:1) containing 1% fetal bovine 

serum, 10% bovine serum albumin (Sigma), 10 ng/mL of cholera toxin (BD biosciences), 

28 ug/mL of bovine pituitary extract (Hammond Cell Tech), 80 ug/mL of gentamycin, 8 

ug/mL of insulin (Gibco), alpha tocopherol (2.3 x 10-6 M), 5 ug/mL of transferrin (Sigma) 

and trace elements.  The organoids were cultured in dishes coated with rat-tail collagen.  

Cell outgrowths from the organoids formed a confluent monolayer by day 6 of harvest 

and were used for experiments.  Only passage 2 and passage 3 of the cells were used 

for primary culture experiments. 

 

Long term cultures of Pten L/L, acutely-deleted Pten -/- , tumor-derived Pten -/-, shNC, 

shTAK1, Rb L/L and Rb -/- cells were obtained from Dr. Scott Cramer’s laboratory and 

maintained in the aforementioned medium (9, 13, 135).  Briefly, Pten L/L cells were 

spontaneously immortalized from prostate epithelial cells of 8 week old Pten L/L mice.  

Acutely-deleted Pten -/- cells were derived by transducing Pten L/L cells with lentivirus 

expressing cre recombinase to achieve Pten deletion in vitro.  Tumor-derived Pten -/- 

were obtained by spontaneous immortalizing prostate cells from 16 week old Pten -/- 

mice.  
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The recombinant viruses, rwt and rM51R, as well as viruses encoding GFP and 

palmitoylated form of dsred were prepared in BHK cells, by infecting at a low MOI and 

harvesting the virus after cytopathic effect is observed (69).   

 

Immunofluorescence 

Primary cells were seeded on to rat-tail collagen coated imaging plates.  Following 

infection, cells were washed three times with phosphate-buffered saline (PBS) and fixed 

with 4% paraformaldehyde at room temperature for 15 mins.  The cells were 

permeabilized with PBS containing 0.25% Triton X-100 (PBST) for 15 mins.  Cells were 

washed with PBS and blocked with 1% BSA in PBST for 30 mins.  Cells were incubated 

with anti-pancytokeratin conjugated to the phycoerythrin fluorophore (Sigma) for an hour 

with constant agitation.  Cells were then washed and incubated with 1 ug/mL of DAPI 

(4’,6-Diamidino-2-Phenylindole) to detect DNA.   

 

Microscopy and Imaging Analysis 

Long term culture cells were seeded on 6 well tissue culture dishes.  Cells were infected 

at the indicated MOI with VSV-GFP or VSV-dsRed.  At 24 hours postinfection, 

fluorescence and bright field images were captured using Retiga EX 1350 digital camera 

(QImaging Corp) attached to a Nikon Eclipse TE 300 inverted microscope.   

 

Images of fixed primary cells were acquired using a BD Pathway 855 instrument.  Image 

analysis was performed using BD Attovision software.  Briefly, a region of interest (ROI) 
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was defined using area occupied by DAPI.  Each area occupied by DAPI (ROI) denotes 

a single cell.  For each ROI, fluorescence intensity in GFP and PE channels were 

determined.  The number of cells that both express viral protein (GFP) and cytokeratin 

(PE) were expressed as a percentage of the total number of cells that express 

cytokeratin (PE).  Images shown are merged images of GFP, PE and DAPI channels.   

 

Cell Viability Assay 

Cells were grown in 96 well tissue culture dishes until 70% confluence and were then 

infected with viruses at indicated multiplicities of infection (MOI).  At various times 

postinfection, live cells were measured using MTT assay (cell proliferation kit 1, Roche 

Diagnostics).   

 

Metabolic Labeling 

Cells were grown in 6 well tissue culture dishes until 70-90% confluence and were then 

infected with viruses at MOI of 10.  At indicated times postinfection, cells were pulse-

labeled for 20 mins using 35S-methionine at 100 uCi/mL.  Cells lysates were harvested in 

RIPA buffer and resolved on (sodium dodecyl sulfate-polyacrylamide) SDS-PAGE gels.  

Phosphorescence imaging was used to analyze the gels.   

 

Immunoblotting Analysis 

Cells were seeded in 6 well tissue culture dishes until 70-90% confluence and were then 

mock or virus-infected with various MOIs.  At indicated times postinfection, cell lysates 
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were prepared in RIPA buffer containing 1 mM aprotinin, 1 uM leupeptin, 1 uM E-64 

protease inhibitor, 500 uM AEBSF and 1X PhosSTOP (Roche Applied Sciences).  

Proteins were resolved on SDS-PAGE gels and were transferred on to 0.45 um polyvinyl 

difluoride (PVDF) membranes.  The membranes were blocked for 1 hour in PBS 

containing 0.1% Tween 20 and 5% nonfat dried milk.  Immunoblots were then probed 

with antibodies against the viral matrix (M) protein, phospho-STAT1 (tyrosine 701; Cell 

Signaling), STAT1 (Cell Signaling), phospho-STAT3 (tyrosine 705, Cell Signaling) or 

STAT3 (Cell Signaling).  Phosphoproteins were probed before unphosphorylated 

proteins.  Proteins were detected using enhanced chemiluminescence substrate 

(Thermo Scientific).  The intensity of the bands was quantified using ImageJ software.   

 

IFN Responsive Assay 

Cells were pretreated with indicated concentrations of universal type I IFN (PBL 

interferon source).  Cells were infected with virus at indicated MOI.  At 72 hours 

postinfection, cells were treated with MTT reagent and cell viability was determined.   

 

Enzyme-Linked Immunosorbet Assay (ELISA) 

Cells (5 x 105) were seeded into 6 well tissue culture dishes.  After attachment, medium 

was aspirated.  Cells were mock- or VSV-infected in low volume for an hour and then 

fresh medium was layered on the cells.  At indicated times, supernatants were harvested 

and stored at -200C.  Supernatants were analyzed for the presence of murine interleukin-

6 (IL-6) using BD ELISA detection kit.  Briefly, capture Ab was coated on to ELISA plates 

and incubated overnight.  The plates were washed and blocked with assay diluent.  
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Samples were diluted 100 fold and added to the plate.  Following incubation, detection 

antibody was added.  IL-6 concentration was measured against known standards.   

 

Inhibition of IL-6 

Tumor-derived Pten -/- were incubated with medium containing the indicated 

concentrations of anti-murine IL-6 antibody (R&D Systems).  Cell lysates were prepared 

at 16, 40 and 64 hours posttreatment to determine phospho- and total STAT1 as well as 

phospho- and total STAT3 levels.   

 

To determine viral gene expression following inhibition of IL-6, tumor-derived Pten -/- 

were incubated with medium containing the indicated concentrations of anti-murine IL-6 

antibody for 16 hours.  At 6, 12 and 24 hours postinfection, cell lysates were harvested 

for immunoblot analysis of viral M protein expression.  

 

IL-6 Treatment  

Control Pten L/L cells were incubated with medium containing the indicated 

concentrations of recombinant murine IL-6 (Sigma) cytokine.  Cell lysates were prepared 

at 1, 2, 3 and 6 hours posttreatment to determine phospho- and total STAT1 as well as 

phospho- and total STAT3 levels.   

 

To determine viral gene expression following IL-6 treatment, control Pten L/L cells were 

incubated with medium containing the indicated concentrations of IL-6 cytokine for 1 
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hour.  Cells were mock-infected or infected with rwt-GFP.  At indicated times 

postinfection, cells were trypsinized from the tissue culture plates using 0.125% trypsin 

in PBS.  The reaction was stopped using trypsin inhibitor (Gibco).  Cells were fixed in 4% 

PFA for 20 mins.  GFP fluorescence was analyzed using a Becton Dickinson 

FACSCaliber flow cytometer. 

To determine cell viability following IL-6 treatment, control Pten L/L cells were incubated 

with medium containing the indicated concentrations of IL-6 cytokine for 1 hour.  Cells 

were mock or VSV-infected.  At indicated times postinfection, cells were incubated with 

MTT reagent to determine cell viability.   

 

Statistical Analysis 

Statistical analysis of two groups was performed using a student’s t-test.  One way 

analysis of variance (ANOVA) was performed on data with two or more groups.  Two 

way ANOVA with Bonferroni post-test was performed for all pairwise multiple 

comparisons.  All statistical analyses were performed with GraphPad Prism software. 
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Chapter 1 

Susceptibility of Prostate Cancer to VSV Oncolysis during 

Progression of Prostate Cancer 

Effects of Infecting Primary Prostate Tumors Cells with VSV 

Many cancer cells downregulate their antiviral responses, rendering them susceptible to 

treatment with oncolytic viruses like VSV. However, individual cancer cell lines vary 

dramatically in their sensitivity to oncolytic viruses, even when these cancers arise from 

the same tissue type. For example, human prostate cancer cell lines respond very 

differently to VSV infection (2, 28).  PC-3 cells are resistant to VSV infection whereas 

LNCaP cells are sensitive.  The variability in response of prostate cancer cells to VSV 

infection may arise due to differences in the initial genetic lesions leading to prostate 

cancer development.  Alternatively, susceptibility to VSV oncolysis may change during 

cancer progression.  Human prostate cancers are heterogeneous in histologic 

architecture, immunophenotype and genetic diversity (106).  This raises the possibility 

that susceptible and resistant cells may coexist in the same tumor.   

 

These two hypotheses were tested using primary prostate epithelial cell cultures from 

transgenic Pb-Cre4 x Pten loxp/loxp mice.  In this mouse model, prostate-specific deletion 

of the Pten gene flanked by loxP sites is achieved by expressing Cre recombinase under 

the control of a probasin promoter (128).  From a single genetic alteration of Pten 

deletion, these transgenic mice develop prostatic lesions from normal prostate 

epithelium that develop to the stage of invasive adenocarcinoma.  Upon castration, 

these transgenic mice are capable of developing castration-resistant tumors that model 

castration-resistant adenocarcinoma in humans (128). 
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Cells cultured from normal mouse prostates or prostate tumors were primarily of 

epithelial origin as shown by cytokeratin expression. Shown in Fig. 1 are fluorescence 

images of cells cultured from normal Pten L/L prostates, Pten -/- prostate tumors, and 

castration resistant Pten -/- prostate tumors.  The cells were cultured according to the 

procedure described by Barclay et. al, in a system that promotes epithelial cell growth 

(13).  Cells were seeded at passage 2 or 3 onto imaging plates and labeled with DAPI as 

a marker for the nucleus, and immunolabeled for cytokeratins as a marker of epithelial 

cells.  Mouse embryo fibroblasts (MEFs) were used as a negative control for cytokeratin 

labeling.  85-95% of the cultured prostate cells were positive for cytokeratin, indicating 

their epithelial origin. In previously published data, these cells also express markers of 

both luminal and basal epithelium (13). 
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Figure. 1. Primary cultures of mouse prostate epithelial cells express 

cytokeratin. Primary cultures of mouse prostate epithelial cells were cultured from 

normal Pten L/L prostates, Pten -/- prostate tumors, and castration resistant Pten -/- 

prostate tumors.  Cells were seeded into imaging plates and stained with DAPI (blue) 

as a marker for the nucleus, and immunolabeled for cytokeratin (red) as a marker for 

epithelial cells.  Using the region marked by DAPI to denote a single cell, the number 

of cells immunolabeled with cytokeratin were counted and shown in the graph.  

Murine embryonic fibroblasts (MEFs) were used as a negative control for cytokeratin 

immunolabeling.  
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In order to determine whether cells derived from Pten -/- prostate tumors are susceptible 

to VSV infection, primary prostate cells from 3 month old prostate-specific Pten -/- mice 

and their littermate controls were infected with the recombinant virus containing a wt M 

protein (rwt) and the isogenic M protein mutant virus (rM51R) at MOI of 10 for 16 hours.  

Both viruses encode the fluorescent protein GFP so that susceptible cells express GFP.  

Cells were then fixed and stained with DAPI and anti-cytokeratin antibody.  

Fluorescence images of normal and tumor-derived cells infected with rwt-GFP are 

shown in Figure. 2A. The numbers of cells that express both GFP and cytokeratin were 

expressed as a percentage of total cytokeratin positive cells, and data from multiple 

experiments are shown in Figure. 2B.   

 

 

When normal Pten L/L prostate epithelial cells were infected with rwt virus, most of the 

epithelial cells (75%) were infected and express GFP.  These results are consistent with 

previous data that normal human prostate epithelial cells are susceptible to VSV (2).  In 

contrast, significantly fewer of the cells in Pten -/- prostate tumors (42%) expressed 

detectable GFP.  The number of prostate cells that expressed detectable GFP from the 

attenuated M protein mutant virus (rM51R) was less than that of cells infected by rwt 

virus, likely due to the induction of antiviral responses in some of the cells by the M 

protein mutant virus.  Nonetheless, the prostate epithelial cells infected with M protein 

mutant virus exhibited a similar trend in that fewer cells from Pten -/- tumors support GFP 

expression compared to normal PtenL/L prostate epithelial cells.  These results indicate 

that even with a single defined initiating genetic lesion of Pten deletion, a heterogeneous 

response to VSV infection develops in the prostate tumor during carcinogenesis. 
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Figure. 2. Prostate tumors contain a mixture of resistant and susceptible cells.  

Primary cultures of prostate epithelial cells were cultured from Pten -/- prostate tumors of 

3 month old mice and their littermate normal Pten L/L controls.  Cells were seeded into 

imaging plates and were infected with rwt-GFP and rM51R-GFP viruses (green).  Cells 

were fixed and immunolabeled for cytokeratin (red) and stained with DAPI as a marker 

for the nucleus (blue).  Representative fluorescence images are shown in A. The number 

of cells that were positive for GFP and cytokeratin were counted and expressed as a 

percentage of total cytokeratin positive cells (B).  Data shown are average of at least 3 

experiments +/- SEM.    
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Figure. 2. Prostate tumors contain a mixture of resistant and susceptible cells.  
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In order to determine the susceptibility of castration resistant Pten -/- prostate tumors to 

VSV infection, transgenic Pb-Cre4 x Pten loxp/loxp mice were castrated at 3 months of age, 

and cells were cultured from castration-resistant Pten -/- prostate tumors at 6 months of 

age.  Normal Pten L/L prostate cells and Pten -/- prostate tumor cells from 6-month-old 

noncastrated mice served as controls. The cells were infected, stained, and imaged, and 

subjected to the same analysis as in Figure. 2.  Shown in Figure. 3 are images of cells 

from castration-resistant Pten -/- and 6 month old control Pten -/- tumors following 

infection with rwt-GFP virus.  Most of the castration-resistant Pten -/- prostate tumor cells 

(approximately 62%) expressed GFP similar to the results with normal PtenL/L cells.  In 

contrast, the cells from control Pten -/- mice at 6 months still consisted of a mixture of 

cells that were primarily resistant cells that support very little viral gene expression, 

similar to the results with 3 month old mice in Figure. 2.   
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Figure. 3. Castration resistant tumor cells are susceptible to VSV infection.  

Pten -/- mice were castrated at 3 months of age and by 6 months of age developed 

castration resistant tumors.  Primary cultures of prostate epithelial cells were cultured 

from Pten -/- prostate tumors of 6 month old mice, castration resistant tumors, and their 

littermate normal Pten L/L control prostates.  Cells were seeded into imaging plates and 

were infected with rwt-GFP and rM51R-GFP viruses (green).  Cells were fixed and 

immunolabeled for cytokeratin (red) and stained with DAPI as a marker for the nucleus 

(blue).  The fluorescence images captured were shown in A.  The total number of 

cytokeratin positive cells was counted.  The number of cells that are positive for GFP 

and cytokeratin were counted and expressed as a percentage of total cytokeratin 

positive cells (B).  Data shown are average of at least 3 experiments +/- SEM.    
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Figure. 3. Castration resistant tumor cells are susceptible to VSV infection. 



37 
 

The observation that Pten-/- prostate tumors contain a mixture of VSV-sensitive and 

VSV-resistant cells (Figure. 2 and Figure. 3) suggests that resistance does not result 

from Pten deletion alone but instead results from cellular changes during tumor 

progression. To further determine whether resistance to VSV develops from a single 

genetic lesion of Pten deletion or from tumor progression, clonal populations of mouse 

prostate epithelial cells in long term culture were used.  Acute deletion of the Pten gene 

in normal prostate epithelial cells was achieved by transducing Pten L/L cells in vitro with 

lentivirus that expresses self-deleting Cre recombinase or with control lentivirus as 

described (10).  Clonal populations of cells derived from tumors of 4 month old Pten -/- 

mice were used to model tumor-derived Pten--/- cells (8).   

 

Control Pten L/L, acutely-deleted and tumor-derived Pten -/- cells were infected with rwt 

virus that encodes a palmitoylated version of the fluorescent protein dsRed at increasing 

MOIs.  Shown in Fig. 4 are representative bright-field and fluorescence images of these 

cells at 24 hours postinfection.  Both the control Pten L/L cells and acutely-deleted Pten -/- 

cells supported viral gene expression at MOI of 1 with slightly more viral gene 

expression at MOI of 10 or 50.  However, tumor-derived Pten -/- cells supported very little 

viral gene expression independently of MOI. This result supports the conclusion that 

resistance to VSV in prostate tumor cells develops following Pten deletion and 

progression in tumor.   
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Figure. 4. Tumor-derived Pten -/- cells support very little viral gene expression 

even at high MOI.   Control Pten L/L, acutely-deleted Pten -/- (A) and tumor-derived Pten -

/- cells (B) were infected with rwt-dsRed virus at MOIs of 1, 10 and 50.  Bright field and 

fluorescence images were captured at 24 hpi.  Images shown are representative images 

of at least 2 or 3 experiments.   
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Figure. 4. Tumor-derived Pten -/- cells support very little viral gene expression 

even at high MOI. 
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The difference in viral gene expression in tumor-derived Pten-/- cells versus acutely-

deleted or normal prostate epithelial cells was confirmed by radiolabeling infected cells 

with 35S-methionine and by immunoblot analysis of viral M protein (Figure. 5).  Control 

Pten L/L, acutely-deleted and tumor-derived Pten -/- cells were infected with rwt virus.  At 

6, 12 and 24 hours postinfection, cells were pulse-labeled with 35S-methioninine, and cell 

lysates were analyzed by SDS-PAGE and phosphorescence imaging.  Shown in Figure. 

5A are representative phosphoimages that depict the rate of viral protein synthesis in 

these cells following virus infection. Control Pten L/L and acutely-deleted Pten -/- cells 

infected with rwt virus had a pattern of viral protein synthesis that is typical for 

permissive cell types, in which viral protein synthesis was detectable as early as 6 hours 

after infection, and continued from 12-24 hours after infection.  However, the ability of 

tumor-derived Pten -/- cells to translate viral proteins was poor at all times postinfection. 

 

Also apparent in Figure. 5A is the inhibition of host protein synthesis by VSV, in which 

labeling of host proteins visible in mock-infected cells declined during the course of 

infection. The inhibition of host protein synthesis in tumor-derived Pten-/- cells was not 

notably different from that in control cells, suggesting that these cells do express viral 

proteins to a level sufficient to inhibit host protein synthesis. 

 

The accumulation of M protein in infected cells was determined by immunoblots. Shown 

in Figure. 5B is a representative image of the M protein blots. Individual band intensity 

was quantified and expressed as a percentage of band intensity of control Pten L/L cells 

at 12 hours post infection.  There was no significant difference between control Pten L/L 

and acutely-deleted Pten -/- cells.  In comparison, M protein expression in tumor-derived 

Pten -/- cells was only detectable in longer exposures and was only about 10% of that of 

control cells.    
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Figure. 5. Control Pten L/L cells and acutely-deleted Pten -/- cells support viral 

gene expression.  Tumor-derived Pten -/- cells support very little if any viral 

gene expression. (A) Control Pten L/L, acutely-deleted Pten -/- and tumor-derived 

Pten -/- cells were infected with rwt at MOI of 10 or mock-infected (M).  At 6, 12 and 

24 hpi, cells were pulse-labeled with 35S-methionine.  Cell lysates were harvested 

and resolved on SDS-PAGE gels.  Representative phosphoimages are shown.  Viral 

proteins L, G, N, P and M are indicated on the phosphoimage. (B) Control Pten L/L, 

acutely-deleted Pten -/- and tumor-derived Pten -/- cells were infected with rwt at MOI 

of 10.  Cell lysates were harvested at 6 and 12 hpi and probed for viral matrix protein 

(M) protein expression by immunoblots. Representative immunoblots of at least 3 

experiments are shown.  Viral matrix (M) protein expression was quantified and 

expressed as a percentage of M protein expression in control Pten L/L cells at 12 hpi.  

Graphical summary of the M protein expression in these cells are also shown in (B).   
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To determine whether the ability to support viral gene expression leads to cell death, cell 

viability was determined following VSV infection (Figure. 6).  Control Pten L/L, acutely-

deleted and tumor-derived Pten -/- cells were infected with rwt or rM51R virus at MOI of 

10.  At various times after infection, cells were incubated with MTT reagent.  Cell viability 

was expressed as a percentage of mock-infected cells at that time point.  Following a 

single cycle infection with rwt or rM51R virus, both control Pten L/L and acutely-deleted 

Pten -/- cells were mostly killed by 36-48 hours postinfection (Figure. 6A, B).  At 12 and 

24 hours post infection, the acutely-deleted Pten -/- cells had significantly more viability 

than control Pten L/L cells, which may be due to a delay in induction of cell death in 

acutely-deleted Pten -/- cells.  In contrast, tumor-derived Pten -/- cells were more resistant 

to virus-induced cell death with about 50% of tumor-derived Pten -/- cells remaining 

viable by 48 hours postinfection with rwt virus (Figure. 6C) and about 75% remaining 

viable after infection with rM51R virus (Figure. 6D).  
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Figure. 6. Control Pten L/L and acutely derived Pten -/- cells are susceptible to 

virus-induced cell death.  Tumor-derived Pten -/- cells are resistant to virus 

induced cell death. Control Pten L/L, acutely-deleted (A and B) and tumor-derived 

Pten -/- cells  (C and D) were infected with rwt (A and C) and rM51R (B and D) virus 

at MOI of 10.  Cell viability was determined using MTT assay and expressed as a 

percentage of mock-infected cells.  Data shown are average of at least 3 

experiments +/- SEM.   
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The difference in susceptibility between tumor-derived and acutely-deleted Pten-/- or 

normal cells was even more pronounced in multiple cycle infections (Figure. 7). Cells 

were infected with rwt or rM51R virus at MOI of 0.1 and cell viability was determined 

using MTT reagent as in Fig. 6.  When control Pten L/L and acutely-deleted Pten -/- cells 

were infected with rwt virus at low MOI, the virus was able to infect cells, replicate and 

spread across the culture.  Thus most of the cells were killed by 48 hours post infection 

(Figure. 7A).  When these cells were infected with rM51R virus, spread of virus and 

induction of cell death was delayed in comparison to rwt virus (Figure. 7B). Tumor-

derived Pten -/- cells were able to limit the spread of the virus across the culture and 

most of the cells remained viable at 48 hours postinfection with either virus (Figure. 7C, 

D).   
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Figure. 7. In a multiple cycle infection, control Pten L/L cells and acutely-

deleted Pten -/- cells are susceptible to rwt-induced cell death.   Tumor-derived 

Pten -/- cells are resistant to rwt- and rM51R-induced cell death. Control Pten L/L, 

acutely-deleted (A and B) and tumor-derived Pten -/- cells (C and D) were infected 

with rwt (A and C) and rM51R (B and D) virus at MOI of 0.1.  Cell viability was 

determined using MTT assay and expressed as a percentage of mock-infected cells.  

Data shown are average of at least 3 experiments +/- SEM.  
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The type I IFN system is an important factor that mediates the resistance of cells to VSV 

infection.  The ability of control Pten L/L, acutely-deleted and tumor-derived Pten -/- cells 

to activate the key IFN-activated transcription factor STAT1 in response to VSV infection 

was investigated.  Cells were infected with rwt virus at MOI of 10 and cell lysates were 

harvested at the indicated times post infection.  The levels of phospho- and total STAT1 

were analyzed using immunoblots and quantified (Figure. 8A).  Tumor-derived Pten -/- 

cells constitutively express high levels of total STAT1.  This is important, because 

unphosphorylated STAT1 has been shown to mediate antiviral activity independent of 

phosphorylated forms of STAT1 (reviewed in (29)).  In contrast, control Pten L/L and 

acutely-deleted Pten -/- cells constitutively express very little total STAT1.  In response to 

rwt virus infection, tumor-derived Pten -/- cells expressed activated, phosphorylated 

STAT1 as early as 6 hpi, despite the inhibitory activity of the wt M protein.  STAT1 

expression was also maintained at 12 hpi despite the inhibitory activity of the wt M 

protein.  This data corresponds to data from viral gene expression assay and cell 

viability analysis.  The data suggests that in the presence of wt M protein, tumor-derived 

Pten -/- cells are still capable of phosphorylating and activating antiviral signaling proteins, 

creating resistance to viral gene expression and thereafter virus-induced cell death.  In 

contrast, control Pten L/L and acutely-deleted Pten -/- cells were poorly able to activate 

and upregulate antiviral proteins, and were susceptible to rwt virus infection and 

thereafter rwt virus-induced cell death.   

 

The ability of control Pten L/L, acutely-deleted and tumor-derived Pten -/- cells to activate 

STAT1 in response to rM51R virus infection was also investigated.  In the presence of 

rM51R virus, tumor-derived Pten -/- cells were still able to phosphorylate and activate 

STAT1 similar to results with rwt virus infection (Figure. 8B).  Total STAT1 expression 
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was upregulated by 12 hpi in cells infected with M protein mutant virus, in contrast to 

infection with rwt virus.  This upregulation of STAT1 expression may contribute to the 

greater resistance of tumor-derived Pten -/- cells to rM51R virus infection when compared 

to rwt virus infection.  For control Pten L/L and acutely-deleted Pten -/- cells, these cells 

were able to activate and upregulate STAT1 upon infection with rM51R virus, unlike 

infection with rwt virus.  However, control Pten L/L cells differ from acutely-deleted Pten -/- 

cells in that control Pten L/L cells phosphorylated and activated STAT1 to higher levels 

than acutely-deleted Pten -/- cells.  Control Pten L/L cells also upregulated STAT1 to 

higher levels than acutely-deleted Pten -/- cells by 12 hpi.  This data suggests that control 

Pten L/L and acutely-deleted Pten -/- cells differ in their antiviral response to virus infection. 

To determine if this antiviral response creates antiviral effect, the IFN responsive assay 

was performed.    
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Figure. 8. Tumor-derived Pten -/- cells constitutively express higher levels of 

antiviral genes.  Control Pten L/L cells activate and upregulate higher levels of 

antiviral genes than acutely-deleted Pten -/- cells with rM51R infection. Control 

Pten L/L, acutely-deleted and tumor-derived Pten -/- cells were infected with rwt (A) or 

rM51R (B) virus at MOI of 10.  Cell lysates were harvested at indicated times and 

probed for phospho- and total STAT1 expression.  Shown here are representative 

immunoblots of at least 3 experiments.  Levels of phospho- and total STAT1 were 

quantified and expressed as a percentage of levels in tumor-derived Pten -/- cells at 6 

hpi.  Data shown are average of at least 3 experiments +/- SEM. 
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The principle of oncolytic virus therapy suggests that normal cells are typically 

responsive to IFN and are protected from VSV infection, whereas cancer cells poorly 

respond to IFN and are susceptible to VSV infection.  The IFN responsiveness of control 

Pten L/L and acutely-deleted Pten -/- cells was evaluated.  The cells were pretreated with 

the indicated doses of type I IFN for 16 hours.  The cells were then infected with rwt 

virus at MOI of 10.  Cell viability was determined at 72 hours.  Control Pten L/L cells 

responded to IFN in a dose-dependent manner and were protected from rwt virus 

infection.  In contrast, acutely-deleted Pten -/- cells were susceptible to rwt virus infection 

even at high doses of IFN.  In data not shown, acutely-deleted Pten -/- cells were just as 

responsive as control Pten L/L cells to IFN when infected with rM51R virus.  This 

suggests that the IFN responsiveness of acutely-deleted Pten -/- cells, when assayed by 

VSV infection, may be dependent on the ability of M protein to inhibit expression of 

antiviral genes. 
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Figure. 9. Control Pten L/L cells responds to IFN stimulation.  Acutely-deleted 

Pten -/- cells poorly respond to IFN stimulation. Control Pten L/L and acutely-

deleted Pten -/- cells were pretreated with increasing concentrations of IFN and 

infected with rwt at MOI of 10.  Cell viability was determined using MTT assay at 72 

hpi and expressed as a percentage of mock-infected cells. 
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Summary 

Together, the data in Chapter 1 of this thesis support a model in which normal prostate 

epithelial cells are susceptible to VSV infection but retain antiviral responses (Figure. 10). 

Upon acute loss of tumor suppressor gene, the Pten gene, prostate cells lose their ability 

to respond to IFN and mount an antiviral response.  During tumor development, some of 

the prostate cells acquire resistance to VSV-infection and thereafter-induced cell death.  

Castration may lead to death of some of the resistant cells, or progression to castration 

resistance is accompanied by downregulation of antiviral genes, such that castration 

resistant prostate epithelial cells are mostly susceptible to VSV infection.   

 

Figure. 10. Model for changes in susceptibility to VSV during progression of 

prostate cancer.   
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Chapter 2 

Effects of Rb Deletion or TAK1-Downregulation on Susceptibility to VSV 

Oncolysis 

Effects of Rb Deletion on Susceptibility to VSV-Induced Cell Death 

In Chapter 1, the effects of Pten deletion on susceptibility to VSV infection were 

demonstrated. Deleting the Pten gene in vitro altered IFN-responsiveness of the murine 

prostate epithelial cells.  Given that Rb is an important tumor suppressor in prostate 

cancer, and that its loss or mutation is frequently associated with advanced prostate 

tumors, the role of Rb in susceptibility to VSV was investigated.  My hypothesis is that 

loss of Rb increases susceptibility to VSV infection.  This hypothesis was tested using 

murine prostate epithelial cells derived by Barclay et al (13).  Long-term cultures of Rb L/L 

cells were derived from prostates of 8-weeks old Rb L/L mice, and Rb -/- cells were 

obtained by transducing the Rb L/L cells in vitro with lentivirus expressing cre 

recombinase to achieve deletion of the Rb gene.  

 

In order to determine the role of Rb in mediating susceptibility to VSV infection, control 

Rb L/L and Rb -/- cells were infected with rwt and rM51R viruses.  Cell viability was 

determined at various times postinfection using the MTT assay.  In a single cycle 

infection, Rb -/- cells showed greater susceptibility to rwt-induced cell death than control 

Rb L/L cells (Figure. 11A).  By 24hpi, 66% of the control Rb L/L cells remained viable after 

rwt-induced cell death, whereas only 29% of Rb -/- cells remain viable at this time.  By 48 

hpi, most of the Rb -/- cells are killed by rwt-induced cell death, but 40% of the control Rb 

L/L cells remained viable. In the case of rM51R infection, a similar trend was observed.  

Rb -/- cells were more susceptible to rM51R-induced cell death than control Rb L/L cells 
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(Figure. 11B).  When comparing between rwt and rM51R viruses, the rwt virus induces 

death at a faster rate than the rM51R virus.  This is consistent with the idea that wt M 

protein accelerates induction of cell death in these cells by inhibiting cellular gene 

expression (67, 68, 70).    
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Figure. 11. Rb -/- mouse prostate epithelial cells show increased susceptibility to 

VSV-induced cell death. Rb L/L and Rb -/- cells were infected with rwt (A) and rM51R 

(B) viruses at MOI of 10.  Cell viability was determined using MTT assay at the 

indicated times.  Cell viability was expressed as a percentage of mock-infected cells.  

Data is an average of at least three experiments +/- SEM.  
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Analysis of cell viability in a multiple cycle infection was used to evaluate the ability of 

VSV to spread across the culture.  Control Rb L/L and Rb -/- cells were infected with rwt 

and rM51R viruses at MOI of 0.1.  Cell viability was determined at the indicated times 

postinfection.  In a multiple cycle infection, rwt virus-infected Rb -/- cells exhibited a 

similar trend to those infected in a single cycle infection (Figure. 12A).  Rb -/- cells 

showed a greater susceptibility to rwt virus-induced cell death when compared to control 

Rb L/L cells.  Rb -/- cells were not able to deter the rwt virus from infecting, replicating and 

spreading across the culture, which resulted in death of most of the cells by 48 hpi.  In 

contrast, control Rb L/L cells were able to limit rwt virus infection and replication across 

the culture, thus 54% of the control Rb L/L cells remained viable by 48 hpi.  In the case of 

rM51R virus, infection, replication and spread across the culture was delayed compared 

to the rwt virus for both cell types, which resulted in delayed rate of induction of cell 

death in both cell types (Figure. 12B).  Nonetheless, Rb -/- cells still showed a greater 

susceptibility to rM51R-induced cell death than control Rb L/L cells.  The difference in cell 

viability between rwt- and rM51R-induced cell death by 48hpi suggests that the Rb -/- 

cells retain some antiviral response, and this antiviral response is sensitive to inhibition 

by the rwt virus.   
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Figure. 13. In a multiple cycle infection, Rb -/- mouse prostate epithelial cells 

show increased susceptibility to VSV-induced cell death.  Rb L/L and Rb -/- cells were 

infected with rwt (A) and rM51R (B) at MOI of 0.1.  Cell viability was determined using 

MTT assay at the indicated times.  Cell viability was expressed as a percentage of 

mock-infected cells.  Data is an average of at least three experiments +/- SEM.   
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Figure. 12. In a multiple cycle infection, Rb -/- mouse prostate epithelial cells 

show increased susceptibility to VSV-induced cell death. 
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The ability of control Rb L/L and Rb -/- cells to respond to IFN and produce an antiviral 

effect was further evaluated.  Control Rb L/L and Rb -/- cells were pretreated with 

increasing concentrations of IFN for 16 hours and infected with rwt virus at MOI of 10.  

Cell viability was determined at 72 hpi.  Both Rb L/L and Rb -/- cells showed 

responsiveness to IFN and demonstrate an antiviral effect at high concentrations of IFN, 

about 5000 U/mL (Figure. 13).  However, Rb -/- cells appeared to require more IFN to 

create such an antiviral effect.  Rb -/- cells required 200 U/mL of IFN to achieve 50% of 

the cells protection from rwt infection.  In contrast, Rb L/L cells required 5 fold less (40 

U/mL) of IFN to achieve 50% protection.  This data corresponds to the multicycle 

infection analysis with rM51R virus that suggest Rb -/- cells retain some antiviral 

response, but not as much as Rb L/L cells (Figure. 12B).  Together, these data suggest 

that Rb -/- cells are capable of responding to IFN and creating an antiviral effect.  

However, Rb -/- cells require more IFN to create such an antiviral effect.  Thus, in a 

multicycle infection, Rb -/- cells are more susceptible to VSV-infection since more IFN is 

required to delay spread of virus across the culture.    
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Figure. 13. Control and Rb -/- cells are responsive to IFN. Rb L/L and Rb -/- cells 

were pretreated with the indicated concentrations of IFN for 16 hours.  Cells were 

infected with rwt at MOI of 10.  Cell viability was determined using MTT assay at 72 

hpi.  Data is an average of two experiments.   
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Effects of Tak1-Downregulation on Susceptibility to VSV 

Liu et al (81) demonstrated that TAK1 is an important tumor suppressor in prostate 

cancer, whose deletion is associated with higher Gleason grade prostate cancers.  The 

role of Tak1 as a tumor suppressor was further validated in tissue recombination studies; 

Tak1-silenced cells developed pathologically-confirmed tumors in vivo (135).  Tak1 is 

also a downstream intermediary of immune signaling.  Shi et al suggested that Tak1 

mediates the activation of antiviral signaling following recognition of VSV by Tlr 13, and 

this effect was observed in dendritic cells and mouse embryonic fibroblasts (MEFs) (112).  

Thus, Tak1 may play a role in antiviral signaling and defense following infection with 

VSV.  Alterations in Tak1 may cause changes in susceptibility to VSV infection.  I 

hypothesize that downregulation of the tumor suppressor and immune adaptor molecule 

Tak1 in prostate epithelial cells would increase susceptibility to VSV infection.  This 

hypothesis was addressed using murine prostate epithelial cells derived by Wu et al 

(135).  Murine prostate epithelial cells were transduced with lentivirus that expresses 

either shRNA against the Tak1 RNA or control non-targeting shRNA, and individual 

clones were selected (112). 

 

Murine prostate epithelial cells expressing non-targeting control shRNA (shNC clones 3 

and 4) and shTAK1 shRNA (shTAK1 clones 1, 2 and 7) were tested for expression of 

Tak1 protein by immunoblots.  Tak1 expression was measured as a percentage of Tak1 

levels in shNC clone 4.  Tak1 expression in shNC clone 3, shNC clone 4, shTAK1 clone 

1, shTAK1 clone 2 and shTAK1 clone 7 were 74%, 100%, 17%, 22% and 15% 

respectively.  It is unclear why expression of Tak1 would differ between the two non-

targeting controls shNC clone 3 and shNC clone 4.  However, shRNA silencing of Tak1 
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was able to achieve downregulation of Tak1 expression, down to 15-22% of shNC clone 

4 levels. 

 

In order to determine the role of Tak1 in susceptibility to VSV infection, the ability of 

shNC and shTAK1 cells to support viral gene expression was determined.  shNC clone 3 

and shTAK1 clone 1 cells were infected with rwt and rM51R viruses encoding the 

fluorescent protein GFP.  At 24 hpi, bright field and fluorescence images were captured 

(Figure. 14).  In a single cycle infection, most of shNC and shTAK1 cells were infected 

with virus and were able to support viral gene expression.  This was observed for both 

rwt and rM51R viruses.  In a multiple cycle infection, in which cells were infected at MOI 

of 0.1, the ability of the viruses to infect, replicate and spread across the culture was 

evaluated.  For both shNC and shTAK1 cells, the rwt virus was able to infect and spread 

across the culture. In the case of the M protein mutant virus, rM51R virus, GFP 

expression was observed in both cell types.  This suggests that there is very little 

difference between shNC clone 3 and shTAK1 clone 1 cells in their ability to support 

rM51R viral gene expression and spread across the culture over time.  Together, these 

data suggest that both control and Tak1-downregulated cells are susceptible to VSV 

infection.      
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Figure. 14. Control and Tak1-downregulated cells support viral gene expression. 

Control and Tak1-downregulated cells were infected with rwt and rM51R at MOI of 

10 and 0.1.  Bright field and fluorescence images were captured at 24 hpi.
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Given that both control and Tak1-downregulated cells support viral gene expression, the 

ability of the expressed viral genes to induce cell death was determined.  shNC and 

shTAK1 cells were infected with rwt and rM51R viruses at MOI of 10.  Cell viability was 

determined using the MTT assay at various times post infection.  In a single cycle 

infection by rwt virus, both control and Tak1-downregulated cells were susceptible to 

virus-induced cell death and were mostly killed by 36 to 48 hpi (Figure. 15A).  For a 

single cycle infection with rM51R virus, both control and Tak1-downregulated cells were 

susceptible to rM51R-induced cell death as well (Figure. 15B). The rate of induction of 

cell death was slower in cells infected with rM51R versus rwt virus.  However,  It appears 

that there is very little difference between control and Tak1-downregulated cells in 

susceptibility to VSV-induced cell death.    
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Figure. 15. Control and Tak1-downregulated cells are susceptible to VSV-

induced cell death. Control and Tak1-downregulated cells were infected with rwt (A) 

and rM51R (B) at MOI of 10.  Cell viability was determined using MTT assay at the 

indicated times.  Cell viability was expressed as a percentage of mock-infected cells. 
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In a multiple cycle infection in which cells were infected at a low MOI of 0.1, the ability of 

the viruses to spread to surrounding cells was evaluated in these cell types.  shNC and 

shTAK1 cells infected with rwt at MOI of 0.1 showed very little difference in susceptibility 

to rwt virus-induced cell death (Figure. 16A).  By 48 hpi, both control and Tak1-

downregulated cells exhibited similar cell viability (30-40% of mock-infected cells).  This 

data suggests that the rwt virus is just as efficient in infecting, shutting-off host gene 

expression, replicating and infecting surrounding in control cells as Tak1-downregulated 

cells.  There is also very little difference between shNC and shTAK1 cells in rate of cell 

death following infection with rM51R virus at MOI 0.1, suggesting that the rM51R virus is 

just as effective in spreading across shNC cells as shTAK1 cells.  Again, the rate of 

induction of cell death in rM51R virus-infected cells was slower than rwt virus-infected 

cells (Figure. 16B), corresponding to the slower rate of induction of cell death in a single 

cycle infection (Figure. 15).   This data also indicates that there is very little difference in 

antiviral defense between shNC and shTAK1 cells.   
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Figure. 16. In a multiple cycle infection, control and Tak1-downregulated cells 

are susceptible to VSV-induced cell death.  Control and Tak1-downregulated cells 

were infected with rwt (A) and rM51R (B) at MOI of 0.1.  Cell viability was determined 

using MTT assay at the indicated times.  Cell viability was expressed as a percentage of 

mock-infected cells.  
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Figure. 16. In a multiple cycle infection, control and Tak1-downregulated cells 

are susceptible to VSV-induced cell death. 
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The difference in antiviral responses between shNC and shTAK1 was further evaluated 

using IFN responsive assay.  Cells were treated with increasing concentrations of IFN.  

Cells were then infected with rwt at MOI of 10 and cell viability was determined at 72 hpi.  

In this assay, the IFN responsiveness between the two control cell lines shNC clone 3 

and clone 4 were somewhat different (Figure. 17).  shNC clone 4 cells required 

approximately 8 U/mL of IFN to achieve 50% protective effect from VSV-induced cell 

death.  shNC clone 3 cells required 200 U/mL of IFN to achieve similar effects.  This 

difference could be due to the 26% difference in Tak1 expression levels between the two 

cell lines.  However, shTAK1 cells required a lower amount of IFN, 40 U/mL, to achieve 

50% protective effect.  Given the difference in IFN-responsiveness between the two 

controls, it is difficult to conclude whether downregulation of Tak1 alters IFN 

responsiveness of the murine prostate epithelial cells.  All these data suggest that 

downregulation of Tak1 does not alter susceptibility to VSV infection.  It is possible that 

the remaining 15-22% of Tak1 in Tak1-downregulated cells may mediate changes in 

sensitivity to VSV infection.  Thus, this hypothesis can be further tested in cells that have 

constitutive deletion of the Tak1 gene.    
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Figure. 17. Control and Tak1-downregulated cells are responsive to IFN.  Control 

and Tak1-downregulated cells were pretreated with the indicated concentrations of 

IFN for 16 hours.  Cells were infected with rwt at MOI of 10.  Cell viability was 

determined using MTT assay at 72 hpi. 
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Chapter 3 

Activation of IL-6/STAT3 Pathway in Murine Prostate Cancer Cells 

Expression of IL-6 in Tumor-Derived Pten -/- cells 

The resistance of tumor-derived Pten -/- cells to VSV was demonstrated in Chapter 1.  

One mechanism of resistance for tumor-derived Pten -/- cells to VSV is the constitutive 

activation and upregulation of STAT1, a key signaling molecule for the type I IFN system.  

Constitutive activation of the type I IFN system contributes to antiviral defense against 

VSV in human prostate cancer cell lines, such as DU-145 and PC3 cells. These cells 

also have constitutively active IL-6/STAT3 pathway, and activation of this pathway leads 

to expression of anti-apoptotic genes that promote survival in cancer cells.  Crosstalk 

between the STAT3 pathway and STAT1 pathway may be mediated by Jak kinases that 

activate both trancription factors (Figure. 18).  In some cell types, activated IL-6/STAT3 

pathway also demonstrates antiviral activity against viruses such as Theiler’s murine 

encephalitis virus or hepatitis C virus.  The IL-6/STAT3 pathway provides antiviral 

activity against these viruses by directly interfering with the intracellular virus replication 

or by activating the type I IFN system.  I hypothesize that tumor-derived Pten -/- cells 

have activated IL-6/STAT3 pathway, and that activation of this pathway contributes to 

antiviral activity against these cells.   
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Figure. 18. Model for crosstalk between the IL-6-STAT3 axis and the STAT1 

pathway 

 

 

  

Lyles DS
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To determine whether tumor-derived Pten -/- cells have activated IL-6/STAT3 pathway, 

their ability to express IL-6 was evaluated compared to control Pten L/L and acutely-

deleted Pten -/- cells.  Control Pten L/L, acutely-deleted Pten -/- and tumor-derived Pten -/- 

cells were cultured overnight in their respective media, and then the medium was 

changed to determine the time course of IL-6 production.  At indicated times, culture 

supernatants were harvested, and IL-6 concentrations in the supernatants were 

measured using ELISA.  As shown in Figure. 19, tumor-derived Pten -/- cells produced 

higher levels of IL-6 when compared to control Pten L/L and acutely-deleted Pten -/- cells.  

The higher level of IL-6 produced in tumor-derived Pten -/- cells can be first observed at 6 

hours and accumulates to 10 ng/mL by 24 hours.  In contrast, control Pten L/L and 

acutely-deleted Pten -/- cells constitutively expressed very little IL-6.  Together, these 

data suggest that IL-6 expression by tumor cells is not due solely to Pten deletion but 

instead suggest that progression to tumor is required for cellular changes that promote 

IL-6 production.   
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Figure. 19. Tumor-derived Pten -/- cells constitutively express high levels of IL-6. 

Control Pten L/L, acutely-deleted Pten -/- and tumor-derived Pten -/- cells were cultured 

in their respective media overnight.  Following attachment, fresh medium was 

layered on the cells.  At indicated times, culture supernatants were harvested.  IL-6 

concentration (ng/mL) in the supernatants were measured using ELISA.  The data 

shown is an average of at least three experiments +/- standard error of mean.  
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Effects of rwt virus infection on IL-6 expression 

As a mechanism to suppress host antiviral responses, the M protein in rwt virus shuts off 

host gene expression.  It is evident from 35S-methionine radiolabeling analysis that the 

rwt virus is able to shut off host gene expression on control Pten L/L, acutely-deleted Pten 

-/- and tumor-derived Pten -/- cells.  Thus, the effects of rwt virus infection on IL-6 

production were determined.  Tumor-derived Pten -/- cells infected with rwt virus at MOI 

of 0.1 or 10 (Figure. 20A and B, respectively) produced similar amounts of IL-6 as 

uninfected controls (Figure. 19), approximately 10ng/mL by 24 hours after infection. This 

data suggests that IL-6 production in tumor-derived Pten -/- cells may be resistant to 

inhibition of host gene expression by the rwt virus.  Infecting control Pten L/L cells and 

acutely-deleted Pten -/- cells with rwt at MOI of 0.1 or 10 also did not significantly alter 

the IL-6 levels in culture (Figure. 19 and Figure. 20A, B). 
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Figure. 20. Control Pten L/L, acutely-deleted Pten -/- and tumor-derived Pten -/- cells 

were either mock infected, or infected with rwt MOI = 0.1 (A), or infected with rwt 

MOI = 10 (B).  At indicated times, culture supernatants were harvested.  IL-6 

concentration (ng/mL) in the supernatants was measured using ELISA.  The data 

shown is an average of at least three experiments +/- standard error of mean.
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Effects of rM51R Virus Infection on IL-6 Production 

The rM51R virus is a mutant virus that is defective in its ability shut-off of host gene 

expression.  Virus replication is detected by PRRs, which typically leads to activation of 

NF-kB.  IL-6 expression may also be regulated by NF-kB activity.  Thus, in cells that are 

responsive to NF-kB activation, IL-6 is produced as a consequence of virus infection.  

Because rM51R virus is defective in its ability to inhibit host gene expression, infection of 

these cells typically induces production of IL-6.  The effects of rM51R infection on control 

Pten L/L, acutely-deleted Pten -/- and tumor-derived Pten -/- cells were evaluated.  The 

control Pten L/L cells produced very little IL-6 constitutively, and infection with rM51R 

virus at MOI of 0.1 or 10 had very little effect on IL-6 levels (Figure. 21A and B).  

Although rM51Rvirus infection at MOI of 10 at 24 hpi had higher levels of IL-6 (1.24 

ng/mL) than mock-infected cells (0.36 ng/mL) in these cells, these were not statistically 

significant differences.  A similar small increase in production of IL-6 was observed for 

rM51R virus-infected acutely-deleted Pten -/- cells but this was also not a statistically 

signficant difference.  Together, these data suggest that VSV infection in mouse prostate 

epithelial cells produced very little IL-6.    

 

In contrast, tumor-derived Pten -/- cells responded dramatically to rM51R virus infection 

by enhancing the production of IL-6.  In an asynchronous infection with rM51R virus at 

MOI 0.1 (Figure. 21A), tumor-derived Pten -/- cells produced about 25 ng/mL of IL-6 at 24 

hpi when compared to 9 ng/mL in mock-infected cells (Figure. 21B).  Synchronous 

infection of tumor-derived Pten -/- cells with rM51R virus at MOI 10 resulted in a 

significant increase in IL-6 in the supernatant, particularly at 6 and 12 hpi with up to 48 

ng/mL at 24 hpi (Figure. 21B).  This data suggests that IL-6 production in tumor-derived 
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Pten -/- cells is extremely responsive to virus stimulation, such that the presence of the 

virus resulted in greater IL-6 production than mock-infected cells.  The data also 

suggests that when compared to the other cells, tumor-derived Pten -/- cells are more 

responsive to rM51R infection, as indicated by greater IL-6 production in tumor-derived 

Pten -/- cells.    

  



78 
 

Figure. 21. Tumor-derived Pten -/- cells dramatically upregulate IL-6 production 

in response to rM51R infection.  Control Pten L/L, acutely-deleted Pten -/- and tumor-

derived Pten -/- cells were either mock infected, or infected with rM51R virus at MOI of 

0.1 (A), or MOI of 10 (B).  At indicated times, culture supernatants were harvested.  IL-6 

concentration (ng/mL) in the supernatants was measured using ELISA.  The data shown 

is an average of at least three experiments +/- standard error of mean (SEM). 
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Figure. 21. Tumor-derived Pten -/- cells dramatically upregulate IL-6 production 

in response to rM51R infection. 
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Activation of STAT3 in Tumor-Derived Pten -/- Cells  

The IL-6/STAT3 pathway uses activated forms of STAT3 to propagate pro-inflammatory 

signals necessary for tumor progression.  Antiviral signaling through STAT3 is also 

known to be mediated through the activated form of STAT3.  STAT3 is activated by 

phosphorylation at tyrosine 705 residue, which allows it to dimerize and transduce 

signals to the nucleus and regulate expression of downstream effector genes.  To 

determine whether control Pten L/L, acutely-deleted Pten -/- and tumor-derived Pten -/- 

cells have activated STAT3, cells were either mock infected, or infected with rwt virus at 

MOI of 10.  Cell lysates were harvested at the indicated times after infection.  

Immunoblotting was performed to probe for total and phospho-STAT3 (Figure. 22A).  

The levels of STAT3 were not significantly different among control Pten L/L, acutely-

deleted Pten -/- and tumor-derived Pten -/- cells (Figure. 22A and B).  This is not 

surprising, as presence of STAT3 is necessary for maintaining cell growth.  rwt infection 

also did not significantly alter STAT3 expression levels in any of these cells.  The ratio of 

phospho-STAT3 to total STAT3 is significantly different among these cells (Figure. 22C).  

In control Pten L/L and acutely-deleted Pten -/- cells, the ratio of p-STAT3 to STAT3 is 

approximately 0.16 and 0.13 respectively.  Since the control Pten L/L and acutely-deleted 

Pten -/- cells have similar levels of total STAT3 (Figure. 22A and B), the ratio indicates 

that these cells have similar amounts of phosphorylated form of STAT3 within the cell.  

This low level of STAT3 activation corresponds to the very low levels of IL-6 produced by 

these cells.  In contrast, the ratio of p-STAT3/STAT3 in tumor-derived Pten -/- cells were 

significantly higher than the other cells (0.81), indicating that more of the STAT3 in 

tumor-derived Pten -/- cells were activated than other cells.  This large population of 

activated STAT3 likely occurred due to the high amounts of IL-6 produced in these cells, 

and feeds back into production of more IL-6 in these cells.  Together, this data suggests 
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that activation of STAT3 occurs during progression in tumor.  Infection with rwt at MOI of 

10 did not significantly alter the levels of phospho-STAT3 in control Pten L/L and acutely-

deleted Pten -/- cells (Figure. 22A) and this corresponds to the ELISA analysis of IL-6 

production in these cells following rwt infection.  rwt infection neither induced nor 

inhibited the limited amounts of IL-6 produced by these cells, and correspondingly, no 

significant changes in phospho-STAT3 levels were observed.  The levels of phospho-

STAT3 in tumor-derived Pten -/- cells were not altered by rwt infection.  This also 

corresponds to the ELISA analysis, in which rwt infection did not alter the production of 

IL-6 in tumor-derived Pten -/- cells.  This high level of IL-6 can then maintain activation of 

STAT3 in the presence of rwt infection (Figure. 22A and B).    
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Figure. 22. Tumor-derived Pten -/- cells have constitutively activated STAT3.  

Control Pten L/L, acutely-deleted Pten -/- and tumor-derived Pten -/- cells were either mock 

infected, or infected with rwt at MOI of 10.  Cell lysates were harvested and at the 

indicated times after infection.  Immunoblotting was performed to probe for total and 

phospho-STAT3 and actin was included as a loading control.  (A) shows a 

representative image of the experiment.  Protein expression levels were quantified using 

densitometry analysis and normalized to loading control levels.  STAT3 levels were 

quantified and expressed as a percentage of tumor-derived Pten -/- cells at 12hpi (B).  

Ratio of p-STAT3/STAT3 is shown in (C).  Data shown is an average +/- SEM of 3 

experiments.   
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Figure. 22. Tumor-derived Pten -/- cells have constitutively activated STAT3. 
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Effects of Inhibiting IL-6 on STAT3 Activation 

Constitutive IL-6 production is likely responsible for STAT3 activation in tumor-derived 

Pten -/- cells (Figure. 19 and Figure. 21), although STAT3 activation may be mediated by 

factors other than IL-6.  Some of these factors include IFN-α and γ.  To determine 

whether activation of STAT3 is mediated by IL-6, tumor-derived Pten -/- cells were 

treated with anti-IL-6 antibody at increasing concentrations.  Cell lysates were harvested 

at indicated times after treatment and immunoblotting was performed to probe for total 

and phospho-STAT3 levels.  At 16 hours after treatment with anti-IL-6 antibody, tumor-

derived Pten -/- cells demonstrated a dose-dependent response to anti-IL-6 treatment 

(Figure. 23A and B).  At 5 ng/mL of anti-IL-6 antibody, levels of p-STAT3 were about 28% 

of untreated controls.  High levels of anti-IL-6 antibody (5000 ng/mL) achieved almost 

complete inhibition of STAT3 activation, such that the p-STAT3 level was about 2% of 

untreated controls.  The effectiveness of anti-IL-6 inhibition of STAT3 activation 

decreased over time, such that by 64 hours after treatment, 50 ng/mL of anti-IL-6 

antibody was necessary to achieve 50% inhibition of STAT3 activation. This could be 

due to antibody degradation in culture, or due to accumulation of IL-6 expressed by 

tumor-derived Pten -/- cells.  Together, these data demonstrate that STAT3 activation in 

tumor-derived Pten -/- cells is mediated by the IL-6 cytokine. 

 

The levels of total STAT3 expression did not demonstrate any observable dose-

dependent relationship with amounts of anti-IL-6 antibody treated (Figure. 23C).  The 

levels of total STAT3 also did not demonstrate any correlation with the levels of p-STAT3.  

However, STAT3 levels in cells treated with anti-IL-6 antibody were slightly less than 

those in untreated cells, about 60-80% of untreated controls.  Inhibiting IL-6 may 
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decrease the positive feedback that IL-6 provides on the IL-6/STAT3 pathway, thereby 

downregulating STAT3 expression to this extent.    
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Figure. 23. IL-6 mediates activation of STAT3 in tumor-derived Pten -/- cells.  

Tumor-derived Pten -/- cells were treated with anti-IL-6 antibody at concentrations of 5, 

50, 500 and 5000 ng/mL.  Cell lysates were harvested at indicated times after treatment 

and immunoblotting was performed to probe for total and phospho-STAT3 levels.  (A) 

shows a representative image of two independent experiments.  .  p-STAT3 (B) and 

STAT3 (C) levels were quantified and expressed as a percentage of untreated controls 

of tumor-derived Pten -/- cells.  Data shown are average of two experiments +/- SEM.    
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Figure. 23. IL-6 mediates activation of STAT3 in tumor-derived Pten -/- cells.   
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Effects of Inhibiting IL-6 on Activation and Expression of STAT1 in Tumor-Derived 

Pten -/- cells 

There is significant cross-talk between the type I IFN system and the IL-6/STAT3 

pathway reported in literature.  In some systems, activation of the IL-6/STAT3 pathway 

leads to activation of type I IFN system, which promotes phosphorylation and 

upregulation of STAT1 and creates an antiviral effect.  In other systems, the role of 

STAT3 in negatively regulating the type I IFN system has been demonstrated.  

Therefore, the effect of inhibiting STAT3 activation on STAT1 signaling in tumor-derived 

Pten -/- cells was investigated.  The same lysates from the previous analysis were 

analyzed for p-STAT1 and STAT1 levels using immunoblotting (Figure. 24A).  The levels 

of total STAT1 were analyzed in this experiment.  Unphosphorylated STAT1 has been 

shown to have IFN responsiveness and antiviral activity by itself.  There does not appear 

to be a dose-dependent relationship between amount of anti-IL6 antibody and total 

STAT1 levels.  However, at 16 hours post treatment with 5000 ng/mL of anti-IL-6 

antibody, a condition in which the greatest inhibition of phospho-STAT3 was achieved, 

total STAT1 levels were about 43% of untreated controls.  But, by 64 hours post 

treatment, the levels of total STAT1 at any given concentration are higher than untreated 

controls. There was no observable dose-dependent relationship between the ratio of p-

STAT1/STAT1 and amount of anti-IL-6 antibody (Figure. 24A and C).  However, at the 

concentrations in which greatest p-STAT3 inhibition was observed (5000ng/mL), the 

ratio of p-STAT1/STAT1 were 1.2, 0.5 and 0.5 at 16, 40 and 64 hours after treatment 

respectively.  In addition, at 40 hours post treatment, the ratio of p-STAT1/STAT1 are 

lower than untreated controls at any given concentration.   
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Thus, there was no discernible pattern in change in p-STAT1 or STAT1 levels following 

inhibition of STAT3 activation.  Nonetheless, change in p-STAT1 or STAT1 levels was 

observed after treating with anti-IL-6 antibody.  This suggests that there is a more 

complicated mechanism of regulation of type I IFN signaling by IL-6/STAT3 pathway that 

is more than just simply positive or negative regulation.   
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Figure. 24. Anti-IL-6 antibody has very little effect on activation and expression 

of STAT1 in tumor-derived Pten -/- cells.  Tumor-derived Pten -/- cells were treated with 

anti-IL-6 antibody at concentrations of 5, 50, 500 and 5000 ng/mL.  Cell lysates were 

harvested at indicated times after treatment and immunoblotting was performed to probe 

for total and phospho-STAT1 levels.  (A) shows a representative image of two 

independent experiments.  STAT1 levels were quantified and expressed as a 

percentage of untreated controls of tumor-derived Pten -/- cells (B).  The ratio of p-

STAT1/STAT1 is shown in (C).  Data shown are average of two experiments.  
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Figure. 24. Anti-IL-6 antibody has very little effect on activation and expression 

of STAT1 in tumor-derived Pten -/- cells.   
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Effects of Inhibiting STAT3 Activation on Viral Gene Expression in Tumor-Derived 

Pten -/- cells 

In order to determine whether the IL-6/STAT3 pathway has an antiviral effect, the ability 

of tumor-derived Pten -/- cells to support viral gene expression was evaluated.  Tumor-

derived Pten -/- cells were cultured in media containing indicated concentrations of anti-

IL-6 antibody for 16 hours.  Cells were infected with rwt virus at MOI of 10, and cell 

lysates were analyzed by immunoblotting.  M protein expression was analyzed as a 

measure of viral gene expression and calculated as a percentage of untreated controls 

at 24 hpi.  The dose response to anti-IL-6 treatment was analyzed in two separate series 

of experiments at low doses (0, 5 and 50 ng/mL, Figure. 25A) and high doses (0, 500 

and 5000 ng/mL, Figure. 25B). If inhibiting STAT3 activation increases susceptibility to 

VSV infection, viral gene expression would increase as a result of inhibiting STAT3 

activation.  However, there was very little difference in M protein levels in infected cells 

treated with either low levels of anti-IL-6 antibody (Figure. 25A) or high levels (Figure. 

25B). Together, this data suggests that Inhibiting STAT3 activation has very little effect 

on viral gene expression in tumor-derived Pten -/- cells cells. 
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Figure. 25. Inhibiting STAT3 activation has very little effect on viral gene 

expression in tumor-derived Pten -/- cells.  Tumor-derived Pten -/- cells were cultured 

in media containing indicated concentrations of anti-IL-6 antibody for 16hrs.  Cells were 

mock-infected or infected with rwt MOI = 10 for the indicated times.  Cells were 

maintained in media containing anti-IL-6 antibody during infection.  Cell lysates were 

harvested at indicated times after infection.  Immunoblotting was performed to determine 

viral M protein expression.  Actin protein expression levels were included as loading 

controls.  Data shown are representative images of two experiments.  (A) shows images 

of tumor-derived Pten -/- cells treated in 0, 5 and 50 ng/mL of anti-IL-6 antibody and the 

graph is a quantification of M protein expression expressed as a percentage of untreated 

controls at 24hpi.  (B) shows images of tumor-derived Pten -/- cells treated in 0, 500 and 

5000 ng/mL of anti-IL-6 antibody and the graph is a quantification of M protein 

expression expressed as a percentage of untreated controls at 24hpi.  Data shown are 

average of two experiments.    
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Figure. 25. Inhibiting STAT3 activation has very little effect on viral gene 

expression in tumor-derived Pten -/- cells.  
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Effects of IL-6 Treatment on Control Pten L/L cells 

In order to further examine the effect of IL-6/STAT3 pathway on prostate epithelial cells, 

I determined whether normal Pten L/L cells can be protected from VSV infection by 

treatment with IL-6.  Control Pten L/L cells were first treated with IL-6 to examine whether 

the IL-6/STAT3 system can be activated in these cells.  These cells were treated with 

varying concentrations of IL-6 and cell lysates were harvested at the indicated times 

after infection.  Immunoblotting was performed to examine levels of p-STAT3 and 

STAT3 (Figure. 26).  0.1 ng/mL of IL-6 was not sufficient to stimulate p-STAT3.  A ten-

fold increase in IL-6 (1 ng/mL) was able to achieve some activation of STAT3 at later 

times of treatment (6 hours post treatment), but  10 ng/mL of IL-6 achieved robust 

STAT3 activation as early as 1 hour after treatment, and this activation was sustained for 

up to 6 hours after treatment.  This amount of STAT3 activation was at least as high as 

the level in tumor-derived derived Pten -/- cells, which served as a positive control in the 

immunoblot (Figure. 26A).  Cells stimulated with high amounts of IL-6 (10ng/mL) have 

lower levels of total STAT3 (Figure. 26C), suggesting that there is a shift in STAT3 

protein population from total to phosphorylated forms.  Together, this data indicates that 

upon IL-6 stimulation, Pten L/L cells rapidly activate STAT3 and this activation is 

maintained over time.    
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Figure. 26. IL-6 induces activation of STAT3 in control Pten L/L cells.  Control 

Pten L/L cells were serum-starved for 24hrs and were then treated with indicated 

concentrations of IL-6 cytokine.  Cell lysates were harvested at various times after 

treatment.  Total STAT3 protein expression and STAT3 phosphorylation status were 

detected using total and phospho-specific antibodies.  The positive control for phospho-

STAT3 and STAT3 were lysates from tumor-derived Pten -/- cells.  (A) shows a 

representative image of the experiment.  (B) shows a quantification of p-STAT3 levels 

expressed as a percentage of cells treated with IL-6 at 10 ng/mL for 6 hours.  (C) ) 

shows a quantification of STAT3 levels expressed as a percentage of cells treated with 

IL-6 at 10 ng/mL for 6 hours 
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Figure. 26. IL-6 induces activation of STAT3 in control Pten L/L cells.    
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Effects of IL-6 Stimulation on Activation and Upregulation of STAT1 in Control 

Pten L/L Cells  

In order to determine whether the activation of IL-6/STAT3 has an effect on activation of 

STAT1, control Pten L/L cells were stimulated with IL-6 and probed for p-STAT1 and 

STAT1 (Figure. 27).  Very little if any p-STAT1 was observed upon stimulation with 

varying concentrations of IL-6 over 6 hours of stimulation.  Levels of STAT1 expression 

were quantified and a modest upregulation of STAT1 was observed in cells treated with 

10 ng/mL of IL-6 (Figure. 27B), particularly at the 3 hr time point. This corresponds with 

some observations in the literature that suggest modulation of the type I IFN system by 

IL-6 may be small and transient (51).  
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Figure. 27. IL-6 induces very little activation or upregulation of STAT1 in control 

Pten L/L cells.  Control Pten L/L cells were serum-starved for 24hrs and were then treated 

with indicated concentrations of IL-6 cytokine.  Cell lysates were harvested at various 

times after treatment.  Total STAT1 protein expression and STAT1 phosphorylation 

status were detected using total and phospho-specific antibodies.  The positive control 

for phospho-STAT1 and STAT1 were lysates from tumor-derived Pten -/- cells infected 

with rM51R virus.  (A) shows a representative image of the experiment.  (B) shows a 

graphical summary of levels of STAT1 expressed as a percentage of cells treated with 

IL-6 at 10 ng/mL for 6 hours.   
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Figure. 27. IL-6 induces very little activation or upregulation of STAT1 in control 

Pten L/L cells. 
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Effects of IL-6 on Viral Gene Expression 

In order to determine whether IL-6 alters susceptibility to VSV infection, cells were 

treated with various concentrations of IL-6 for 1 hr and infected with rwt-GFP virus.  The 

ability of the cells to support viral gene expression was evaluated by flow cytometry.  

Figure. 28A shows histograms of cells treated with varying concentrations of IL-6 and 

infected with rwt-GFP virus at MOI of 0.1.  A graphical summary of geometric mean 

fluorescence (MFI) intensity is shown alongside.  When compared to mock-infected cells 

(Figure. 28C), most of the cells infected with rwt-GFP virus at MOI of 0.1 remain in the 

first (negative) decade by 6 hpi, but a majority of the cells shifted past the first decade by 

12 hpi  as expected in a multiple cycle infection (Figure. 28A).  The amount of cells in the 

low GFP expressing population was reduced slightly by treatment with IL-6.  Analysis of 

geometric MFI showed that at 12 hpi, treatment with IL-6 decreased GFP fluorescence 

intensity at MOI of 0.1.  However, this effect is very small.   At MOI of 10, there was no 

reproducible decrease in MFI.  Together, this data suggests that IL-6 activation of 

STAT3 has a very modest effect on delaying VSV infection at low MOI.   
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Figure. 28. Treating control Pten L/L cells with IL-6 has a modest effect on 

decreasing viral gene expression.  Control Pten L/L cells were serum-starved for 24hrs 

and were then treated with indicated concentrations of IL-6 cytokine for 1hr.  Cells were 

infected with rwt-GFP at MOI of 0.1 (A), or at MOI of 10 (B), or were mock-infected (C).  

GFP expression was analyzed by flow cytometry.  Data shown are histograms of cells 

expressing GFP.  Geometric mean fluorescence intensity was obtained as shown.  Data 

are average of two experiments.   
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Figure. 28. Treating control Pten L/L cells with IL-6 has a modest effect on 

decreasing viral gene expression. 
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Effects of IL-6 on VSV-Induced Cell Death 

The antiviral effects of IL-6/STAT3 pathway were further examined by treating control 

Pten L/L cells with IL-6, infecting with rwt and rM51R viruses, and analyzing cell viability 

by MTT assay. In rwt virus-infected cells, protection from VSV-induced cell death was 

only observed at MOI of 0.1 at 24 hpi (Figure. 29A).  This data corresponds to data from 

the viral gene expression assay, in which IL-6 treatment modestly decreased viral gene 

expression at low MOI (Figure. 28A).  This protective effect was transient, as the cells 

treated with IL-6 (10ng/mL) were eventually killed by 48 hpi (Figure. 29C).  IL-6 

treatment offered very little, if any protective effect on cells that were infected at higher 

MOIs of 1 and 10 (Figure. 29A and C).  This data suggests IL-6 may provide some 

protection to VSV infection at low MOI, such that IL-6 delays the spread of the virus 

across the culture, but has very little effect in providing immediate protection from virus 

infection at high MOI.  This delay in virus spread across the culture was not observed for 

rM51R virus at any MOI.  Because the rM51R virus does not inhibit host gene 

expression, and induces low levels of IL-6 production in these cells, the actual levels of 

IL-6 in these cultures may not be at the levels in which these cells were treated.  Thus, it 

appears that exogenous IL-6 treatment does not have any observable effect in 

protecting these cells from rM51R virus-induced cell death.    
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Figure. 29. IL-6 provides a small amount of protection to control Pten L/L cells 

from rwt-induced cell death at low MOI.  Control Pten L/L cells were serum-starved for 

24hrs and were then treated with indicated concentrations of IL-6 cytokine for 1hr.  Cells 

were infected with rwt (A and C) and rM51R (B and D).  Cell viability was determined 

using MTT reagent at 24 (A and B) or 48 hours after infection (C and D).  Cell viability 

was expressed as a percentage of mock-infected cells.   Data shown are average of at 

least three experiments +/- SEM. 
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Figure. 29.   IL-6 provides a small amount of protection to control Pten L/L cells 

from rwt-induced cell death at low MOI.   
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Discussion 

Vesicular stomatitis virus is an attractive candidate oncolytic virus.  To date, the virus 

has been tested as an oncolytic agent against a myriad of cancer cell types, ranging 

from glioblastomas, head and neck cancers, pancreatic adenocarcinomas, 

hepatocellular carcinomas to breast and prostate cancers, to name a few (6, 26, 27, 90, 

133).  Even more excitingly, VSV has recently moved to phase I clinical trials for 

treatment of patients with liver cancer.  However, the common trend observed in the 

literature is that some cell lines are susceptible to VSV oncolysis, whereas other cell 

lines are resistant to VSV oncolysis, despite originating from the same tissue type.  In 

human prostate cancer cell lines, Ahmed et al found that LNCaP cells are sensitive, 

whereas PC-3 cells are susceptible to VSV infection (2) .  A follow-up analysis by Carey 

et al found that PC-3 cells constitutively activate and upregulate antiviral proteins that 

may contribute to their resistance to VSV(26).  LNCaP and PC-3 cells represent two 

widely studied cell lines in prostate cancer and vary in many aspects of their biology, 

including their responsiveness to IFN to amount antiviral defense.  The question arises, 

whether this difference in susceptibility to VSV infection stems from evolution of the 

tumor.  I hypothesized that susceptibility to VSV changes during progression of prostate 

cancer, from the stage of initiating mutation, to advanced adenocarcinoma and 

castration-resistant prostate cancer.  Primary and long-term cultures of cells derived 

from the murine prostate-specific Pten-deletion tumor model were used to test this 

hypothesis.   

  

A surprising finding from my experiments is that advanced prostate adenocarcinomas 

from the murine prostate-specific Pten-deletion tumor model contained a mixture of cells 
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susceptible and resistant to VSV (Figures 2 and 3).  This finding is interesting, and 

suggests that susceptibility of cancer cells to VSV is not only dependent on the type of 

initiating mutation, since these tumor cells arise from a single genetic mutation of Pten 

deletion.  Instead, susceptible and resistant cells can evolve within the same tumors due 

to heterogeneity in tumor evolution. The role of Pten in sensitivity to VSV infection was 

further investigated using long-term cultures of murine prostate cells.  Acutely-deleted 

Pten -/- cells were derived by deleting the Pten gene in vitro.  Tumor-derived Pten -/- cells 

were obtained by spontaneously immortalizing Pten -/- cells from tumors developed in 

the murine prostate-specific Pten-deletion model.  My experiments demonstrated that 

acutely-deleted Pten -/- cells were poorly responsive to IFN stimulation, and were 

susceptible to VSV infection (Figures 4-7, 9).  This suggests that in the early stages of 

tumor development, cells destined to become prostate cancer are primarily sensitive to 

VSV.  In comparison, tumor-derived Pten -/- cells constitutively expressed higher levels of 

antiviral proteins, activated STAT1 in response to VSV infection, and were 

correspondingly resistant to VSV infection (Figures 4-8).  These results indicate that 

simply deleting the Pten gene in vitro causes decreased IFN responsiveness and 

susceptibility to VSV infection, but deleting the Pten gene and subsequent evolution in 

tumor leads to development of some cells that are resistant to VSV infection.  This is a 

novel result that indicates susceptibility to VSV infection is not only dependent on the 

type of initiating mutation for prostate cancer.   

 

The observation that acute deletion of the Pten gene leads to poor IFN responsiveness 

and susceptibility to VSV is consistent with studies that investigated the crosstalk 

between PTEN/AKT pathway and the JAK-STAT pathway.  The PTEN/AKT pathway 

interacts with the JAK-STAT pathway at multiple levels, one of which is at the level of 
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glycogen synthase kinase-3β (GSK-3β).  GSK-3β is a serine/threonine kinase whose 

activity is inhibited through phosphorylation by AKT.  Activated GSK-3β removes the 

inhibition of SHP2 on STAT1 (124).  Tseng et al demonstrated that activation of AKT 

following PTEN loss leads to downregulation of STAT1, and this occurs through 

inhibition of GSK-3β activity (125).  Moussavi et al also demonstrated that a murine cell 

line derived from Pten -/- prostate tumors was poorly responsive to IFN treatment and 

was susceptible to VSV infection (92).  Together, these studies support my observations 

that an acute loss of Pten decreases the protective effect of IFN against VSV infection.   

 

The effect of acute Pten loss does not account for the difference in susceptibility 

between LNCaP and PC-3 cells, as neither of these two cell lines have functional Pten 

protein, and both have constitutively active AKT pathway (137).  Moreover, primary 

cultures of tumor cells derived from mice with prostate-specific deletion of the Pten gene 

contained a heterogeneous mix of cells susceptible and resistant to VSV infection 

(Figures 2 and 3).  Clonal populations of tumor-derived Pten -/- cells also exhibited 

resistance to VSV-infection (Figures 4-7).  Together, these data indicate that evolution 

within tumors changes the susceptibility to VSV infection.  What could be the cause of 

this resistance?  Tumor-derived Pten -/- cells overexpress STAT1 proteins (Figure 8), 

and overexpression of these proteins has an antiviral effect (29).  Thus, changes must 

have occurred during tumor evolution to promote antiviral gene expression.  During 

tumor progression, activated AKT pathway may a different role in antiviral defense.   

In addition to the observation that GSK-3β activates STAT1, activated AKT has been 

demonstrated to interact with JAK-STAT pathway at other levels to give a completely 

different phenotype, a phenotype that promotes IFN responsiveness and antiviral 
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defense.  This occurs at the level of one downstream effector of AKT, protein kinase C-δ 

(PKC- δ).  PKC- δ is activated by treatment with type I IFNs and associates with STAT1 

to phosphorylate and activate STAT1 (reviewed in (96)).  Inhibiting PKC- δ reduced the 

responsiveness of HeLa cells to IFN and greatly diminished IFN-mediated protective 

antiviral activity against VSV (98).  Another downstream substrate of Akt is EMSY, a 

transcriptional repressor that in conjunction with other binding partners binds to ISRE 

and repress transcription of IFN-stimulated genes (40).  AKT activates EMSY and 

removes this repressive activity from ISREs, which allows transcription of antiviral genes 

that protect from VSV infection (40).   More recently, Kaur et al demonstrated that AKT 

mediates translation of interferon stimulated transcripts, through activating the mTOR 

arm of AKT (63).  Inactivating or inhibiting the mTOR branch of AKT diminishes IFN 

responsiveness and increases susceptibility to VSV infection in vitro as well as in vivo. 

Thus, activation of AKT pathway can have antiviral effects.  The widely opposing 

antiviral effects of AKT in the literature reflect the complexity in regulation of IFN and 

antiviral response by AKT.  Because AKT regulates interferon responses at multiple 

levels, it is unclear which level dominates over the other, thus the overall effect of 

activated AKT pathway on antiviral responses may be dependent on cell type, and in the 

case of the cells I have studied, the effect must depend on other genetic and epigenetic 

changes that occur in prostate cancer evolution.   

 

As mentioned in the introduction, AKT-independent effects of PTEN loss have been 

observed.  JNK signaling is activated following PTEN loss (127).  Chu et al 

demonstrated that JNK2 is required for activation of IFN activity following stimulation by 

either dsRNA or VSV (32).  Activation of IFN activity could result from JNK-mediated 

phosphorylation of STAT1 (144).  Thus, accumulation of cellular changes following 
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PTEN loss and tumor development, could lead to activation of IFN responses and 

antiviral defense thereby promoting resistance of tumor-derived Pten -/- cells to VSV 

infection.   

 

Observations from my experiments differ from those made by Moussavi et al (92).  

Moussavi et al treated prostate-specific Pten -/- mice with a mutant strain of VSV (AV3) 

that is defective in inhibiting host antiviral responses, similar to rM51R virus.  

Intraprostatic administration of AV3 in prostate-specific Pten -/- mice yielded robust viral 

gene expression compared to control mice.  This was demonstrated using recombinant 

AV3 encoding luciferase gene: following injection with AV3-luciferase, luciferin was 

administered.  Bioluminescence was measured as readout for viral gene expression.  By 

this assay, bioluminescence in prostate-specific Pten -/- mice was robust immediately 

following infection, rose to high levels by 6 hpi and was barely detectable by 96 hpi.  

Similarly, viral titers to determine amount of replicating virus in the prostates of prostate-

specific Pten -/- mice were higher than control mice, and follows the same time frame as 

the viral gene expression assay.  These experiments suggest that cells in prostate-

specific Pten -/- mice are primarily susceptible to VSV (AV3) infection.  Nonetheless, by 

96 hpi, at time when most of the virus replication is complete, the number of Ki67+ cells 

in prostate-specific Pten -/- mice were still higher than control mice, indicating that highly 

proliferative cells still exist in the tumor following virus infection, but  virus titers are 

barely detectable by this time.  There could be several explanations for this difference 

between my observations (Figures 2 and 3) and those made by Moussavi et al.  My 

experimental design involves infection of primary cell derived from the tumor with rwt 

and rM51R at MOI of 10.  Infection in this ex vivo scenario at this MOI would achieve a 

synchronous infection in a permissive cell type, such that most of the cell would express 
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viral genes.  Synchronous infection was observed for cells derived from control Pten L/L 

prostates, but not for tumor-derived Pten -/- cells.  In fact, only some of the cells 

expressed viral proteins (Figures 2 and 3).  This observation was supported by clonal 

populations of tumor-derived Pten -/- cells, that synchronous infection was not achieved 

even at MOI of 50 (Figure 4), demonstrating a resistance to infection independent of 

MOI.  If cells could not be infected in an ex vivo scenario at MOI of 10 or 50, the 

likelihood that these cells are infected in vivo (in which fewer viruses infect each cell) are 

not high.  Thus it is very likely that although some of the cells in Pten -/- prostate tumors 

supported viral gene expression, others did not in Moussavi et al’s experiments, such 

that by 96 hpi when viral genes or viral titers was barely detectable, proliferative Ki67+ 

cell were still observed.  Another possibility is that my ex vivo primary cultures of tumor-

derived Pten -/- cells consisted primarily of epithelial cells (Figure 1), and analysis of 

susceptibility to infection in was performed on epithelial cells in my experiments.  Normal 

and tumorous murine prostates contain epithelial and stromal cells, and it is possible that 

non-epithelial cells in Pten -/- prostate tumors robustly supported viral gene expression 

(92).  To conclusively demonstrate the susceptibility of Pten -/- prostate tumors to VSV, 

tumor size reduction and disease free survival of the mice should be measured.  These 

experiments were not performed by either Moussavi et al or me, due to the extensive 

mouse breeding that these experiments would entail. 

 

An interesting finding from my data is that castration-resistant Pten -/- tumor cells are 

primarily susceptible to virus infection (Figure 3).  At least two possibilities that are not 

mutually exclusive could contribute to this effect.  One possibility is that cells that are 

IFN-responsive and resistant to VSV-infection are extremely sensitive to effects of 

androgen withdrawal.  As a result, the cells that remain and undergo clonal expansion 
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are castration-resistant and susceptible to virus.  Alternatively, androgen withdrawal 

induces apoptosis of tumor cells irrespective of their IFN-responsiveness and sensitivity 

to virus infection, however, the progression of surviving cells to castration resistance is 

accompanied by downregulation of antiviral genes.  Both of these scenarios suggest a 

relationship between androgen signaling and antiviral response.  There are few reports 

that implicate this relationship.  In many castration-resistant prostate cancers, androgen 

receptor (AR) activation and signaling remains sustained through a variety of 

mechanisms (reviewed in (111)) , such as amplification of AR gene copy number, gain of 

function mutations in the AR gene, and alternative splice isoforms that encode 

constitutively active AR variants.  Bettoun et al demonstrated crosstalk between 

interferon and androgen signaling pathways, and this crosstalk may be mediated in part 

by Rnase L (18).  Androgen-responsive transcription activity was observed in cells 

treated with androgen, but this transcriptional activity was abrogated in the presence of 

IFN-stimulated Rnase L activity (18).  Silencing AR stimulated IFN-induced STAT1 

expression (18).  These observations suggest that androgen signaling and IFN signaling 

may be antagonistic.  In a system in which AR signaling predominates, IFN responses 

are attenuated.  These observations would support my result that castration resistance 

increases susceptibility to VSV infection by increasing AR sensitivity to low levels of 

androgen.  Another regulator of androgen signaling and the JAK-STAT pathway is the 

protein inhibitor of activated STAT (PIAS).  Proteins in the PIAS family interact with AR 

and can act as AR transcriptional coactivators or corepressors, depending on the 

particular member of the family (50).   PIAS1 is an AR coactivator and promotes AR-

dependent transcriptional activity (50, 71).  PIAS1 inhibits STAT1-mediated gene 

activation by preventing the DNA binding activity of STAT1 (80).  This inhibitory action 

occurs when PIAS1 interacting with phosphorylated dimerized form of STAT1, 

preventing STAT1 from binding to DNA (78).  It is possible, that in castration-resistant 
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prostate cancer, PIAS1 is overexpressed and inhibits antiviral signaling (76).  However, 

it is also possible that only castration-resistant tumor cells with Pten -/- initiating 

mutations develop susceptibility to VSV infection.  An analysis of gene expression 

changes in castration-resistant cell lines revealed that these cell lines express different 

levels of PIAS1 and STAT1, and suggests other factors may play a role in regulation the 

crosstalk between JAK-STAT and androgen signaling(79).  Given these relationships 

between androgen signaling and IFN response, future experiments investigating the role 

of androgen signaling in susceptibility to VSV infection may prove to be informative of 

the mechanism of susceptibility.  One such experiment would be to stimulate LNCaP 

cells with androgen and determine STAT1 expression and upregulation.  This could be 

followed-up with analysis viral gene expression and cell viability under androgen 

stimulated conditions.  Similarly, LNCaP or murine prostate cancer cells could be treated 

with androgen antagonists to determine the effect on sensitivity to VSV. 

 

Prostate cancer is a heterogeneous disease, and this heterogeneity arises in part due to 

the different initiating mutations.  The question arises, whether susceptibility to VSV 

infection is dependent on the type of cancer initiating mutation.  The role of one of these 

initiating mutations, deletion of the tumor suppressor Rb, on susceptibility to VSV 

infection was investigated.  Rb -/- cells showed increased susceptibility to VSV infection 

in a single cycle infection with both rwt and rM51R viruses when compared to control Rb 

L/L cells (Figure 10).  In a multiple cycle infection assessing the spread of the viruses 

across the culture, infection with rwt and rM51R viruses resulted in a faster rate of death 

in Rb -/- cells when compared to the control Rb L/L cells (Figure 11).  This indicates that 

Rb -/- cells were poorly able to restrict the spread of the virus when compared to the 

control cells, and also suggests that Rb -/- cells may have defective antiviral responses.  
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Antiviral response was further assessed using the IFN-responsive assay (Figure 12).  Rb 

-/- cells were capable of responding to IFN and were protected from VSV-induced cell 

death at high concentrations of IFN, but required more IFN than control Rb L/L cells to 

achieve protection in 50% of the cells (Figure 12).  This confirms the observations made 

in multiple cycle infections, suggesting that Rb -/- cells retain IFN responsiveness and 

antiviral defenses, but have decreased antiviral defenses when compared to control Rb 

L/L cells.  These results indicate that a tumor-initiating mutation, specifically deletion of 

tumor suppressor Rb, alters susceptibility to VSV infection. 

 

My observations are consistent with reports in literature that suggest a relationship 

between innate immune signaling and pRb signaling.  Garcia et al demonstrated that Rb 

-/- MEFs are more sensitive to VSV infection than control cells (46).  Nuclear 

translocation of NF-kB following infection was only observed in control cells but not Rb -/- 

MEFs.  As a result, control cells were able to produce higher levels of IFN-β following 

NF-kB translocation, promoting anti-VSV defense (46).  Recently, Taura et al found that 

Rb may regulate antiviral signaling at a level upstream to activating NF-kB (122).  Rb is 

involved in TLR3 expression; Rb prevents E2F1 from repressing transcription at the 

TLR3 promoter.  Thus, decreased Rb expression leads to downregulation of TLR3, and 

decreases in the viral detector may present challenges for detecting the presence of the 

virus and initiating antiviral response (122). 

 

Results from my study and previous studies certainly show promise for using VSV as a 

treatment for prostate cancer cells with dysregulated Rb/E2F signaling.  But because 

susceptibility to VSV may change during progression of tumor, as observed in the 
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prostate Pten -/- tumor model, future studies investigating the susceptibility of tumor-

derived Rb -/- cells to VSV will be important.  Prostate Rb-null mouse models develop 

prostate adenocarcinomas inefficiently (55, 86), but Rb deletion appears to play a 

greater role in promoting castration resistance (108, 109).  Future experiments 

determining whether castration-resistant tumor-derived Rb -/- cells are sensitive to VSV 

infection would be of interest.   

 

The role of STAT3 activation in propagating prostate cancer survival and invasion has 

been previously demonstrated.  However, the role of IL-6/STAT3 pathway in antiviral 

defense and susceptibility to VSV infection is poorly understood.  My experiments 

demonstrated that that following Pten deletion and tumor progression, tumor-derived 

Pten -/- cells constitutively activate STAT3 (Figure 20).  This constitutively activated 

STAT3 is mediated by high levels of IL-6 produced by tumor-derived Pten -/- cells (Figure 

22).  Inhibiting IL-6 in tumor-derived Pten -/- cells had very little effect on STAT1 

activation and upregulation, and had very little effect on viral protein expression following 

VSV infection (Figures 22 and 23).  These results suggest that despite inhibiting the 

activation of STAT3, activation and upregulation of STAT1 is still observed.  Given that 

the type I IFN system is still active in tumor-derived Pten -/- cells, it is likely that the 

effects of IL-6/STAT3 pathway on susceptibility to VSV-infection are less apparent.  

STAT1-mediated antiviral responses likely played a major role in controling virus 

infection in tumor-derived Pten -/- cells and masked the effects of IL-6/STAT3 pathway.   

 

The role of IL-6/STAT3 in mediating the susceptibility to VSV-infection was further tested 

in control Pten L/L cells.  Treatment with exogenous IL-6 activated STAT3 in these cells, 
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but very little activation or upregulation of STAT1 was observed (Figures 24 and 25).  

The effects of IL-6 on STAT1 activation and upregulation may be transient and inefficient 

when compared to IFN treatment (51).  Haan et al showed that members IL-6 family of 

cytokines, including oncostatin M and IL-6, stimulated STAT1 activation and dimerization 

as early as 5 mins after treatment, but activation lasted for only 30 mins after treatment 

(51).  Nonetheless, treatment of IL-6 had a small effect in reducing viral gene expression 

and protection of VSV-induced cell death at low MOI (Figures 26 and 27).  This 

protective effect was transient, and most of the cells died by 48 hpi.  These results 

support the antiviral protective role of IL-6/STAT3, albeit a small role in murine prostate 

epithelial cells.   

 

Yang et al provided evidence that activated STAT3 may have a role in antiviral response 

(139).  In Daudi cells that have IFN receptors, activated STAT1-STAT2 dimers and 

undergo IFN-stimulated gene transcription, these demonstrate poor IFN responsiveness 

in antiviral activity and growth inhibition.  These Daudi cells have mutant STAT3 that 

cannot be phosphorylated.  Transduction of these cells with with a gene encoding 

STAT3 promoted STAT1 DNA binding activity, and subsequent antiviral defense in 

response to IFN (139).  This study suggests that STAT3 enhances antiviral defense.  

The protective effect of IL-6/STAT3 axis has been observed in other viruses, such as 

Theiler’s murine encephalitis virus (TMEV) (91).  IL-6 treatment protected macrophages 

from TMEV infection: TMEV RNA was reduced to 50% of untreated controls.  This 

protective effect is presumably due to activation of both STAT1 and STAT3 in 

macrophages by IL-6 (91).  IL-6 also suppressed hepatitis B virus replication in 

hepatocytes, as observed in in moderate reduction in HBV genome-containing 

nucleocapsids.  This reduction in hepatitis B virus replication is independent of IFN 
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activity (72).  Together with my observations, it appears the IL-6 activation of type I IFN 

responses is dependent on the cell context.  However, even when activation and 

upregulation of STAT1 is barely detectable, some protection from the virus infection 

upon IL-6 treatment is observed.   

 

It is interesting to note however, that oncostatin M, a member of the IL-6 family of 

cytokines, may stimulate STAT1 activity more efficiently that IL-6 itself.  Oncostatin M 

has a slightly different structure than IL-6; its alpha helices are more kinked that those of 

IL-6 (reviewed in (53).  Oncostatin M also engages a different nonsignaling-alpha 

receptor from IL-6, but shares the signaling receptor gp130 with IL-6 ((53).  Oncostatin M 

is just as efficient as IL-6 in activating STAT3, but produces more efficient and long-

lasting activation of STAT1 when compared to IL-6 (51).  A recent study by Larrea et al 

found that oncostatin M had a greater effect in reducing viral gene expression of the 

hepatitis C virus than IL-6 (73).  Oncostatin M-stimulated hepatocarcinoma cells 

upregulated downstream antiviral genes to higher levels than IL-6.  Upregulation of 

antiviral proteins was further enhanced by low concentrations of IFN (73).  These studies 

demonstrate that members of the IL-6 family of cytokines activate the type I IFN system, 

but the efficiency varies.  This family of cytokines may also cooperate with IFN to 

enhance antiviral defense.  Given these observations, a study that compares efficiency 

of IL-6 family of cytokines in providing antiviral defense to VSV would shed insight into 

antiviral cytokines and VSV replication. 

 

My studies enhanced the understanding of mechanisms of susceptibility and resistance 

of prostate epithelial cells to VSV infection.  The data in this thesis demonstrated that a 
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single initiating mutation alters sensitivity to prostate cancer.  Loss of the tumor 

suppressor pRb and Pten decreased IFN responsiveness and increased susceptibility to 

VSV infection.  Following tumor progression, some of the cells in prostate Pten -/- tumors 

developed resistance to VSV.  This may be due to constitutively overexpressed STAT1.  

Advanced Pten -/- tumors also have constitutively activated IL-6/STAT3 pathway, which 

contributes to the survival of the cells, but has little effect on the STAT1 pathway or 

sensitivity to VSV infection.  Castration of advanced Pten -/- tumors promotes sensitivity 

to VSV infection.  These results support the use of VSV as an oncolytic agent in 

castration resistant prostate cancer patients that have PTEN loss.   
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