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Abstract

Cancers are commonly defective in antiviral signaling. The anti-tumorigenic effects of
interferon create a selective pressure in cancer to inhibit antiviral defenses. This phenomenon
can be exploited through the utilization of viruses as cancer treatments, termed oncolytic viral
therapy. A matrix protein mutant of vesicular stomatitis virus (M51R-VSV) is a candidate
oncolytic virus that replicates rapidly and induces apoptosis in cancer cells. Oncolytic viruses
display tropism for cancerous cells. Viral replication in the tumor initiates an immune response
that leads to remission. The application of oncolytic viral therapy is challenged by the
heterogeneity of cancer. Some cancers constitutively express interferon-stimulated genes and
do not suffer the anti-tumorigenic effects normally associated with antiviral defense. The
mechanisms that control viral resistance in cancer are not fully understood. PC3 cells are a
prostate cancer cell line that constitutively expresses interferon-stimulated genes. The work in
this thesis identified two genes, MAP3K7 and CHD1, necessary for resistance to oncolytic M51RVSV in PC3 cells. Inhibition of MAP3K7 and/or CHD1 increased viral susceptibility of PC3 cells and
decreased protein levels of interferon-stimulated genes. Although mRNA expression of
interferon-stimulated genes was decreased in PC3 cells inhibited for MAP3K7 and CHD1, mRNA
expression was unexpectedly increased in PC3 cells inhibited only for MAP3K7. Inhibition of
MAP3K7 and CHD1 in PC3 reversed tumor resistance to M51R-VSV in an animal model. These
findings demonstrate that MAP3K7 and CHD1 regulate novel mechanisms of viral resistance in
prostate cancer. MAP3K7 and CHD1 are commonly co-deleted in aggressive prostate cancers,
and may define a population of patients that are good candidates for treatment with oncolytic
virus.
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Introduction
Cancers commonly develop defects in antiviral signaling1–3. Antiviral cytokines, such as
interferons (IFN), typically inhibit proliferation, inhibit translation, induce apoptosis, induce
inflammation, recruit the cellular immune system, and inhibit angiogenesis, none of which is
favorable for the tumor4–6. Many cancers suppress these signaling pathways through a variety of
mechanisms7–9. As a result, many viruses display tropism for cancer cells. This is the basis for
development of oncolytic viral therapies of cancer. Oncolytic viruses typically initiate an
infection at the site of the tumor, causing cell death and inflammation, and stimulate antiviral as
well as anti-tumor immune responses. Oncolytic viruses are effective against a wide variety of
malignancies in experimental models, and dozens of oncolytic viruses are in development1,10.
However, a challenge to oncolytic virus therapy is that some cancers display resistance to viral
infection8,11,12. These cancers express interferon-stimulated genes (ISGs) through aberrant
signaling without suffering the anti-tumor effects of IFN. The goal of the experiments presented
in this thesis was to determine mechanisms leading to ISG expression in prostate cancer cells
resistant to oncolytic vesicular stomatitis virus (VSV). It was determined that MAP3K7 and CHD1
are regulators of viral resistance in prostate cancer. Relevant information pertaining to prostate
cancer, oncolytic viral therapy, VSV, MAP3K7 and CHD1, and antiviral signaling will be discussed
in this introduction.
Pathogenesis of Prostate Cancer
In the United States, prostate cancer has the highest incidence and prevalence of any
visceral malignancy in men13. According to the American Cancer Society, one in nine men is
diagnosed with prostate cancer within their lifetime. The average age at the time of diagnosis is
66 years, which is similar to the average for most cancers13. Prostate-specific-antigen levels are
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measured in blood as a screening test for prostate cancer14. The widespread use of this test may
have contributed to the prevalent diagnosis of prostate cancer in its early stages. A significant
majority of prostate cancer cases also take an indolent course, and treatment may not become
necessary for more than a decade15,16. These factors have contributed to the 10-year survival
rate of 98% in prostate cancer patients17. Approximately 3% of prostate cancer patients progress
to metastatic prostate cancer each year13. These patients are generally treated with androgendeprivation therapy, which has a very high response rate18. However, prostate cancer will
eventually recur. At this point the malignancy is usually resistant to androgen-deprivation
therapy and is referred to as metastatic castration resistant prostate cancer (mCRPC). Treatment
options for this disease are limited. The median overall survival of patients with mCRPC has
historically been considered to be less than two years, although recent studies indicate that
overall survival may be more than 3 years in some patient populations19,20. Because prostate
cancer is a highly prevalent disease, the small fraction of patients with mCRPC represents a
significant population, and prostate cancer is the second-leading cause of cancer death in men17.
In prostate cancer, patients with mCRPC are the target population for oncolytic viral therapy.
These tumors require new methods of treatment, and oncolytic viral therapy is a novel modality
that may have greater efficacy than therapeutics used in the past.
Prostate cancer development is defined by several stages. The first is prostatic
intraepithelial neoplasia, which is a pre-cancerous state confined to the prostate21. The second
is invasive carcinoma, and the last is metastasis22. On the histology slide, prostatic intraepithelial
neoplasia is defined by prominent nucleoli existing within a benign ductal structure21. Nearly
100% of prostate carcinomas are adenocarcinomas, and most prostate adenocarcinomas are
acinar adenocarcinomas. Histologically, acinar adenocarcinoma is defined by cuboidal or
columnar malignant cells which form tubules23. Prostate biopsies are given a diagnosis when

2

possible, but they are also scored with the Gleason grading scale. The Gleason grade is a
measure of how aggressive and prone to metastasis a prostate tumor is. Tumors that bear the
least resemblance to normal prostate epithelial tissue and have the least clearly defined borders
receive the highest score and have the worst prognosis24.
Molecularly, the development of prostate cancer also proceeds stepwise as mutations
accumulate. The first mutations occur in tumor-initiating cells. At this early stage, the most
common mutations are thought to be TMPRSS-ERG fusion and overexpression of MYC. TMPRSS
is an androgen-regulated protease with an unknown function. When TMPRSS-ERG fusion occurs,
ERG becomes regulated by androgen signaling and is overexpressed. ERG is a transcription
factor that promotes proliferation25. MYC is also a pro-proliferative transcription factor. It is
often up regulated in prostate cancer through amplification of the MYC gene, either through
increased copy numbers of chromosome 8q24 or through increased copy numbers of the entire
8q arm26. As the tumor develops, PTEN deletion is a common step in progression27. PTEN is a
phosphatase that acts as a tumor suppressor by dephosphorylating PIP3. This leads to
inactivation of Akt. Akt is a signaling kinase that enables progression through the cell cycle and
inhibition of apoptosis. Therefore, when PTEN is deleted Akt is overactive and the cell
undergoes pathological proliferation28–30.
The molecular determinants of progression to mCRPC are less well understood, and
identification of the mechanisms of mCRPC development will aid the development of
treatments for mCRPC. PTEN deletion is associated with a higher risk of developing mCRPC31.
Transforming growth factor β-activated kinase 1 (TAK1), which is encoded by the MAP3K7 gene,
and chromodomain helicase DNA binding protein 1 (CHD1) are tumor suppressors in prostate
cancer32–35. Deletion of MAP3K7 and/or CHD1 is highly associated with an increased risk of
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metastasis in prostate cancer. Patients with metastatic prostate cancer that harbors a deletion
in MAP3K7 and/or CHD1 remain disease-free after treatment for a significantly shorter period
than patients with WT MAP3K7/ WT CHD1 tumors32. Over 30% of prostate tumors contain
either a homozygous or heterozygous 800 kb deletion on chromosome 6q15.1 that includes the
gene for MAP3K736. Histology of prostate tumor samples revealed that TAK1 expression was
positively correlated with the Gleason grade34. CHD1 is also deleted frequently in prostate
cancer. A segment of chromosome 5q21 that contains the CHD1 gene is homozygously deleted
in up to 10.7% of prostate tumors33. Nearly 100% of CHD1 deletions are found in prostate
tumors that are negative for ERG fusion. ERG-fusion negative, CHD1 deleted, MAP3K7 deleted
tumors are more likely to metastasize to the dura than ERG-fusion positive tumors37.
Furthermore, CHD1 deletion is associated with a more invasive phenotype. Much like PTEN, in
vitro silencing of CHD1 alone decreases proliferation of prostate cancer cells, and it is
hypothesized that the tumorigenic effect of CHD1 deletion is dependent on other concurrent
genomic alterations32. CHD1 deletion is associated with a higher frequency of deletion of other
tumor suppressors in prostate cancer. Indeed, MAP3K7 and CHD1 are co-deleted in up to 25% of
metastatic prostate cancer tumors, and nearly 100% of CHD1 deletions are accompanied by
MAP3K7 deletion. Roughly half of MAP3K7 deletions are accompanied by CHD1 deletion32.
Interestingly however, deletion of CHD1 and PTEN are negatively correlated22,38.
Antiviral Signaling in Cancer
Antiviral signaling is frequently altered in cancer. Viruses are pervasive in the
environment, which contains an estimated 1031 viral particles39. No cellular life form has been
identified that cannot be a host to a virus. Thus, all cellular life forms have evolved mechanisms
of viral defense40. The viral replication cycle consists of several steps: attachment, penetration,
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uncoating, early mRNA and protein synthesis, late mRNA and protein synthesis, assembly, and
release11. Each step involves myriad interactions between the virus and its host, and if any step
is inhibited the virus will not successfully replicate. Thus, every step provides additional
opportunities for the host to evolve defenses, and the virus evolves in turn to evade these
defenses41,42. The aspect of viral defense most pertinent to viral resistance of cancer is the
innate antiviral response43. Every cell in the body possesses the ability to recognize viral
infection and to activate a defensive response. IFN plays a central role in this process44.
The innate antiviral response is initiated when pathogen recognition receptors are
activated. Toll-like receptors, NOD-like receptors, and RIG-I-like receptors recognize pathogen
associated molecular patterns. Examples of pathogen associated molecular patterns associated
with viruses include double stranded RNA, single stranded DNA, and unmethylated CG
dinucleotides40,44,45. This initiates a signaling cascade that ends with the activation of the
transcription factors IRF3, IRF7, NFκB, and AP-1. These transcription factors promote the
transcription of inflammatory cytokines, including IFN. IFN is secreted from the cell, and binds to
the IFN α/β receptor (IFNAR) in a case of autocrine signaling. IFN also binds to IFNAR on
neighboring cells, priming them for viral defense. IFNAR activation prompts Janus kinases (JAK1
and TYK2) to phosphorylate the cytosolic domain of IFNAR. STAT1 and STAT2 then bind to
IFNAR, and are also phosphorylated by JAK1 and TYK2. STAT1 and STAT2 then form a
heterodimer and enter the nucleus as a transcription factor that is specific for interferon
stimulated genes (ISGs). STAT1 and STAT2 can also form homodimers which regulate specific
sets of ISGs46,47. There are hundreds of ISGs, and they inhibit viral replication through a variety of
functions. For every step of the viral replication cycle, there is an ISG that inhibits it. ISGs also
halt translation, induce apoptosis, and up regulate expression of MHC48. MHC displays viral
peptide fragments on the cell surface where they are recognized by T-cells and natural killer
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cells. Two ISGs that will be discussed in this thesis are Mx1 and OAS3. Mx1 inhibits viral
replication by binding to nucleocapsid. OAS3 synthesizes oligonucleotides that activate RNaseL,
which degrades viral RNA49,50.
Cancers are frequently insensitive to IFN and do not produce IFN3. IFN can act as a
tumor suppressor, and the genes for all of the IFN-α’s and IFN-β are sometimes deleted in
cancer3,51. Known examples of cancers with IFN deletions include gliomas, leukemias,
melanoma, and lung cancers7,52,53. Interestingly, deletion of IFN does not always correlate to IFN
insensitivity. Decreased expression of STAT1 and STAT2 is thought to be the most common
mechanism of IFN insensitivity in cancer, although decreased expression of IFN receptors has
also been hypothesized as a possible mechanism3. This is the basis for the use of virus as an anticancer therapy. Oncolytic viruses are engineered to be sensitive to the IFN response8,43. When
an oncolytic virus is introduced to a cancer patient, virus particles that penetrate cancer cells
will replicate. Those that penetrate non-cancerous cells will not. Thus, a viral infection is
established specifically at the site of the tumor. As the virus spreads throughout the tumor, the
cancer cells will undergo apoptosis and necroptosis, triggering pro-inflammatory signaling. Viral
particles, tumor antigens, and danger-associated molecular patterns are released into the tumor
microenvironment. These signals stimulate the release of inflammatory cytokines from nonmalignant cells neighboring the tumor. This multifactorial, immunostimulatory effect is thought
to be the primary mechanism of tumor-killing in oncolytic viral therapy54. One consequence of
increased inflammatory cytokine signaling is an increase in tumor-infiltrating CD8+ cytotoxic Tcells. These T-cells can recognize tumor antigens, which are proteins that contain foreign
antigens due to mutation. The amount of tumor-infiltrating CD8+ T-cells is correlated with
patient survival55. However, oncolytic viral therapy is effective even in immuno-compromised
mouse models that lack T-cells8. Oncolytic viral therapy also alters the ratio of immuno-
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suppressive cells (such as T regulatory cells and M2 macrophages) to immuno-stimulatory cells
(such as cytotoxic T-cells, natural killer cells, M1 macrophages, and activated dendritic
cells)2,56,57. Oncolytic viral therapy can be given intravenously, thereby reaching any metastases
the malignancy has established. Experimental models have also demonstrated systemic
responses to intratumoral injections58.
Vesicular Stomatitis Virus as an Oncolytic Virus
Oncolytic viral therapy is based on broad principles, and as a result many viruses qualify
as oncolytic viruses and many cancers are susceptible to oncolytic viral therapy1.
Clinicaltrials.gov currently lists 100 clinical trials that are related to oncolytic virotherapy. An
oncolytic herpesvirus has been approved by the FDA for the treatment of melanoma59. VSV is a
candidate oncolytic virus that replicates rapidly in tumors and induces apoptosis and anti-tumor
immune responses60,61. VSV is being studied as a treatment for numerous cancers, including
prostate cancer, lung cancer, pancreatic cancer, colorectal cancer, hepatocellular carcinoma,
leukemia, breast cancer, glioblastoma, and others. 9,11,62–64
VSV is the prototype single-stranded negative RNA virus, and has been studied
extensively. VSV is a bullet-shaped, enveloped virus. The genome of VSV contains five genes:
nucleocapsid (N), phosphoprotein (P), matrix (M), glycoprotein (G), and large polymerase (L).
The genome is coated with N protein, which is attached to the envelope via M protein. The
envelope is studded with G protein. L protein is a RNA-dependent RNA polymerase that
amplifies the VSV genome during the replication cycle. P protein forms a complex with L protein
and is essential for RNA replication60. VSV attaches to the host cell by binding to LDL receptors,
which are ubiquitously expressed on all nucleated cells65. Thus, the tropism of VSV is not
determined by the expression of receptors specific to certain cell types, but rather by the
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strength of the antiviral response to VSV. VSV is endocytosed, and the pH of the endosome is
more acidic than the extra cellular space. This induces a conformational shift in the VSV G
protein, which then facilitates fusion between the endosomal membrane and the viral
envelope66. Nucleocapsid, the associated RNA genome, L protein, and P protein are released
into the cytosol. Because VSV is a negative-sense RNA virus, mRNA must be transcribed from the
genome. The L and P proteins form a complex which transcribes a small amount of coding mRNA
during primary transcription. Host ribosomes produce protein from these mRNAs. The nowincreased numbers of L and P protein complexes replicate the VSV genome, and then transcribe
larger amounts of coding mRNA during secondary transcription. The cycle of replication and
transcription continues exponentially and thousands of new virus proteins and genomes are
produced. Progeny virus particles assemble at the plasma membrane of the cell, and are
released into the extracellular space by budding67.
VSV is a zoonotic pathogen primarily seen in livestock. This is advantageous because
humans are unlikely to have pre-existing antibodies against VSV that could reduce the efficacy
of oncolytic therapy. Also human tissue is not the natural host of VSV, which reduces the risk of
harmful infections in patients68. VSV is highly susceptible to IFN signaling and cannot replicate in
a cell that is expressing a significant amount of ISGs8,11,69. The selectivity of VSV for cancers with
defective antiviral responses has been enhanced by developing viruses, such as VSV matrix (M)
protein mutants, that induce IFN and other antiviral cytokines8,43. The M protein of VSV interacts
with the host transcription and mRNA transport apparatus and inhibits host gene expression,
including the production of IFN70–73. A single amino acid change (M51R) in the M protein renders
VSV unable to inhibit host transcription, and greatly increases the activation of IFN signaling and
selectivity of VSV for cancer cells versus normal cells74–76. M51R-VSV has been shown to be
effective in vitro and in vivo against a variety of cancer cell lines8,77,78. A similar strategy that
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increases the selectivity of VSV for cancer is to insert IFN into the virus genome79,80. One such
virus is called VSV-hIFNbeta-NIS, and is currently in clinical trials for the treatment of
hepatocellular carcinoma, non-small cell lung cancer, endometrial adenocarcinoma, colorectal
cancer, multiple myeloma, acute myeloid leukemia, and T-cell lymphoma81.
Viral Resistance in Cancer
Despite the canonical understanding of IFN’s role as a tumor suppressor, a substantial
fraction of cancers are resistant to viral infection11,12,82–84. This is a significant challenge to the
application of oncolytic viral therapy in the clinic, because the treatment will not succeed if an
infection is not established. The mechanisms of viral resistance that develop in cancer are not
fully understood. They are unlikely to be the same mechanisms that exist in healthy human cells,
because the antiviral response is normally linked to effects that are deleterious to cancer, such
as apoptosis and inhibition of translation. It is possible that specific mutations in oncogenes or
tumors suppressors induce ISG expression. However, no such mutations have been identified. In
a mouse model, prostate cancer tumors derived from PTEN deletions contained mixed
populations of cells that were susceptible or resistant to virus82. This suggests that in some cases
development of viral resistance may be a response to the tumor microenvironment, rather than
a consequence of driver mutations.
Viral resistance may be a consequence of phenotypic changes that are driven by a
selective pressure other than viral infection. Viral infection is not likely to be a significant threat
to a developing neoplasm. Non-cancerous cells and the cellular immune system prevent the vast
majority of viral particles encountered in the environment from establishing an infection. In the
rare case that a viral pathogen does significantly reproduce in the human host, inflammation
and immune-stimulation are not focal to the tumor and instead are concentrated elsewhere in
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the body. During the evolution of a malignancy, there is selective pressure to evade the immune
system85,86. The cellular immune system plays a critical role in preventing the proliferation and
spread of neoplasms. Cytotoxic T-cells and natural killer cells recognize mutated protein
fragments (cancer antigens) displayed on the MHC I receptors of cancerous cells. If a cancer
antigen is recognized the T-cell or natural killer cell releases factors that lyse the cell or induce
apoptosis48. There is a complex web of regulatory mechanisms that affect this process, and
cancer often evolves immune-suppressive strategies in order to prevent immune attack. For
example, some cancers express PD-L1 in order to activate the PD1 receptor on the surface of Tcells87. This leads to apoptosis in cytotoxic T-cells and increased survival in immunosuppressive T
regulatory cells. Cancer also frequently expresses anti-inflammatory cytokines such as IL-10, and
reduces its expression of immune-stimulatory cytokines such as IFN-γ. IFN-γ up regulates the
expression of MHC receptors, and IFN-γ -/- mice are more sensitive to carcinogens than WT
mice48. The varied immunosuppressive effects of cancer are regulated by signaling pathways
with significant overlap, so a relatively small number of mutations can lead to a multifactorial
effect. A central mechanism of immune evasion utilized by some cancers is constitutive IFN-α/β
expression. Constitutive IFN expression induces chronic inflammation and leads to T-cell
exhaustion, expression of PD-L1 and IL-10, and expansion of T regulatory cells48. Cytotoxic T-cell
exhaustion is characterized by progressive loss of function. First cell-killing, proliferative
capacity, and IL-2 production are lost, then tumor necrosis factor production ceases, and finally
IFN-γ production ceases88. The mechanism through which chronic IFN induces these effects is
not fully understood, but it is hypothesized to be the result of negative feedback loops48. A side
effect of chronic IFN signaling may be constitutive ISG expression, which would render these
tumors resistant to virus. Expression of IFN and other elements of the IFN signaling pathway
may be stabilized by epigenetic factors in cancer89. It is not fully understood how this
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pathological IFN signaling is induced and regulated in cancer. Indeed, it is not known whether all
virally resistant cancers produce IFN.
Regardless of the mechanism responsible, viral resistance in cancer is a significant
challenge that needs to be understood if oncolytic viral therapy is to be translated to patient
care. There are several possible approaches to overcoming this obstacle. In cancers known to
constitutively produce IFN, JAK/STAT inhibitors have been shown to increase susceptibility to
oncolytic VSV62,83. In conjunction with other treatment modalities such as DNA-damaging
therapies and immune checkpoint inhibitors, oncolytic virotherapy has the potential to provide
treatment options for many malignancies that currently have a poor prognosis57,90. Combination
therapy is becoming increasingly important in the treatment of cancer, and this principle applies
to oncolytic viral therapy as well. Immune checkpoint inhibitors, such as PD1 and PD-L1
inhibitors, may help to overcome a lack of immunological response to viral infection. DNAdamaging therapies are also immunogenic, and may enable oncolytic virus to overcome any
resistance to apoptosis that a cancer cell displays91,92. Tumors containing a mixture of
susceptible and resistant cells may not respond completely to oncolytic viral therapy, but it is
possible that combination therapy with other treatment modalities would be successful. The
application of oncolytic viral therapy will also benefit from genomic sequencing of individual
patient’s tumors. This approach, called precision medicine, is becoming more and more widely
used as therapies are developed that target specific genetic changes in cancer93. Therefore, I
sought to identify novel regulators of antiviral signaling in prostate cancer. Identification of
genomic alterations that correlate to viral resistance would increase the understanding of
aberrant antiviral signaling in cancer, and would also aid the translation of oncolytic viral
therapy to the bedside.
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MAP3K7 and CHD1
This work identified two genes that regulate ISG expression in prostate cancer, MAP3K7
and CHD1. The frequent co-deletion of MAP3K7 and CHD1 suggests that they could be
mechanistically linked, and any impact that one has on viral susceptibility could be regulated by
the other32. TAK1 and CHD1 both have functions with wide-ranging impacts in the cell. TAK1 is
part of the mitogen-activated protein kinase kinase kinase family, and is activated by
phosphorylation94. Once activated, TAK1 phosphorylates the IKKβ subunit of the IKK complex.
Once activated by TAK1, IKK phosphorylates IκBα. IκBα binds to NFκB and keeps it sequestered
in the cytosol in an inactive state. Once phosphorylated by IKK, IκBα dissociates from NFκB and
is degraded. NFκB then enters the nucleus and binds to the promoter region of numerous genes,
causing them to be transcribed at higher levels95,96. TAK1 also activates the signaling kinases
MKK3/6 and MKK4/7, which respectively phosphorylate the p38 and JNK families of kinases97,98.
JNK and p38 activate the transcription factors AP-1 and ATF2. TAK1 plays a role in numerous
signaling pathways and is activated downstream of TLRs, IL-1, TGF-β, TNF-α, and Wnt134. TAK1
enhances the activity of IRF7 in black carp, which induces the expression of IFN99.
CHD1 is a chromatin remodeling enzyme that acts at nucleosomes with trimethylation
on histone H3 at lysine 4 (H3K4me3). CHD1 allows for promotion of transcription at H3K4me3
sites by maintaining open chromatin100. CHD1 is known to play a role in pluripotency of stem
cells, and also maintains consistent levels of transcription in the cell101,102. A recent ChIP-Seq
study identified more than 8,000 binding sites of CHD1 in the prostate cancer cell line PC3. This
study identified enrichment of TNF-α and of NFκB signaling genes, which could link CHD1 to the
function of TAK1 and to viral resistance38.
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Results
Viral resistance in cancer is a significant impediment to the clinical application of
oncolytic viral therapy. The mechanisms of viral resistance in cancer are not completely
understood. Some cancers constitutively express ISGs, and this may be a common mechanism of
viral resistance in cancer11. The goal of this thesis was to identify novel regulators of viral
resistance and ISG expression in prostate cancer. PC3 cells are a prostate cancer cell line that
was derived from a patient with metastatic, castration-resistant prostate cancer103. PC3 cells
constitutively express ISGs and are highly resistant to virus. A MOI of 50 is required to infect
more than 50% of PC3 cells11. Xenografts of PC3 cells in the flanks of Balb/c nude mice were
resistant to treatment with M51R-VSV. LNCaP cells are a prostate cancer cell line that expresses
low levels of ISGs, and xenografts of these tumors in Balb/c nude mice shrank when treated with
M51R-VSV8. M51R-VSV is efficiently inhibited by ISGs, which makes M51R-VSV a useful tool for
evaluating ISG expression in prostate cancer. M51R-VSV is a candidate oncolytic virus for the
treatment of various cancers, and genetic alterations that impact its efficacy could be significant
when choosing which patients to treat.
Inhibition of MAP3K7 and CHD1 Expression Through shRNA Silencing
To determine the role of MAP3K7 and CHD1 in viral resistance, cell lines were
established by stably transducing PC3 cells with lentiviral vectors expressing short hairpin RNA
(shRNA) against MAP3K7, CHD1, or both (shMAP3K7, shCHD1, shMAP3K7/shCHD1). Lentiviral
plasmids incorporate into the genome of the transduced cell, causing the transduced cell to
express the genes encoded by the plasmid104. ShRNA’s are single-stranded RNA molecules that
contain two sequences that are complementary to one another. Thus, the shRNA molecule
binds to itself and forms a loop. This loop is exported to the cytosol and cleaved by the RNase
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Dicer. This forms a RNA fragment 20-25 base pairs long that is complementary to the target
gene105. The RNA fragment binds to the target mRNA and is then bound by the RNA-inducible
silencing complex (RISC), which consists of Dicer, Argonaute 2 protein, and TAR RNA binding
protein 2. RISC inhibits translation of the target mRNA by preventing binding of eukaryotic
initiation factors to the 5’ cap. RISC also degrades the target mRNA through the catalytic activity
of Argonaute 2106. The singly transduced shMAP3K7 and shCHD1 cell lines were also stably
transduced with a control vector expressing a nontargeting RNA sequence and a control cell line
was stably transduced with the two nontargeting vectors (shcontrol). Our collaborator Scott
Cramer provided these cell lines. In order to verify silencing of MAP3K7 and CHD1, the amount
of TAK1 (the protein product of MAP3K7) and CHD1 in PC3 cell lysates was analyzed by
immunoblot (Figure 1). CHD1 protein was almost undetectable in shCHD1 and
shMAP3K7/shCHD1 cells. TAK1 was not as significantly reduced, and six independent TAK1
immunoblots were analyzed by ImageJ in order to quantify the extent of reduction. TAK1 was
reduced by approximately 50% in shMAP3K7 cells, and was reduced by approximately 90% in
shMAP3K7/shCHD1 cells. We theorized that a 50% reduction in TAK1 may still be sufficient to
alter the biology of the cell. Furthermore, heterozygous deletions of TAK1 are common in
prostate cancer, and shMAP3K7 PC3 cells may be an appropriate model for such tumors36.
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Figure 1: TAK1 and CHD1 are Down Regulated in MAP3K7 and/or CHD1 Silenced PC3 cells
(A, C) Shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cell lines were established by
stably transducing PC3 cells with lentiviral vectors that expressed shRNA against MAP3K7, CHD1,
or both. Shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells were lysed using RIPA
buffer. Immunoblots of the cell lysates were performed against TAK1, CHD1 and actin.
Representative immunoblots are shown. (B) TAK1 protein levels in shcontrol, shMAP3K7,
shCHD1, and shMAP3K7/shCHD1 cells were quantified using ImageJ Gels analysis in six
independent experiments. Pixel density was normalized to actin and then normalized to
shcontrol cells (B). Statistical significance was calculated using one-way analysis of variance
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(ANOVA) with the Tukey’s multiple comparisons test to analyze differences between each cell
line. Statistically significant differences of p < .05 are denoted with *.

RNA-Seq was used to measure mRNA levels of MAP3K7 and CHD1 in order to further
verify inhibition of MAP3K7 and CHD1 in shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells
(Figure 2). Counts of MAP3K7 mRNA in shMAP3K7 cells were reduced by 50% relative to
shcontrol cells. Counts of MAP3K7 mRNA in shMAP3K7/shCHD1 cells were reduced by more
than two thirds relative to shcontrol cells. Counts of CHD1 mRNA in shCHD1 and
shMAP3K7/shCHD1 cells were reduced to one third of the level in shcontrol cells. These results
of the RNA-Seq analysis and of the immunoblot analysis indicated that MAP3K7 and CHD1 were
inhibited in the appropriate PC3 cell lines.
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Figure 2: mRNA Gene Counts of MAP3K7 and CHD1 are Decreased in MAP3K7 and/or CHD1
Silenced PC3 cells
Total-cell RNA extracts of shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 PC3 cells were
prepared using a Qiagen RNeasy Mini kit and analyzed by RNA-Seq. Counts of MAP3K7 or CHD1
mRNA sequences were normalized to total counts and multiplied by a scaling factor of 10e4. The
mean and standard error of three distinct samples are plotted. Statistical significance was
calculated using one-way analysis of variance (ANOVA) with the Tukey’s multiple comparisons
test to analyze differences between each cell line. Statistically significant differences of p < .05
are denoted with *.
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Viral Susceptibility is Increased in MAP3K7 and/or CHD1 Silenced Cells
In order to determine the role of MAP3K7 and CHD1 in resistance to VSV in PC3 cells,
shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells were infected with M51R-VSV-GFP
at varying multiplicities of infection (MOI) for 5 hours, and GFP expression was analyzed by flow
cytometry. M51R-VSV-GFP expresses GFP, and GFP fluorescence is an indicator of viral
replication. Negative controls were PC3 cells infected with M51R-VSV that does not express GFP
and mock-infected cells(Fig. 3A). Cells with fluorescence greater than the negative control were
considered to be infected. Positive controls were M51R-VSV-GFP-infected EL4 cells, which are
highly permissive for VSV (Fig. 3F). Representative histograms of cells infected at MOI 5 are
shown in Fig. 2A-F, and collated data from five independent experiments at different MOIs are
shown in Figure 4. At MOI 5, the percent of GFP-positive cells in shcontrol cells was around 15%,
around 50% in shMAP3K7 cells and shMAP3K7/shCHD1 cells, and around 30% in shCHD1 cells
(Fig. 3B-E). The relative order shMAP3K7/shCHD1 ≅ shMAP3K7 > shCHD1 > shcontrol was
observed at each multiplicity tested (Fig. 4). Although the rate of infection in shCHD1 cells was
higher than the rate of infection in shcontrol cells in all five independent experiments, the
difference was not great enough to be statistically significant. The difference between
shMAP3K7/shCHD1 cells and shcontrol cells was statistically significant only at MOI 10 and MOI
25. This is likely because the rate of viral infection follows a sigmoidal curve as MOI increases.
The median fluorescence intensity of GFP-positive cells followed the same trend as percent of
infection at all MOIs (data not shown). This indicates that MAP3K7 and/or CHD1 inhibition
allowed more cells to be infected and also increased the extent of viral replication in infected
cells. Despite the increased percentage of infection in shMAP3K7, shCHD1, and
shMAP3K7/shCHD1 cells, these cell lines were still more resistant than EL4 cells (Fig. 3F). This
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indicates that some mechanisms of resistance may be retained in shMAP3K7, shCHD1, and
shMAP3K7/shCHD1 cells.

Figure 3: Viral Susceptibility is Increased in MAP3K7 and/or CHD1 Silenced PC3 cellsGFP Fluorescence
(A-F) Shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 PC3 cells were infected with
M51R-VSV-GFP for 5 hours at MOI 5. GFP fluorescence was analyzed by flow cytometry. (A)
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M51R-VSV without GFP or media was added to shcontrol as a negative control for GFP
fluorescence. (F) EL4 cells were used as a positive control for infection. Representative
histograms are shown, with selection gates for percent of positively infected cells based on an
increase in GFP fluorescence relative to the negative control.

Figure 4: Viral Susceptibility is Increased in MAP3K7 and/or CHD1 Silenced PC3 cellsPercent Infection
Shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 PC3 cells were infected with M51R-VSVGFP for 5 hours at MOIs 5, 10, 25, and 50. Gates for infected cells were based on the negative
control in each independent experiment using the method shown in Fig. 3. The mean and
standard error of 5 independent experiments are plotted. Statistical significance was calculated
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using one-way analysis of variance (ANOVA) with the Tukey’s multiple comparisons test to
analyze differences between each cell line. Statistically significant differences of p < .05 are
denoted with *.

The results of flow cytometry analysis of GFP expression were confirmed by immunoblot
analysis of the VSV M protein (Fig. 5). Shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1
PC3 cells were lysed 5 hours post-infection with M51R-VSV at MOI 10, and the expression of VSV
M protein was analyzed by immunoblots (Fig. 5). The production of VSV M protein relative to
shcontrol cells was increased in shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells. The greatest
change was in shMAP3K7/shCHD1 cells, which showed a 13-fold increase in M-protein
production. The immunoblot and flow cytometry approaches of assessing viral susceptibility
both measured protein production from the viral genome. The two assays displayed similar
trends in susceptibility in which shMAP3K7 shMAP3K7/shCHD1 cells were the most susceptible,
shCHD1 cells were moderately susceptible, and shcontrol cells were the least suscpetible.
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Figure 5: Viral Susceptibility is Increased in MAP3K7 and/or CHD1 Silenced PC3 cellsVSV M Protein
Shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells were challenged with M51R-VSV at
MOI 10. Cell lysates were prepared 5 hours post-infection. A representative immunoblot of VSV
M-protein in infected and uninfected shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1
cells is shown. M-protein levels in shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells
were quantified using ImageJ Gels analysis in six independent experiments. Pixel density was
normalized to actin and then normalized to the M-protein:actin ratio in shMAP3K7/shCHD1
cells. The mean and standard error of three independent experiments are plotted. Statistical
significance was calculated using one-way analysis of variance (ANOVA) with the Tukey’s
multiple comparisons test to analyze differences between each cell line. Statistically significant
differences of p < .05 are denoted with *.
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In order to further determine whether MAP3K7 and CHD1 affect viral susceptibility,

shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 PC3 cells were infected with M51R-VSV
at MOI 50. The supernatants of these cells were collected at time points over a 24 hour period
and were analyzed by plaque assays to determine the titer of infectious VSV particles (Fig. 6).
The time course of production of infectious viral particles varied among the three silenced cell
lines but was increased in shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells relative to shcontrol
cells. These results demonstrate that M51R-VSV can proceed through the entire viral replication
cycle more efficiently in the absence of TAK1 and CHD1. Overall, the data in Figs. 2, 3, 4, 5, and 6
indicate that silencing MAP3K7 and/or CHD1 decreased the resistance of PC3 cells to M51R-VSV
infection

Figure 6: Viral Susceptibility is increased in MAP3K7 and/or CHD1 Silenced PC3 cells Viral Titers
Shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 PC3 cells were challenged with M51RVSV for 24 hours at MOI 50. Viral inoculums were washed away after 1 hour. Supernatants of
infected cells were collected at 4, 9, 12, and 24 hours. The viral titer of each supernatant was
determined via plaque assay. The average of two independent experiments is shown.
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Inhibition of MAP3K7 and CHD1 Expression Through CRISPR/Cas9 Knockout
PC3 cells were transfected with plasmids expressing Cas9 and guide RNAs specific for
MAP3K7 or CHD1 in order to introduce frame-shift mutations into the gene and completely
inhibit their expression. The guide RNAs were complementary to a 20 bp sequence in the genes
for MAP3K7, CHD1, or both. Cell populations transfected with guide RNA only against MAP3K7
were called koMAP3K7. Cell populations transfected with guide RNA only against CHD1 were
called koCHD1. Cell populations transfected with guide RNA against both MAP3K7 and CHD1
were called koMAP3K7/koCHD1. Control cell lines were established through transfection of Cas9
and gRNA with a randomized sequence (kocontrol). The gRNA contains a scaffold sequence that
recruits Cas9. Cas9 is a DNA endonuclease that will cleave DNA immediately adjacent to a
protospacer adjacent motif107. Cas9 from S. pyogenes was used, which recognizes the
protospacer adjacent motif 5’-NGG-3’108. Therefore, the gRNA sequences were chosen in order
to guide Cas9 to a sequence immediately adjacent to this motif in MAP3K7 or CHD1. Cas9
creates double-stranded breaks in the genome, which are repaired by an error-prone process
called non-homologous end joining. This process generates frame-shift mutations in the target
gene, rendering it non-functional109. Knockout cell lines can be generated by isolating a single
cell that has been successfully edited and expanding it into a clonal population.
The transfected plasmids expressed GFP, and GFP fluorescence was measured by flow
cytometry in order to determine the efficiency of transfection. Approximately 30% of the PC3
cells were successfully transfected (data not shown). Populations of transfected cells were
analyzed by immunoblot against TAK1 and/or CHD1 (Fig. 7). A non-clonal population of koCHD1
cells was identified that displayed almost undetectable levels of CHD1. Also, a non-clonal
population of koMAP3K7/koCHD1cells was identified that displayed almost undetectable levels
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of CHD1 and reduced levels of TAK1 relative to kocontrol. All tested populations of koMAP3K7
displayed levels of TAK1 that were not reduced relative to kocontrol (data not shown). One
possible explanation of this result is that knockout of MAP3K7 may be lethal to PC3 cells.
Inhibition of NFκB has been shown to induce apoptosis in PC3, and NFκB is one of the primary
targets of TAK194,110,111. Interestingly, MAP3K7 was more readily inhibited in conjunction with
CHD1 both when using shRNA and when using CRISPR/Cas9. MAP3K7 and CHD1 are often codeleted in prostate cancer, and it is possible that CHD1 inhibition creates a cellular environment
that enables cellular survival of MAP3K7 inhibition32.
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Figure 7: Non-clonal CHD1 and MAP3K7/CHD1 PC3 knockouts
PC3 cells were transfected with plasmids expressing Cas9 and guide RNAs specific to MAP3K7,
CHD1, or both. Non-clonal cell populations derived from distinct transfections were expanded,
and cell lysates of each population were prepared. Cell lysates were analyzed via immunoblot
for the expression of TAK1 and/or CHD1. Actin was analyzed via immunoblot as a loading
control. More than 20 koMAP3K7, koCHD1, koMAP3K7/koCHD1 cell populations were analyzed.
Immunoblots of a non-clonal population of koCHD1 with knockdown of CHD1 (3) and a nonclonal population of koMAP3K7/koCHD1 with significant knockdown of TAK1 and CHD1 (2) are
shown. Population 2 of koCHD1 displayed a band that may be a truncated band of CHD1, which
is consistent with the knockdown approach, which introduces missense mutations into the
target gene.
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Viral Susceptibility is Increased in koCHD1 and koMAP3K7/koCHD1
In order to determine the role of MAP3K7 and CHD1 in resistance to VSV in PC3 cells,
kocontrol, koCHD1, and koMAP3K7/koCHD1 cells were infected with M51R-VSV-GFP at a
multiplicity of infection (MOI) of 25 for 5 hours (Fig. 8). GFP expression was analyzed by flow
cytometry. Both koCHD1 cells and koMAP3K7/koCHD1 cells displayed significantly higher levels
of GFP fluorescence than kocontrol cells. This result was in agreement with the analysis of
shRNA-silenced cells. A MOI of 25 is sufficient to penetrate 100% of cells with at least one viral
particle, and both koCHD1 cells and koMAP3K7/koCHD1 cells retained sub-populations of cells
that were uninfected. Therefore, koCHD1 cells and koMAP3K7/koCHD1 cells were moderately
resistant to viral infection. The percent of infected cells in koCHD1 was higher than in shCHD1,
suggesting that CHD1 knockout may have had a more profound effect on viral susceptibility than
CHD1 silencing.
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Figure 8: Viral Susceptibility of Non-clonal CHD1 and MAP3K7/CHD1 PC3 knockouts
Non-clonal kocontrol, koCHD1, and koMAP3K7/koCHD1 PC3 cells were infected with M51R-VSVGFP for 5 hours at MOI 25. GFP fluorescence was analyzed by flow cytometry. The histograms
are normalized by plotting the counts as a percentage of the highest point on each histogram.
The greater the height of the infected peak on the right, the greater the rate of infection in each
cell population.
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MAP3K7 and/or CHD1 Knockout is Deleterious to PC3 cell Fitness
Clonal populations of koCHD1 and koMAP3K7/koCHD1 cells were created through
dilution cloning. Cell suspensions of koCHD1 and koMAP3K7/koCHD1 were prepared and seeded
into 96-well plates such that there was 1 cell for every 3 wells. According to the Poisson
distribution, 4% of the wells received two or more cells, 24% received 1 cell, and 72% received
no cells112. As these clonal populations were established, the non-clonal populations of koCHD1
cells and koMAP3K7/koCHD1 cells were passaged 5 times in 1:4 splits. After these splits the
expression of TAK1 and CHD1 in koCHD1 and koMAP3K7/koCHD1 cells was reanalyzed by
immunoblot (Fig. 9A). Expression of CHD1 had become detectable in koCHD1 cells, indicating
that a smaller fraction of the cells were CHD1 knockouts. Furthermore, expression of TAK1 and
CHD1 in koMAP3K7/koCHD1 cells was not significantly less than kocontrol cells. This result
indicates that the non-clonal populations experienced negative selection for knockout of TAK1
and/or CHD1. PC3 cells that expressed TAK1 and CHD1 may have been more fit than PC3 cells
that were knocked out for one or both genes. Thus, MAP3K7 and CHD1 knockouts were outcompeted over the course of a relatively small number of passages. KoCHD1 and
koMAP3K7/koCHD1 cells with the same passage number as those in Figure 9A were also reanalyzed for viral susceptibility. Cells were infected with M51R-VSV-GFP at MOI 25 for 5 hours
and analyzed for GFP fluorescence via flow cytometry (Fig. 10). The level of GFP fluorescence in
koCHD1 cells was indistinguishable from GFP fluorescence in kocontrol cells, and GFP
fluorescence in koMAP3K7/koCHD1 cells was reduced relative to the level in 9A. These results
were consistent with re-expression of TAK1 and CHD1. Indeed, this experiment provides
evidence that expression of TAK1 and CHD1 can rescue viral resistance in PC3 cells.
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As clonal populations derived from koCHD1 and koMAP3K7/koCHD1 cells expanded,
they were analyzed for TAK1 and CHD1 expression by immunoblot (Fig. 9B, 9C). More than 30
clonal populations that originated from koMAP3K7/koCHD1 were tested, and all of them
expressed TAK1. Likewise, more than 20 clonal populations originating from koCHD1 expressed
CHD1. This result was consistent with the re-expression of TAK1 and CHD1 in the non-clonal
populations of koCHD1 and koMAP3K7/koCHD1. Deletion of MAP3K7 and/or CHD1 may be
lethal to PC3 cells. CRISPR/Cas9 was also used to knock out MAP3K7 in SKMES-1 cells. Analysis of
ISG expression data provided by Lance Miller indicated that SKMES-1 cells constitutively express
ISGs (data not shown). Populations of SKMES-1 cells were transfected with Cas9 and antiMAP3K7 gRNA. These transfected populations of cells were cloned by dilution following the
same protocol as the PC3 cells were. More than 25 clonal populations of koMAP3K7 SKMES-1
cells were analyzed by immunoblot, and all of them expressed TAK1 (Fig. 9D). It is possible that
both PC3 cells and SKMES-1 cells are transcriptionally addicted to NFκB activation, and for this
reason MAP3K7 knockout is lethal in both cell lines. The author of this thesis is unaware of any
report in the literature of successful knockout of MAP3K7. One group created a non-clonal cell
population with reduced expression of TAK1, similar to the non-clonal population described
here113. In a large screen using the CRISPR/Cas9 system, another group saw that MAP3K7
knockout was negatively correlated with proliferation in A375 cells. However the negative
correlation between MAP3K7 knockout and proliferation was not statistically significant. This
may have been due to limitations in their approach; their screen had greater power in detecting
knockouts that promoted proliferation114.
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Figure 9: Loss of CHD1 and MAP3K7/CHD1 Knockout in Clonal Cell lines
(A) After being passaged with a 1:4 split 5 times, cell lysates of non-clonal kocontrol, koCHD1,
and koMAP3K7/koCHD1 PC3 cells were prepared. The cell lysates were analyzed for the
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expression of TAK1 and CHD1 via immunoblot. (B) Prior to passaging the non-clonal cell
populations, clonal cell populations derived from koMAP3K7/koCHD1 cells were created via
limiting dilution. More than 30 cell populations were analyzed for expression of TAK1 via
immunoblot, 18 representative populations are shown. (C) Prior to passaging the non-clonal cell
populations, clonal cell populations derived from koCHD1 were created via limiting dilution.
More than 20 cell populations were analyzed for expression of CHD1 via immunoblot, 9
representative populations are shown. (D) SKMES-1 cells, a lung cancer cell line resistant to
virus, were transfected with plasmids expressing Cas9 and guide RNAs specific to MAP3K7.
Transfected wells were expanded briefly and cloned by limiting dilution. More than 20 clonal
koMAP3K7 SKMES-1 cell populations were analyzed for expression of TAK1. Eight
Representative populations are shown.
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Figure 10: Loss of Viral Susceptibility in Clonal Cell lines
After being passaged with a 1:4 split 5 times, non-clonal kocontrol, koCHD1, and
koMAP3K7/koCHD1 PC3 cells were challenged with M51R-VSV-GFP for 5 hours at MOI 25. GFP
fluorescence was analyzed by flow cytometry. The histograms are normalized by plotting the
counts as a percentage of the highest point on each histogram. The greater the height of the
infected peak on the right, the greater the rate of infection in each cell population.
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ISG Protein Levels are Decreased in MAP3K7 and/or CHD1 Silenced Cells
To determine whether MAP3K7 and CHD1 regulate ISG expression in PC3 cells, the
expression of ISGs in PC3 cell lysates was analyzed by liquid chromatography-mass
spectrometry/mass spectrometry and by immunoblots. Broad proteomic analysis identified 13
ISGs with sufficient abundance for targeted analysis by mass spectrometry. The targeted
proteomics analysis showed decreased levels of proteins encoded by MX1, OAS3, IFIT1, IFIT5,
IFM3, ISG15, and STAT1 in shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells relative to
shcontrol cells (Fig. 11). Protein encoded by IRF3 was decreased relative to shcontrol only in
shCHD1 cells. Protein kinase R, the protein product of E2AK2 was decreased only in shMAP3K7
and shMAP3K7/shCHD1 cells. Four of thirteen ISGs were unaffected by MAP3K7 and/or CHD1
silencing, which is consistent with the moderately resistant phenotype of shMAP3K7, shCHD1,
and shMAP3K7/shCHD1 cells.
Changes in protein levels of two ISGs, MxA and OAS3, were confirmed by immunoblots.
MxA, the protein product of the MX1 gene, is an ISG that potently inhibits VSV replication115.
MxA was decreased by 85-90% in shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells relative to
shcontrol cells as determined by immunoblots (Fig. 12 A, B). OAS3 was also decreased in
shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells relative to shcontrol cells in immunoblots (Fig.
12 C, D). These findings indicate that MAP3K7 and CHD1 likely affect the viral susceptibility of
PC3 cells through regulation of ISG expression.
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Figure 11: ISG Protein Levels are Decreased in MAP3K7 and/or CHD1 Silenced PC3 cellsTargeted Proteomics
Cell lysates of shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells were prepared.
Protein in the cell lysates was digested into peptides, purified, and analyzed by liquid
chromatography-mass spectrometry/mass-spectrometry. Broad proteomic analysis was first
used to identify the most abundant ISGs in PC3, and then the 13 most abundant ISGs were
analyzed with targeted proteomic analysis. Skyline software was used to calculate the
normalized peak area of peptides specific to each ISG. The mean and standard error of three
distinct samples are plotted. Statistical significance was calculated using one-way analysis of
variance (ANOVA) with the Tukey’s multiple comparisons test to analyze differences between
each cell line. Statistically significant differences of p < .05 are denoted with *.
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Figure 12: ISG Protein Levels are Decreased in MAP3K7 and/or CHD1 Silenced PC3 cellsImmunoblots
Cell lysates of shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells were prepared.
Representative immunoblots of MxA and OAS3 in shcontrol, shMAP3K7, shCHD1, and
shMAP3K7/shCHD1 cells are shown. MxA and OAS3 protein levels in shcontrol, shMAP3K7,
shCHD1, and shMAP3K7/shCHD1 cells were quantified using ImageJ Gels analysis in three
independent experiments. Pixel density was normalized to actin and then normalized to the
MxA or OAS3 to actin ratio in shcontrol cells. The mean and standard error of three independent
experiments are plotted. Statistical significance was calculated using one-way analysis of
variance (ANOVA) with the Tukey’s multiple comparisons test to analyze differences between
each cell line. Statistically significant differences of p < .05 are denoted with *.
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ISG mRNA Expression is Modulated in MAP3K7 and/or CHD1 Silenced Cells
To determine whether MAP3K7 and CHD1 affect expression of ISG mRNA, gene counts
were measured by RNA-Seq in total RNA extracts of PC3 cells. Using Gene Set Enrichment
Analysis (GSEA), the results were analyzed for differential expression of a curated gene set of
ISGs from the Reactome database called Reactome_Interferon_Signaling (Fig. 13, Table 1)116.
GSEA enrichment plots are presented in Figure 13. A black line on the x-axis marks each gene in
the gene set. The genes are sorted such that the most enriched gene in shcontrol cells is furthest
to the left, and the most enriched gene in shMAP3K7 (A), shCHD1 (B), or shMAP3K7/shCHD1 (C)
cells is furthest to the right. Each gene contributes to the overall enrichment score, and the
cumulative enrichment score from left to right is plotted. Enrichment in shcontrol cells has a
positive value, and enrichment in shMAP3K7, shCHD1, or shMAP3K7/shCHD1 cells has a
negative value. Surprisingly, shMAP3K7 cells showed a significant increase in ISG mRNA
expression relative to shcontrol cells. ShCHD1 cells did not show a significant change in ISG
mRNA expression relative to shcontrol cells. Finally, shMAP3K7/shCHD1 cells showed a
significant decrease in ISG mRNA expression relative to shcontrol cells. These results indicate
that regulation of ISGs at the mRNA level is not the mechanism through which MAP3K7 and
CHD1 impact viral resistance when only one of the two genes is inhibited. However, the
combined effect of MAP3K7 and CHD1 inhibition may be mechanistically distinct, leading to
decreased viral resistance through a decrease in ISG mRNA expression as well as a decrease in
protein expression. The ISGs whose protein levels were tested in Fig. 11 and Fig. 12 followed the
same mRNA expression pattern as the overall ISG gene set (Table 2).
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Figure 13: GSEA of Constitutive ISG mRNA expression in MAP3K7 and/or CHD1 Silenced
PC3 cells
Total-cell RNA extracts of shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells were
prepared. Each sample was depleted of rRNA and reverse-transcribed. The cDNA from each
sample was sequenced by an Illumina NextSeq 500 to a target depth of 30 million reads per
sample. The sequences were aligned to the human genome using in-house R scripts and the
STAR aligner. The gene counts from each cell line were analyzed for differential expression using
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Gene Set Enrichment Analysis (GSEA) from the Broad Institute. The cells lines were analyzed for
differential expression of a gene set of ISGs named Reactome_Interferon_Signaling curated by
the Reactome Pathway Database. Enrichment plots of shcontrol v shMAP3K7 (A), shcontrol v
shCHD1 (B), and shcontrol v shMAP3K7/shCHD1 (C) are shown. In the plots, each gene in the
gene set is marked by a black line on the x-axis. The genes are ranked and sorted by a signal to
noise metric, and genes are sorted such that the most enriched gene in shcontrol cells is furthest
to the left, and the most enriched gene in shMAP3K7, shCHD1, or shMAP3K7/shCHD1 cells is
furthest to the right. Each gene contributes to the overall enrichment score, and the cumulative
enrichment score from left to right is plotted. Enrichment in shcontrol cells has a positive value,
and enrichment in shMAP3K7, shCHD1, or shMAP3K7/shCHD1 cells has a negative value.

NES
FDR q-value
p-value

shcontrol v

shcontrol v

shcontrol v shMAP3K7/

shMAP3K7

shCHD1

shCHD1

-1.33

0.91

1.41

0.12

0.7

0.12

< .002

0.31

<.002

Table 1: GSEA Statistics of Fig. 13
These statistics describe the results in Fig. 13. Normalized enrichment score (NES) is the overall
enrichment of Reactome_Interferon_Signaling in shcontrol versus shMAP3K7, shCHD1, or
shMAP3K7/shCHD1 cells. The NES is positive if Reactome_Inteferon_Signaling genes are
enriched in shcontrol, negative if enriched in shMAP3K7, shCHD1, or shMAP3K7/shCHD1 cells.
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The false discovery rate (FDR) q-value is the chance that any difference detected is a falsepositive. The FDR q-value is calculated by the GSEA software and a value less than 0.25 is
considered meaningful enough to base further research on. In this case, where only one gene
set is analyzed, a p-value of less than .05 is also considered to be statistically significant.

Gene

shMAP3K7 v

shCHD1 v

shMAP3K7/shCHD1

shcontrol

shcontrol

v shcontrol

MX1

1.48

-0.25

-1.24

OAS3

0.93

-0.59

-0.36

STAT1

1.21

0.58

0.15

ISG15

1.09

0.01

-0.28

OAS2

1.50

0.46

-0.11

IRF3

0.21

-0.37

-0.14

IFIT5

-0.06

-0.81

-0.37

IFITM3

0.46

0.16

-0.28

IFIT1

0.45

-0.31

-1.32

IFIT2

-0.75

-0.43

-1.40

IFIT3

-0.12

-0.31

-1.00

0.49

0.80

0.70

PRKRA

Table 2: Log Fold Change of mRNA counts of ISGs in Fig. 11
In order to demonstrate that the ISGs in Fig. 11 display mRNA transcription patterns consistent
with those described in Fig. 13, the Log2(Fold Change) for each ISG is tabulated. A negative value
indicates a higher mRNA gene count in shcontrol cells. A positive value indicates a higher mRNA
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gene count in shMAP3K7, shCHD1, or shMAP3K7/shCHD1 cells. E2AK2 was not included in the
analysis of the RNA-Seq data.

It is possible that the different levels of viral susceptibility displayed by shcontrol, shMAP3K7,
shCHD1, and shMAP3K7/shCHD1 cells are due to delayed or absent induction of ISG gene
expression in response to viral infection. In order to test this hypothesis, PC3 cells were infected
with M51R-VSV at MOI 10 for 6 hours. Then, gene counts were measured by RNA-Seq in total
RNA extracts of the infected PC3 cells. GSEA analysis of the Reactome_Interferon_Signaling gene
set indicated that ISG expression was significantly enriched in virus-infected shMAP3K7/shCHD1
cells. There was no statistically significant difference between shcontrol and shCHD1 cells or
shcontrol and shMAP3K7 cells. This result indicates that PC3 cells have a functional antiviral
response, and inhibition of neither MAP3K7 nor CHD1 affects mRNA levels of ISGs in response to
viral infection. The shMAP3K7/shCHD1 PC3 cells are the most susceptible to viral infection, so
they are exposed to the largest quantity of virus during the 6 hour course of infection. Thus,
their antiviral response is activated to the greatest extent, and they display the highest level of
ISG expression. This result also provides evidence that constitutive expression of ISGs is the
primary mechanism of viral resistance in PC3 cells, and not the extent of the antiviral response.
VSV replicates rapidly, and the reactive expression of ISGs is not quick enough to protect PC3
cells from infection.
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Figure 14: GSEA of Virally Induced ISG mRNA expression in MAP3K7 and/or CHD1 Silenced
PC3 cells
Shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells were infected with M51R-VSV at
MOI 10. Total-cell RNA extracts of shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells
were prepared 6 hour post-infection. Each sample was depleted of rRNA and reversetranscribed. The cDNA from each sample was sequenced by an Illumina NextSeq 500 to a target
depth of 30 million reads per sample. The sequences were aligned to the human genome using
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in-house R scripts and the STAR aligner. The gene counts from each cell line were analyzed for
differential expression using Gene Set Enrichment Analysis (GSEA) from the Broad Institute. The
cells lines were analyzed for differential expression of a gene set of ISGs named
Reactome_Interferon_Signaling curated by the Reactome Pathway Database. Enrichment plots
of shcontrol v shMAP3K7 (A), shcontrol v shCHD1 (B), and shcontrol v shMAP3K7/shCHD1 (C) are
shown. In the plots, each gene in the gene set is marked by a black line on the x axis. The genes
are ranked and sorted by a signal to noise metric, and genes are sorted such that the most
enriched gene in shcontrol cells is furthest to the left, and the most enriched gene in shMAP3K7,
shCHD1, or shMAP3K7/shCHD1 cells is furthest to the right. Each gene contributes to the overall
enrichment score, and the cumulative enrichment score from left to right is plotted. Enrichment
in shcontrol cells has a positive value, and enrichment in shMAP3K7, shCHD1, or
shMAP3K7/shCHD1 cells has a negative value.
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NES

shcontrol v

shcontrol v

shcontrol v

shMAP3K7

shCHD1

shMAP3K7/ shCHD1

-1.19

-0.96

-1.32

FDR q-value

0.26

0.74

0.08

p-value

0.19

0.65

< .002

Table 3: GSEA Statistics of Fig. 14
These statistics describe the results in Fig. 14. Normalized enrichment score (NES) is the overall
enrichment of Reactome_Interferon_Signaling in shcontrol versus shMAP3K7, shCHD1, or
shMAP3K7/shCHD1 cells. The NES is positive if Reactome_Inteferon_Signaling genes are
enriched in shcontrol, negative if enriched in shMAP3K7, shCHD1, or shMAP3K7/shCHD1 cells.
The false discovery rate (FDR) q-value is the chance that any difference detected is a falsepositive. The FDR q-value is calculated by the GSEA software and a value less than 0.25 is
considered meaningful enough to base further research on. In this case, where only one gene
set is analyzed, a p-value of less than .05 is also considered to be statistically significant.
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The Rate of OAS3 Turnover is Not Affected by Silencing of MAP3K7 or CHD1
We initially hypothesized that MAP3K7 and CHD1 regulated ISG transcription. However,
the RNA-Seq analysis of ISG mRNA counts in shMAP3K7 and shCHD1 cells indicated that the
primary mechanism of regulation was unlikely to be transcriptional. Thus, we hypothesized that
MAP3K7 and CHD1 regulate either the rate of ISG protein turnover or the rate of ISG protein
synthesis. In order to test whether ISG protein turnover is affected by MAP3K7 and/or CHD1,
shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells were treated with cycloheximide.
Cycloheximide binds to the 60S ribosome subunit and inhibits translation. As time passes,
proteins in the cell are degraded but no new protein is produced. The PC3 cells were lysed at 0
hours and 6 hours after cycloheximide application. Levels of OAS3 in the cell lysates were
analyzed by immunoblot and quantified with ImageJ (Fig. 15). The level of OAS3 in the
koMAP3K7/koCHD1 cells was too low to quantify accurately. In shMAP3K7 and shCHD1 cells, the
rate of OAS3 turnover was equal to or less than the rate of OAS3 turnover in shcontrol.
Therefore, differences in ISG turnover are likely not responsible for different level of viral
susceptibility in shMAP3K7 and shCHD1 cells. These results indicate that MAP3K7 and CHD1
likely affect ISG expression levels through regulation of ISG protein synthesis.
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Figure 15: No Difference in OAS3 Turnover between control, MAP3K7, and CHD1 silenced
PC3 cells
Shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells were treated with cycloheximide.
The shcontrol, shMAP3K7, shCHD1, or shMAP3K7/shCHD1 cells were lysed at 0 hours or 6 hours
after cycloheximide application. Levels of OAS3 in the cell lysates were analyzed by immunoblot
and quantified with ImageJ Gels analysis. Pixel density of OAS3 was normalized to actin. The
mean and standard error of two independent experiments are plotted.
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Silencing of MAP3K7 and CHD1 Increases the In Vivo Tumor Sensitivity of PC3 to M51R-VSV
We sought to determine whether MAP3K7 and CHD1 affect PC3 tumor sensitivity to
oncolytic viral therapy in vivo. Shcontrol and shMAP3K7/shCHD1 xenografts were established in
the flanks of Balb/c nude mice and injected intratumorally with a single dose of M51R-VSV (Fig.
16). M51R-VSV decreased the growth of shcontrol tumors relative to the untreated control, but
the tumors maintained a positive growth curve. In contrast, shMAP3K7/shCHD1 tumors
regressed in response to M51R-VSV. Despite the small sample size of this experiment, linear
regression showed that the difference in growth rate between shcontrol tumors treated with
M51R-VSV and shMAP3K7/shCHD1 tumors treated with M51R-VSV was statistically significant.
This result indicates that MAP3K7 and CHD1 inhibition can significantly impact the efficacy of
M51R-VSV in vivo. Interestingly, the growth rate of shMAP3K7/shCHD1 PC3 tumors that were
treated with media was significantly greater than the growth rate of shcontrol tumors treated
with media. Deletion of MAP3K7 and CHD1in prostate cancer is associated with higher rates of
metastasis and more aggressive tumors32. Both genes are tumor suppressors, and inhibition of
MAP3K7 increases the rate of proliferation of PC3 cells in cell culture34. These results indicate
that this effect is present in vivo as well.
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Figure 16: In Vivo PC3 Tumor Response to M51R-VSV is potentiated by MAP3K7/CHD1
inhibition
Shcontrol and shMAP3K7/shCHD1 xenografts were established in the flanks of Balb/c nude mice
and injected intratumorally either with 50 µl media or with 1e8 plaque-forming-units of M51RVSV in 50 µl of media. Tumor length and width were measured daily by calipers and tumor
volume was determined using the formula V= length * width2. Tumor volumes were normalized
to tumor volume on day 1. The sample size of each condition was 4 mice. Statistical significance
was calculated be performing linear regressions to determine the slope of each growth curve. If
the slopes were considered to be different from one another with a p-value < .05 they are
denoted with a *.
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Discussion
Oncolytic viral therapy is effective because cancers commonly harbor defects in antiviral
signaling1. However, some cancers are resistant to viral infection and oncolytic viral therapy is
not effective against them11. The mechanisms of resistance in virally resistant cancers are not
fully understood. In order to further understand antiviral signaling in cancer, I sought to identify
novel regulators of viral resistance in prostate cancer. MAP3K7 and CHD1 were identified as
genes that are necessary for maximal viral resistance in PC3 cells. ShRNA silencing of MAP3K7
and/or CHD1 increased the viral susceptibility of PC3 cells, as did partial CRISPR knockout of
CHD1 or MAP3K7 and CHD1. This was demonstrated through an increase in viral transcription as
well as an increase in progeny viral particles (Fig. 3-6). Viral transcription was measured by
immunoblot of viral M protein as well as flow cytometry analysis of a GFP-tagged M51R-VSV
virus. Broadly, all measures of viral susceptibility indicated that shMAP3K7 and
shMAP3K7/shCHD1 cells were the most susceptible to viral infection. However, the analysis of
M protein levels indicated that shMAP3K7/shCHD1 cells were the most susceptible while the
GFP fluorescence analysis and viral titer assays indicated that shMAP3K7 cells were the most
susceptible. This difference could be due to the differing position of M protein and GFP in the
M51R-VSV-GFP genome. Also, M protein production may not be the rate-limiting step in
assembly of the VSV virus particle, which could account for differences in M protein levels and
viral progeny levels.
PC3 cells constitutively express ISGs, which are the effectors of the antiviral response.
ShRNA silencing of MAP3K7 and/or CHD1 decreased the protein levels of ISGs in PC3 cells as
shown by immunoblots (Fig. 12) and targeted proteomic analysis (Fig. 11). Collectively, proteins
encoded by the Mx1, OAS3, IFIT1, IFIT5, IFM3, ISG15, and STAT1 genes were all decreased in
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shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells relative to shcontrol cells. Out of 13 ISGs
analyzed via targeted proteomic analysis, 4 were present in similar levels in all 4 cell lines.
TAK1 has been shown to induce the expression of ISG mRNAs through activation of
NFκB. CHD1 facilitates the transcription of many NFκB-regulated genes, possibly including IRF3.
Therefore, I hypothesized that MAP3K7 and CHD1 inhibition decreased ISG mRNA transcription.
Surprisingly, transcriptome analysis of shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1
cells showed the ISG mRNA was increased in shMAP3K7 cells (Fig. 13). The conjunction of
increased ISG mRNA and decreased ISG protein in shMAP3K7 cells indicates that the effect of
MAP3K7 inhibition on viral resistance is mediated at the protein level. Decreased ISG protein
may have induced a compensatory feedback loop that led to increased expression of ISG mRNA.
However, ISG mRNAs were decreased in shMAP3K7/shCHD1 cells relative to shcontrol cells. The
ISG mRNA expression pattern in shMAP3K7/shCHD1 cells does not appear to be an additive
combination of inhibiting MAP3K7 alone and CHD1 alone. Inhibition of MAP3K7 and CHD1 has
an effect that is qualitatively different than inhibiting MAP3K7 or CHD1 alone. The high
frequency of MAP3K7 and CHD1 deletions in prostate cancer is evidence that these two genes
have overlapping functions32. This finding indicates that their shared function affects ISG
expression. Because MAP3K7 and CHD1 deletion enable the progression of prostate cancer to
mCRPC, it is possible that the expression of ISGs in prostate cancer is regulated by pathways that
also affect metastasis and androgen-insensitivity. Notably, constitutive expression of ISGs was
the dominant mechanism in resistance to oncolytic VSV. This was demonstrated by RNA-Seq
analysis of shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells after viral infection. ISG
mRNA expression correlated with viral susceptibility, indicating that shMAP3K7/shCHD1 cells
retained a functional antiviral response, but it was not sufficient to inhibit VSV replication (Fig.
14).
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The RNA-Seq data suggest that inhibition of MAP3K7 should inhibit protein synthesis of
ISGs or increase the rate of ISG protein turnover. Analysis of CHX-treated shcontrol, shMAP3K7,
and shCHD1, cells showed that the rate of OAS3 degradation in shMAP3K7 cells and shCHD1
cells was not increased relative to shcontrol cells (Fig. 15). Thus, I now hypothesize that the rate
of ISG protein synthesis is likely decreased in shMAP3K7 cells relative to shcontrol cells. Indeed,
ISG mRNAs are significantly up-regulated in shMAP3K7 cells, while ISG protein levels are
significantly decreased. This implies that translation of ISG mRNAs is decreased in shMAP3K7
cells, because the protein: mRNA ratio is smaller than in shcontrol cells.
MAP3K7 and CHD1 inhibition significantly increased the in vivo susceptibility of PC3 cells
to oncolytic viral therapy. In a pilot experiment, treatment with M51R-VSV induced a negative
growth curve in shMAP3K7/shCHD1 tumors while shcontrol tumors continued to increase in
volume (Fig. 16). This effect may be mediated through a number of mechanisms. MAP3K7 and
CHD1 inhibition increases VSV replication in PC3 cells, which would increase the efficacy of
oncolytic VSV through increased cell killing as well as increased immuno-stimulation.
Additionally, it is possible that shMAP3K7/shCHD1 tumors are less immunosuppressive at
baseline than shcontrol tumors are. Notably, the Balb/c nude mice in which this experiment was
conducted lack T-cells so that they can be grafted with a tumor of human origin. This implies
that innate immune cells and effects such as inhibition of angiogenesis as well as virus-induced
apoptosis were sufficient to induce tumor lysis. T-cells are mediators of the therapeutic effect of
oncolytic VSV, and systems in which they are present may show a greater difference between
prostate cancers that express MAP3K7 and CHD1 versus those that do not57. This experiment
also demonstrated that shMAP3K7/shCHD1 tumors grew more rapidly in vivo than shcontrol
tumors. This is consistent with the literature that has demonstrated that MAP3K7 and CHD1 are
tumor suppressors whose co-deletion induces more aggressive phenotypes of prostate cancer32.
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Overall, these data indicate that MAP3K7 and CHD1 are determinants of susceptibility to
oncolytic viral therapy in a resistant prostate cancer cell line. This effect is most likely mediated
through a decrease in ISG protein expression.
MAP3K7 and CHD1 in Prostate Cancer Resistance to Oncolytic Virus
Oncolytic viral therapy is gaining momentum as a potential treatment option for a
variety of cancers. An oncolytic adenovirus was approved in China in 2005 for the treatment of
squamous head and neck carcinomas117. The FDA approved an oncolytic herpes virus for the
treatment of melanoma in 201559. There are currently 100 ongoing clinical trials that are related
to oncolytic viral therapy81.
A significant challenge to the future use of oncolytic viral therapy is the potential for
viral resistance in cancer. Cancers are extremely heterogeneous, and this makes them
notoriously resistant to treatment86. Genomic instability is a hallmark of cancer, and every
cancerous cell has the potential to be phenotypically different than the rest of the tumor. Even
experimental models of cancer that are initiated by a single mutation can contain a mixture of
virally resistant and susceptible cells82. If a single cell displays resistance to a cancer treatment,
the disease can recur. Indeed, mCRPC develops after androgen-deprivation therapy, and it is
typically monoclonal in origin27. Cases of mCRPC that are resistant to viral infection would be
problematic to the application of oncolytic viral therapy. PTEN deletion is the most common
genomic abnormality in mCRPC33. Work in a PTEN -/- mouse model showed that resulting
prostate tumors were resistant to VSV infection. However, cells that were acutely deleted for
PTEN were susceptible to VSV infection. Imaging studies of cells derived from tumors in PTEN -/mice indicated that the tumors contained a mixture of susceptible and resistant cells82. This
suggests that viral resistance evolved over the course of tumor development as a response to
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the tumor microenvironment. These findings demonstrate that PTEN deletion status is not a
primary determinant of viral resistance. CHD1 deletion is the second-most common
homozygous deletion in metastatic prostate cancer, and it is almost always accompanied by
heterozygous or homozygous MAP3K7 deletion32,33. Analysis of MAP3K7 and CHD1 function in
PC3 cells found that they are necessary for resistance to oncolytic viral therapy. PC3 cells are
derived from a case of mCRPC and they are highly resistant to viral infection, therefore MAP3K7
and CHD1 deletion in mCRPC may be associated with a greater sensitivity to oncolytic viral
therapy103. MAP3K7 and CHD1 deletion defines a large sub-population of metastatic prostate
cancers. If this genotype is predictive of susceptibility to virus infection, then oncolytic viral
therapy may be an effective treatment option for many patients that currently have a poor
prognosis. MAP3K7 and CHD1 deletion could be used as biomarkers to identify these patients.
The mechanism of viral resistance in PC3 cells is most likely constitutive ISG expression.
The simplest mechanism of constitutive ISG expression is constitutive IFN expression. This is the
best understood, and may be the most common, mechanism of viral resistance in cancer. IFNmediated viral resistance has been documented in ovarian cancer, melanoma, mesothelioma,
cervical cancer, sarcoma, prostate cancer, and pancreatic cancer12,84,118,119. Some cancers use
constitutive IFN expression as an immunosuppressive strategy. Like many other physiological
functions, the immune system can become desensitized to chronic stimulus. Constitutive IFN
expression induces immunosuppressive phenotypes in T-cells and macrophages48. The
mechanisms of how constitutive IFN expression is induced and maintained are poorly
understood. Type-I IFN transcripts were not detected in the RNA-Seq analysis of uninfected PC3
cells. IFN is a highly potent inducer of ISG expression, and PC3 cells may constitutively express
levels of IFN that are below the detection limit of RNA-Seq. Alternatively, it is possible that PC3
cells maintain viral resistance through an IFN-independent mechanism.
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The primary promoters of ISG transcription are thought to be STAT1/STAT2
heterodimers and homodimers. However, IRF3 and IRF7 can also directly promote ISG
transcription120. Constitutive activation of these transcription factors could lead to constitutive
ISG expression even in the absence of functional IFN expression. NFκB is one of the primary
promoters of the transcription of IRF3 and IRF7121. TAK1 induces the activation of NFκB by
phosphorylating the IKKβ subunit of the IKK complex94. In addition to promoting ISG
transcription, IRF3 and IRF7 are well known for promoting transcription of IFNs121. Therefore
TAK1 could mediate IFN-dependent or IFN-independent constitutive ISG expression. Indeed,
TAK1 inhibition by the TAP1 protein has been shown to increase viral susceptibility and decrease
ISG expression in A549 cells122. This study showed that IKK activation and NFκB translocation to
the nucleus were decreased when TAP1 was overexpressed in A549 cells. Although this
mechanism could be at play in the shMAP3K7/shCHD1 cells, it is counter to the increased ISG
mRNA expression in shMAP3K7 cells. Differences in the signaling state of A549 cells and PC3
cells likely explain the different results. Links between CHD1 and ISG transcription are more
speculative. CHD1 promotes expression at many genes that are regulated by NFκB38. It is
possible that CHD1 regulates the accessibility of IRF3 and IRF7 for promotion by NFκB. If factors
other than TAK1 are also constitutively activating NFκB in PC3, it could explain why CHD1
inhibition was necessary for MAP3K7 inhibition to decrease ISG mRNA expression. Regulation of
IL-6 expression is another possible mechanism through which CHD1 inhibition could affect ISG
expression and viral resistance. Higher levels of IL-6 expression are associated with disease
progression in prostate cancer, and IL-6 is one of the targets of CHD138,123. Canonically, IL-6 is
associated with activation of STAT3, which sometimes acts in opposition of IFN and
STAT1/STAT2 signaling. However, in cases where STAT1 and STAT2 expression are higher than
STAT3 expression, it is possible for IL-6 to induce an antiviral state124. In general, CHD1 is
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important for stable transcription of target genes. Indeed, CHD1 is thought to play an important
role in differentiation through epigenetic regulation102. Epigenetic changes are increasingly
recognized as an important mechanism of tumorigenesis, and CHD1 deletion may lead to a loss
in stable transcription of many genes including ISGs.
The data presented here indicates that inhibition of MAP3K7 alone regulates ISG
expression at the protein level, not at the mRNA level. This is a relatively novel phenomenon,
but a growing body of literature has established that part of the antiviral response is regulation
of ISGs at the protein level125. A pathway that could control translation of ISGs is mediated by
the activation of MAPK1. This MAP kinase is activated by IFN, and its activation leads to
phosphorylation of eIF4B. Phosphorylation of eIF4B increases mRNA binding to the ribosome
and facilitates the function of other eukaryotic translation initiation factors125. There is
conflicting evidence in the literature regarding whether IFN causes ISGs to be translated at
higher rates than other genes126,127. In the setting of an antiviral response, inhibition of
translation is prevalent. IFN may activate translation as a form of feedback that ensures ISGs are
translated. However, TAK1 is primarily associated with activation of kinases such as p38 that are
not in the same family as MAPK134,98. The activation of p38 is associated with the transcriptional
and anti-proliferative effects of IFN. If a link between MAP3K7 and MAPK1 is discovered, a
mechanism such as this could be the mechanism by which ISG protein levels were decreased in
shMAP3K7 cells. Alternatively, the effects of MAP3K7 inhibition seen in PC3 cells could be the
result of aberrant signaling unique to cancer.
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Figure 17: Model of TAK1 and CHD1 Function in ISG Expression
The overall effect of TAK1 and CHD1 on ISG expression is likely characterized by
regulation of ISG mRNA expression as well ISG protein translation (Fig. 17). Although it is
possible that TAK1 is constitutively active in PC3 cells, there is most likely another signal that
acts as the primary stimulus of ISG expression. This primary signal could be chronic IFN
expression. Chronic IFN expression exerts an immunosuppressive effect on the tumor
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microenvironment, which benefits tumor survival. TAK1 activation could enhance ISG mRNA
expression through activation of NFκB, JNK, or p38. CHD1 is known to play a role in stabilizing
transcription in the cell, and may be an epigenetic factor that stabilizes ISG expression in PC3
cells. Additionally, I propose that TAK1 up-regulates the translation of ISGs. The increase in ISG
mRNA levels seen in shMAP3K7 cells could be the result of a negative feedback loop in which
high ISG proteins prevent the transcription of superfluous levels of ISG mRNA. When translation
is decreased this negative feedback would be reduced.
MAP3K7 and CHD1 in Prostate Cancer Development
The efforts to establish clonal cell populations of MAP3K7 and/or CHD1 knockout cells
were unsuccessful. Although non-clonal populations of koCHD1 cells and koMAP3K7/koCHD1
cells were established, they did not display stable knockout of MAP3K7 or CHD1. As the nonclonal populations were passaged, those PC3 cells that retained functional TAK1 and CHD1 may
have out-competed the cells without functional TAK1 and/or CHD1. Furthermore, all clonal
populations of PC3 cells expressed TAK1 and CHD1.
One possible explanation for this constellation of findings is that MAP3K7 knockout
could be lethal in PC3 cells. Although a non-clonal koCHD1 cell line with nearly undetectable
CHD1 was transiently created, development of a similar cell line for MAP3K7 was unsuccessful.
ShMAP3K7 cells retained 50% of the TAK1 protein and MAP3K7 mRNA levels of shcontrol cells.
This may indicate that there is a survival advantage to retaining some functional MAP3K7, even
in the presence of selection antibiotics. However, the data obtained from the experiments
involving CRISPR knockout of MAP3K7 and/or CHD1 were not sufficient to draw any firm
conclusions.
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One of the primary transcription factors activated by TAK1 is NFκB122. The genes that
NFκB promotes can have a pro-programmed cell death or anti-programmed cell death effect
depending on the cell type and the stimulus of programmed cell death128. In most cases NFκB
signaling has an anti-programmed cell death effect. Inhibition of apoptosis is mediated through
increased expression of several factors including Bcl-XL, cellular-inhibitor-of-apoptosis, and FLICE
inhibitory protein128. Bcl-XL binds to pro-apoptotic factors such as Bax and inhibits their function.
Bax is activated by pro-apoptotic signaling129. Active Bax permeabilizes the mitochondrial
membrane, causing release of cytochrome-c and reactive oxygen species130. This leads to the
activation of caspases. Initiator caspases such as caspase 8 and caspase 9 cause the activation of
effector caspases such as caspase 3 caspase 7, which degrade hundreds of cellular components.
Cellular-inhibitor-of-apoptosis and FLICE inhibitory protein inhibit caspase activity128. In PC3 cells
specifically, NFκB is constitutively activated, and inhibition of NFκB signaling causes apoptosis110.
Indeed, constitutive NFκB activation is common in androgen-independent prostate cancer cell
lines and may be a mechanism of escaping dependence on androgen signaling131. There are two
instances in the literature of TAK1 inhibition causing apoptosis via decreased NFκB signaling. In
one report osteoclast apoptosis was induced by inhibition of TAK1111. In another case it was
found that sesamin, a lignon found in sesame seeds, inhibits TAK1 activity and inhibits
proliferation of a wide variety of cancers including prostate cancer and lung cancer132.
MAP3K7 was more readily inhibited when CHD1 was co-inhibited. The
shMAP3K7/shCHD1 cell line displayed greater silencing of MAP3K7 than the shMAP3K7 cell line.
Also, koMAP3K7 cells were never successfully created, but there was success in creating a nonclonal population of koMAP3K7/koCHD1 cells. These findings are consistent with the pattern of
MAP3K7 and CHD1 deletion in prostate cancer. Roughly 50% of MAP3K7 deletions in prostate
cancer are accompanied by CHD1 deletion32. Most MAP3K7 deletions in prostate cancer are
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heterozygous, and it is possible that homozygous deletion of MAP3K7 is most often in the
context of CHD1 co-deletion. CHD1 inhibition in prostate cancer may prevent apoptosis induced
by MAP3K7 inhibition. The vast majority of CHD1 deletions in prostate cancer are accompanied
by deletion of MAP3K7. CHD1 inhibition slows proliferation, but MAP3K7 co-inhibition restores
rapid proliferation32. This could be the reason for loss of CHD1 knockout over a relatively short
number of generations in the non-clonal koCHD1 cell populations. How CHD1 inhibition could
prevent apoptosis induced by MAP3K7 inhibition, and how MAP3K7 inhibition could prevent
slowed proliferation caused by CHD1 inhibition, is unknown. A ChIP-Seq study identified TNFregulated and NFκB-regulated genes as the pathways that were most significantly downregulated by CHD1 inhibition in PC338. It is possible that MAP3K7 and CHD1 regulate similar
signaling cascades within the umbrella of TNF and NFκB signaling, and that this related function
is responsible for the unique phenotypes of shMAP3K7, shCHD1, and shMAP3K7/shCHD1 PC3
cells.
MAP3K7 and CHD1 deletion are likely important in the development of mCRPC. In
addition to being co-deleted in up to 25% of metastatic prostate cancer, deletions of both genes
are associated with ERG-fusion-negative cancer37. ERG is a transcription factor that induces
proliferation, and fusion of ERG and TMPRSS is a common initiating mutation in prostate cancer.
TMPRSS is a gene whose transcription is promoted by the androgen receptor25.
Dihydrotestosterone binds to the androgen receptor in the cytoplasm. Androgen receptor then
transports to the nucleus where it acts as a transcription factor133. ERG-fusion-negative prostate
cancer has a higher predilection for metastasis to the dura than ERG-fusion-positive prostate
cancer. ERG-fusion-positive prostate cancers are more likely to be dependent on androgen
signaling25,27. Androgen-dependent prostate cancers have a nearly 100% response rate to
androgen-deprivation therapy18. When the prostate cancer recurs, it is typically androgen-
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insensitive134. When a signaling factor that was driving the bulk of cancer proliferation is no
longer present within the tumor microenvironment, cells that can still proliferate will be
selected for. TAK1 regulates NFκB, p38, and JNK signaling, all of which can affect proliferation34.
Therefore, it is possible that MAP3K7 deletion affords the cell another opportunity to develop
pathological proliferation. CHD1 deletion has been linked to loss of androgen-sensitivity37. CHD1
maintains open chromatin and allows for transcription to occur at its target genes. When ChIPSeq was performed in LNCaP cells that had been depleted of CHD1, there was significantly less
androgen-receptor binding to its target promoter than there was in control cells. CHD1
inhibition attenuated androgen-receptor-dependent genes, including PSA and TMPRSS2.
TMPRSS2 is the androgen-receptor-dependent gene that often becomes fused to ERG33.
Therefore, CHD1 deletion inhibits androgen-sensitivity. In a study of samples from 48 patients
with mCRPC, 6 patients were found to harbor decreased copy numbers of CHD127. Analysis of
the literature suggests that MAP3K7 and CHD1 deletion status defines two distinct subpopulations of mCRPC tumors. The data presented here provide evidence that one of these
subpopulations may be a good target for treatment with oncolytic viral therapy.
Future Directions
The data presented in this thesis have established that MAP3K7 and CHD1 are necessary
for resistance to oncolytic VSV in PC3 cells. LNCaP cells express TAK1 and CHD1, and are highly
susceptible to viral infection8,32. This suggests that the relationship between MAP3K7/CHD1
deletion and viral susceptibility will not hold true for all prostate cancers. An important future
step will be to evaluate these findings in other cell lines derived from mCRPC. If MAP3K7 and
CHD1 deletion is not universally associated with viral susceptibility in mCRPC cell lines, then the
other factors that influence viral susceptibility should be determined. For example, PTEN
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deletion or IL-6 expression status could interact with MAP3K7 and CHD1. The analysis of the
effect of MAP3K7 and/or CHD1 deletion in vivo was the most clinically significant result of this
work. This pilot experiment was performed in a small number of mice, and experiments are
ongoing to confirm the result in a larger sample. The mechanism of ISG regulation mediated by
MAP3K7 silencing appears to be at the protein level, and another future direction will be to
determine whether protein synthesis is affected in shMAP3K7, shCHD1, and shMAP3K7/shCHD1
cells. Although this thesis indicates that MAP3K7 and CHD1 do not regulate OAS3 degradation, it
is possible that other ISGs are regulated in this way. Therefore protein degradation of additional
ISGs will be tested in shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cells. MAP3K7 inhibition was
the major driver of viral susceptibility in these results; however CHD1 inhibition significantly
changed the profile of ISG mRNA expression in shMAP3K7/shCHD1 cells relative to shcontrol
cells. This suggests that TAK1 and CHD1 are involved in a common signaling pathway, but there
are likely several factors that function as intermediate steps between the two that could be
identified. Further investigation of ISG mRNA expression in shMAP3K7/shCHD1 may yield
insights into the role of CHD1 in maintaining ISG expression. There are several possible
mechanisms through which CHD1 could be up-regulating ISG mRNA expression. CHD1 upregulates IL-6 expression, and has also been linked to NFκB signaling38. NFκB signaling can
promote expression of IRF3 and IRF7, while IL-6 is constitutively expressed in PC3 cells. The
interplay between STAT1 and STAT3 activation could cause IL-6 to induce ISG expression124.
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Materials and Methods
Viruses and Cell Lines
PC3 cells were acquired from the American Type Culture Collection (ATCC) and cultured
in RPMI media with 10% fetal calf serum (FCS). SKMES-1 cells were acquired from the ATCC and
cultured in DMEM media with 7% FCS. EL4 cells were acquired from the ATCC and cultured in
suspension flasks in DMEM media with 7% FCS. M51R-VSV and M51R-VSV-GFP stocks were
grown in BHK cells at 37° C in DMEM with 2% FCS. The M51R-VSV and M51R-VSV-GFP stocks
were originally isolated from cDNA clones as previously described71,135.
The shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cell lines were provided by
Scott Cramer’s group. Briefly, lentiviral transfer plasmids encoding shRNA complementary to
MAP3K7 or CHD1 as well as antibiotic resistance genes to puromycin or neomycin were created.
Puromycin resistance was paired with anti-MAP3K7 shRNA and neomycin resistance was paired
with anti-CHD1 shRNA (shMAP3K7-puro, shCHD1-puro). Both the shRNA sequences and
antibiotic resistance genes were flanked by long terminal repeats to facilitate integration into
the genome as well as sequences required for encapsidation and reverse transcription. Transfer
plasmids containing randomized shRNA sequences as well as antibiotic resistance genes to
puromycin or neomycin were also created as controls. The lentiviral transfer plasmids were
created using the pLKO.1 backbone. The packaging plasmids used were pMDLg/pRRE, pRSV-REV
and pVSV-G. One of these transfer plasmids, a plasmid expressing VSV G protein, and two
packaging plasmids expressing Gag, Pol, and Rev were transfected into 293FT cells using calcium
phosphate co-precipitation. The resulting lentiviral particles were collected from the
supernatant. These lentiviruses would integrate the contents of the lentiviral transfer plasmid
into the genome of target cells but would not replicate in the absence of the packaging
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plasmids. PC3 cells were transduced in two rounds: first with either shMAP37-puro or with
shcontrol-puro virus and second with either shCHD1-neo or shcontrol-neo lentivirus. This
resulted in the shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 cell lines, which were
cultured in RPMI media with 10% FCS, 400 µg/ml neo, 2 µg/ml puro. Several clonal populations
of each cell line were created by dilution cloning. See reference for a description of the
approach applied to LNCaP cells32.
Viral Infections
PC3 cells were seeded into 6, 12, or 24 well plates. After 48 hours, the cells completely
adhered to the plate and were 50-80% confluent. For infections of 6 or less hours, M51R-VSV or
M51R-VSV-GFP was suspended in 2% FCS RPMI. Media was removed from the well, and the cells
were washed once with PBS. Depending on the size of the well, 250 µl, 100 µl, or 75 µl of virus
suspension was added to the cells for 1 hour, with agitation every 15 minutes. After 1 hour,
RPMI with 10% FCS was added to the well. For overnight infections, the viral stock solution was
added directly to the media in the well. At the end of the infection, cells were harvested with
trypsin.

Immunoblots

PC3 cells or SKMES-1 cells were seeded into 6 well plates. After 48 hours, the cells
completely adhered to the plate and were 50-80% confluent. Cell lysates were prepared by
incubating in RIPA buffer containing 1 µM aprotinin for 1 minute. Cell lysates were centrifuged
at 12,000 rpm for 15 minutes at 4° C. Protein concentrations of the supernatants were
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measured with a Bio-Rad Detergent Compatible Protein Assay (www.bio-rad.com) to ensure
equal loading of SDS-PAGE gels. Supernatants were mixed with 6X SDS buffer and boiled for 10
minutes. Samples were resolved on a 10% SDS-PAGE gel and transferred to a 0.45 µm pore PVDF
membrane. The membrane was blocked by pH 8.0 TBS with 5% milk for 30 minutes. Primary
antibodies were incubated with the membrane overnight at 4° C in pH 8.0 TBS with 5% milk.
Targets included TAK1 (Cell Signal), CHD1 (Cell Signal), OAS3 (Abcam), MxA (Cell Signal and
Abcam), VSV M-protein (in-house), and Actin (Sigma). The membranes were washed with pH 7.4
TBS with 0.1% Tween 20. Horse Radish Peroxidase-conjugated secondary antibodies were
incubated for 1 hour at room temperature in pH 7.4 TBS with 5% milk and 0.1% Tween 20. Signal
was visualized with Thermo Fisher Super Signal West Pico or Thermo Fisher Super Signal West
Dura (www.thermofisher.com). Band intensities were quantified with ImageJ software.

Flow Cytometry of GFP Fluorescence

PC3 cells and EL4 cells were either mock-infected with media or infected with M51RVSV-GFP. PC3 cells were suspended in PBS with 2% paraformaldehyde. GFP fluorescence was
measured by a BD FACSCalibur. Forward Scatter, Side Scatter, and GFP photo-multiplier-tube
voltages were determined using the negative control and remained the same for analysis of all
other samples. Data were analyzed using FlowJo software.
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Plaque Assay
BHK cells were seeded into 6 well plates. Serial ten-fold dilutions of the viral suspension
were made in DMEM with 2% FCS such that the viral concentration ranged from 10-3 to 10-8 of
the original concentration. Media was removed from cells and either 200 µl of DMEM with 2%
FCS or 200 µl of viral suspension in DMEM with 2% FCS was added to each well. Wells were
agitated every 15 minutes for 1 hour, and then inoculums were removed. Each well was covered
with agar containing DMEM and 2% FCS. 24 to 48 hours later, wells were visualized for plaque
formation and the viral titer was calculated using the formula:

Plaque forming units/ml = plaque number * 5 * 1/ virus dilution

CRISPR/Cas9 Knockout

PC3 cells and SKMES-1 cells were seeded into a 24 well plate. After 48 hours, the cells
completely adhered to the plate and were 50-80% confluent. PC3 cells were transfected with
plasmids expressing Cas9 and plasmids expressing gRNA targeting MAP3K7 or CHD1 using a
Lipofectamine protocol specific to PC3 cells (www.thermofisher.com). SKMES-1 cells were
transfected with plasmids expressing Cas9 and plasmids expressing gRNA targeting MAP3K7
using the Lipofectamine 2000 protocol (www.thermofisher.com). Some wells were transfected
with pSpCas9(BB)-2A-GFP (Addgene), GFP fluorescence was measured in these wells and more
than 30% of cells were positive for GFP fluorescence. Other wells were transfected with
pSpCas9(BB)-2A-Puro (Addgene). All plasmids expressing gRNA were custom made by Cyagen.
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They utilized a pRP (Addgene) backbone and expressed a puromycin resistance gene, gRNA
expression was driven by a U6 promoter. The gRNA sequences were chosen through the use of a
gRNA design tool created by Feng Zhang’s group at MIT. This tool is no longer available. The
gRNA sequences expressed were:
5’- AAGGACACAATCGAGCTCCG-3’ (kocontrol)
5’-ACCGGATGATACCGCGAGAG-3’ (koMAP3K7-1)
5’- GGCCGTAAACTCCGGGGTAG-3’ (koMAP3K7-2)
5’- AATATTAGGATGGTTCACAC-3’ (koMAP3K7-3)
5’- ACCCAAAGCGCTAATTCACA-3’ (koMAP3K7-4)
5’- CCCAGCTTTCCGAATCATGT-3’ (koMAP3K7-5)
5’- CAGGCTAGAGCCCATCGAAT-3’ (koCHD1-1)
5’- AGGCTAGAGCCCATCGAATT-3’ (koCHD1-2)

Transfected cell populations were selected with puromycin 2µg/ml for 72 hours. Surviving cell
populations were screened for TAK1 and CHD1 expression via immunoblot.
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Cloning by Limiting Dilution

PC3 cells were suspended in RPMI with 10% FCS such that their concentration was 33
cells per 10 ml. The media used for the suspension was first incubated with WT PC3 cells
overnight in order to condition it with any growth factors that may be necessary to facilitate
expansion of a single cell. Media was passed through a 0.2 µm filter prior to suspending cells in
order to remove any contaminating WT PC3 cells. The cell suspension was pipetted in 100 µl
aliquots into 96 well plates. Wells were visualized for colonies and any well that contained more
than a single colony was not expanded. Clonal cell populations were screened for TAK1 and
CHD1 expression via immunoblot.

Mass Spectrometric Analysis of ISG Protein Levels
Note: The following section was written by Dr. Jingyun Lee, a member of the Proteomics
Shared Resource who performed the procedure.
Protein concentration was measured by BCA analysis and 100 µg of protein was
subjected to tryptic digestion. Reducing alkylation was performed in the presence of 10mM
dithiothreitol and 30mM iodoacetamide. Protein was precipitated in 80% acetone at -20°C to
obtain purified protein pellet which was then air-dried and suspended in 50 mM ammonium
bicarbonate. 2 µg of sequencing grade modified trypsin was added to the tube which was
incubated at 37°C overnight. The resulting peptides were cleaned up by desalting using a C18
spin column. Purified peptide mixture is prepared in 5% (v/v) ACN containing 1% (v/v) formic
acid for LC-MS/MS analysis.
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Peptides were analyzed on a LC-MS/MS system consisted of a Q Exactive HF Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific, Rockford, IL) and a Dionex
Ultimate-3000 nano-UPLC system (Thermo Scientific, Rockford, IL). An Acclaim PepMap 100
(C18, 5 μm, 100 Å, 100 μm x 2 cm) trap column and an Acclaim PepMap RSLC (C18, 2 μm, 100 Å,
75 μm x 50 cm) analytical column were used for the stationary phase. For global protein
identification analysis, MS spectra were acquired by data dependent scans consisting of MS/MS
scans of the twenty most intense ions from the full MS scan with dynamic exclusion option
which was 10 seconds. To identify proteins, spectra were searched using Sequest HT algorithm
within the Proteome Discoverer v2.1 (Thermo Scientific) in combination with the UniProt
protein FASTA database of human (annotated 20,258 entries, Feb 2018). Search parameters
were as follows; FT-trap instrument, parent mass error tolerance of 10 ppm, fragment mass
error tolerance of 0.02 Da (monoisotopic), variable modifications of 16 Da (oxidation) on
methionine and fixed modification of 57 Da (carbamidomethylation) on cysteine.
For targeted protein analysis, parallel-reaction monitoring (PRM) was employed for data
acquisition by monitoring precursor ions of signature peptides. MS2 spectra were acquired from
following target ions; (1) 589.3235 m/z for ISG15, (2) 587.8144 m/z for STAT1, (3) 870.4468 m/z
for OAS3, (4) 448.7454 m/z for OAS2, (5) 699.9012 m/z for MX1, (6) 790.9196 m/z for E2AK2, (7)
321.7311 m/z for IFIT3, (8) 441.7376 m/z for PRKRA, (9) 590.8379 m/z for I2BPL, (10) 1027.0248
m/z for IRF3, (11) 891.1365 m/z for IFM3, (12) 379.2264 m/z for IFIT2, (13) 676.3010 m/z for
IFIT1, (14) 551.2681 m/z for IF16, (15) 438.7505 m/z for IFIT5, (16) 619.2682 m/z for I27L2, (17)
579.8037 m/z for M3K7, (18) 1061.9653 m/z for CHD1, and (19) 802.4021 m/z for I2BP2. Skyline
(MacCoss Lab Software, University of Washington, Seattle, WA) is used for peak detection,

69

extraction and area calculation to obtain comparative and quantitative data. NIST mass spectral
library (https://chemdata.nist.gov/) was utilized to confirm peak selection for the analysis.

Whole Transcriptome Shotgun Sequencing (RNA-Seq)
Note: The following section was partially written by Lou Craddock, a member of the
Cancer Genomics Shared Resource who performed the procedure.
Populations of shcontrol, shMAP3K7, shCHD1, and shMAP3K7/shCHD1 were either
mock-infected with media or infected with M51R-VSV at MOI 10. Mock-infected and infected
PC3 cells were analyzed in separate experiments. Using the Qiagen RNeasy kit
(www.qiagen.com), RNA was extracted from three distinct samples of each cell population 6
hours post-infection. Total RNA from PC3 cells were used to prepare cDNA libraries using the
Illumina® TruSeq Stranded Total RNA with Ribo-Zero Gold Preparation kit (Illumina Inc.). RIN
values for the RNA samples ranged from 9.7 to 10. Briefly, 750 ng of total RNA was rRNA
depleted followed by enzymatic fragmentation, reverse-transcription and double-stranded
cDNA purification using AMPure XP magnetic beads. The cDNA was end repaired, 3ʹ adenylated,
with Illumina sequencing adaptors ligated onto the fragment ends, and the stranded libraries
were pre-amplified with PCR. The library size distribution was validated and quality inspected
using an Agilent 2100 Bioanalyzer. The quantity of each cDNA library was measured using the
Qubit 3.0 (Thermo Fisher, USA). The libraries were pooled and sequenced to a target read depth
of 30M reads per library using single-end 76 cycle sequencing with the High Output 75-cycle kit
(Illumina Inc.) on the Illumina NextSeq 500. This work was supported by the Cancer Genomics
Shared Resource supported by the Wake Forest Baptist Comprehensive Cancer Center’s NCI
Cancer Center Support Grant P30CA012197-39.
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Briefly, genome alignment was performed using in house R scripts and the STAR
sequence aligner, and gene counts for mapped reads were determined136. Differential gene
expression was analyzed using DESeq2 software137. Two-factor analysis was performed with
sufficient power to detect differentially expressed genes in DESeq2 as described. The alignment
and differential gene expression analysis were performed by Dr. Jeff Chou of the Bioinformatics
Shared Resource. The DESeq2 differential expression analysis is not presented in this thesis, but
it was important in the initial interpretation of the RNA-Seq results.

Gene Set Enrichment Analysis
GSEA was performed using the javaGSEA desktop application
(software.broadinstitute.org/gsea/index.jsp). The Reactome_Interferon_Signaling gene set was
downloaded from the Broad Institute molecular signatures database
(software.broadinstitute.org/gsea/index.jsp). Briefly, GSEA ranks all genes in an expression
dataset based on the degree of differential expression between two phenotypes. Given an input
gene set, the program walks down the ranked list of genes and calculates a cumulative
enrichment score. The magnitude of differential expression found in each gene in the gene set
determines that gene’s contribution to the magnitude of the enrichment score. Statistical
significance of the enrichment is tested against a null model. The null model is generated by
randomly mixing the phenotypes labels for each sample and re-determining the enrichment
score. A thousand of these random mixes are performed. The enrichment score is normalized by
the number of genes in the input gene set, and a false discovery rate and family-wise-error-rate
are calculated. See reference for a full description of the algorithm138.
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Cycloheximide Chase Assay
PC3 cells were seeded into a 6 well plate. After 48 hours, the cells completely adhered
to the plate and were 50-80% confluent. Cells were treated with 50 µM cycloheximide in RPMI
10% FCS. Cell lysates of mock-treated cells were prepared immediately after cycloheximide
application, and cell lysates of treated cell were prepared after 6 hours. Immunoblots against
OAS3 were performed in each of the samples.

In Vivo Analysis of PC3 Tumor Response to M51R-VSV
PC3 cells were harvested from dishes at ~80% confluence. Cells were suspended at 2e6
cells/0.2 mL in ice-cold Matrigel (Fisher Scientific) and injected subcutaneously in the flank of
Balb/c nude mice. Mice were acquired from Charles River. Each mouse received 2e6 cells.
Tumors were assessed visually and by palpation for 3-4 weeks prior to treatment. Mice were
randomly selected to receive either 50 µl of media without FCS or 1e8 plaque forming units of
M51R-VSV in 50 µl of media without FCS. The weight of the mice was monitored daily and any
mice that displayed signs of illness were sacrificed according to IACUC guidelines at Wake
Forest. Tumor length and width were measured by calipers daily beginning on the day of
treatment. Tumor volume was calculated using the equation: Volume = width2 * length
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