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A key principle of oncolytic viral therapy is that many cancers
develop defects in their antiviral responses, making them more
susceptible to virus infection. However, some cancers display
resistance to viral infection. Many of these resistant cancers
constitutively express interferon-stimulated genes (ISGs). The
goal of these experiments was to determine the role of two tu-
mor suppressor genes, MAP3K7 and CHD1, in viral resistance
and ISG expression in PC3 prostate cancer cells resistant to on-
colytic vesicular stomatitis virus (VSV). MAP3K7 and CHD1
are often co-deleted in aggressive prostate cancers. Silencing
expression of MAP3K7 and CHD1 in PC3 cells increased sus-
ceptibility to thematrix (M) genemutantM51R-VSV, as shown
by increased expression of viral genes, increased yield of prog-
eny virus, and reduction of tumor growth in nude mice.
SilencingMAP3K7 alone had a greater effect on virus suscepti-
bility than did silencing CHD1. Silencing MAP3K7 and CHD1
decreased constitutive expression of ISG mRNAs and proteins,
whereas silencing MAP3K7 alone decreased expression of ISG
proteins, but actually increased expression of ISG mRNAs.
These results suggest a role for the protein product of
MAP3K7, transforming growth factor b-activated kinase 1
(TAK1), in regulating translation of ISG mRNAs and a role
of CHD1 in maintaining the transcription of ISGs.
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INTRODUCTION
Cancers commonly develop defects in antiviral signaling.1,2 Antiviral
cytokines such as interferons (IFNs) typically inhibit proliferation,
induce apoptosis, recruit the cellular immune system, and inhibit
angiogenesis, none of which is favorable for the tumor microenviron-
ment.3–5 Thus, many cancers suppress these signaling pathways
through a variety of mechanisms. As a result, many viruses display
tropism for cancer cells. This is the basis for development of oncolytic
viral therapies of cancer.6 Oncolytic viruses typically initiate an infec-
tion at the site of the tumor, causing cell death and inflammation,
and stimulate anti-tumor as well as antiviral immune responses. Onco-
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lytic viruses are effective against a wide variety of malignancies in
experimental models, and dozens of oncolytic viruses are in develop-
ment.6,7 Thus far one oncolytic virus therapy has been approved for
use in humans.8 However, a challenge to the application of oncolytic
virus therapy is that some cancers display resistance to viral infection.
Many of these resistant cancers express IFN-stimulated genes (ISGs)
through aberrant signaling without suffering the anti-tumor effects of
IFN.9–11 The goal of the experiments presented herein was to deter-
mine genetic mechanisms that affect ISG expression in prostate cancer
cells resistant to oncolytic vesicular stomatitis virus (VSV).

Prostate cancer is the second-leading cause of cancer death in men.12

The majority of cases take an indolent course.13,14 However, some
patients progress to metastatic disease, which is usually treated by hor-
mone deprivation therapy, eventually leading to metastatic castration-
resistant prostate cancer (mCRPC).15,16 Current treatment options
have limited effects; measurements of median overall survival range
from 9 to 39 months.15,17 Therefore, these patients could benefit from
new treatment options such as oncolytic virus therapy. VSV is a candi-
date oncolytic virus that replicates rapidly in tumors and induces
apoptosis and anti-tumor immune responses.18–21 The selectivity of
VSV for cancers with defective antiviral responses has been enhanced
by developing viruses that express IFN,22,23 such as ones currently in
clinical trials (e.g., ClinicalTrials.gov: NCT01628640, NCT02923466,
NCT03017820, NCT03120624, NCT03647163, and NCT03865212).
Similarly, viruses with mutations in the matrix (M) gene are selective
for cancer because of their ability to induce IFN and other antiviral cy-
tokines in normal cells while replicating in cancer cells with defective
antiviral signaling,11,24,25 The M protein of VSV interacts with the
ors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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host transcription and mRNA transport apparatus and inhibits host
gene expression, including the production of IFN.26–31 A single amino
acid change (M51R) in theMprotein rendersVSVunable to inhibit host
transcription, and it greatly increases the activationof IFN signaling and
selectivityofVSV for cancer cells versus normal cells.11,24,25,31–33 Several
cell lines derived from human and murine prostate cancers are suscep-
tible to oncolysis by M51R-VSV.11,34,35 However, other prostate cancer
cells, such as PC3 cells, are resistant to oncolysis by M51R-VSV, likely
because they constitutively expresses ISGs.9,34

The experiments presented herein tested the role of two tumor suppres-
sor genes,MAP3K7 andCHD1, in viral resistance and ISG expression in
PC3 cells. MAP3K7 encodes transforming growth factor b (TGF-b)-
activated kinase 1 (TAK1), andCHD1 encodes chromodomain helicase
DNA binding protein 1 (CHD1). TAK1 plays a role in numerous
signaling pathways and is activated downstream of Toll-like receptors
(TLRs) as well as receptors for interleukin (IL)-1, TGF-b, tumor necro-
sis factor a (TNF-a), and Wnt1, leading to activation of transcription
factors such as nuclear factor kB (NF-kB) and Jun family members.36

CHD1 is a chromatin-remodeling enzyme that acts at nucleosomes
with trimethylation of histone H3 at lysine 4 (H3K4me3). CHD1 pro-
motes transcription at H3K4me3 sites by maintaining open chro-
matin.37 Approximately 30%–40% of primary prostate tumors have
either homozygous or heterozygous deletion of MAP3K7, which is
significantly correlated with high Gleason grade tumors.38,39 About
half of these also have deletions of CHD1.40 MAP3K7 and CHD1 are
more likely to be co-deleted in metastatic tumors than they are to be
deleted alone.40 This frequent co-deletion suggests that MAP3K7 and
CHD1may bemechanistically linked in prostate cancer. A recent chro-
matin immunoprecipitation sequencing (ChIP-seq) study identified
more than 8,000 binding sites of CHD1 in the genome of PC3 cells.
These sites were enriched in TNF-a and NF-kB signaling genes, which
could link CHD1 to the function of TAK1 and to viral resistance.41

We found that silencing MAP3K7 and/or CHD1 expression signifi-
cantly increased the susceptibility of PC3 cells to M51R-VSV, and
also decreased the expression of ISG proteins. Silencing both
MAP3K7 and CHD1 had the most profound effects on ISG expression.
SilencingMAP3K7 alone had the predominant effect on the response to
viral infection compared to silencing CHD1 alone. Silencing MAP3K7
alone decreased the expression of ISGs at the protein level, but had the
unexpected effect of increasing the expression of ISG mRNAs, suggest-
ing that TAK1 plays a role in enhancing translation of ISG mRNAs.
The proposed model integrates these results with the known functions
of TAK1 and CHD1 as described in the Discussion. These results indi-
cate that MAP3K7 and CHD1 regulate antiviral signaling in prostate
cancer, and they suggest that cancers in which these genes have been
deleted may be good targets for oncolytic virus therapy.

RESULTS
Viral Resistance Is Decreased in MAP3K7 and/or CHD1 Silenced

Cells

PC3 prostate cancer cells are highly resistant to VSV infection.9,11 To
determine the effect of MAP3K7 and CHD1 on 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/CHD1). 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). The expression of TAK1 and
CHD1 was analyzed in clonal cell lines by immunoblots, and cells
with the greatest extent of silencing were chosen for further analysis.
Figure S1 shows levels of TAK1 and CHD1 determined from immu-
noblots and levels of MAP3K7 and CHD1 mRNAs from RNA
sequencing (RNA-seq) data.MAP3K7mRNA and its protein product
TAK1 were reduced by approximately 50% in shMAP3K7 cells, and
they weremore substantially reduced in shMAP3K7/CHD1 cells (Fig-
ures S1A, S1B, and S1D). CHD1 protein was almost undetectable in
shCHD1 and shMAP3K7/CHD1 cells, and CHD1 mRNA was
reduced to approximately a third of the level in shControl cells (Fig-
ures S1C and S1E). Attempts to achieve more substantial reduction in
TAK1 levels using CRISPR-Cas9 approaches were unsuccessful (un-
published data). Despite the inability to reduce TAK1 levels by more
than about 50% in the singly silenced shMAP3K7 cells, RNA-seq data
provided evidence of reduced signaling through the TGF-b pathway
in these cells (unpublished data).

In order to determine the role ofMAP3K7 and CHD1 in resistance to
VSV in PC3 cells, shControl, shMAP3K7, shCHD1, and shMAP3K7/
CHD1 cells were infected with M51R-VSV that expresses green
fluorescent protein (M51R-VSV-GFP) at varying multiplicities of
infection (MOIs) for 5 h, and GFP expression was analyzed by flow
cytometry. Negative controls weremock-infected PC3 cells or cells in-
fected with M51R-VSV that does not express GFP. Positive controls
wereM51R-VSV-GFP-infected EL4 cells, which are highly permissive
for VSV. Representative histograms of cells infected at an MOI of 5
are shown in Figures 1A–1F, and data from multiple experiments
at different multiplicities are shown in Figures 1G–1J. At an MOI
of 5, the percent of GFP-positive cells in shControl cells was around
15%, around 50% in shMAP3K7 and shMAP3K7/CHD1 cells, and
around 30% in shCHD1 cells (Figures 1B–1E). The relative order
shMAP3K7/CHD1 y shMAP3K7 > shCHD1 > shControl was
observed at each multiplicity tested (Figures 1G–1J). Despite the
increased percentage of infection in shMAP3K7, shCHD1, and
shMAP3K7/CHD1 cells, these cell lines were still more resistant
than EL4 cells (Figure 1F).

The effect of silencingMAP3K7 and/orCHD1 on resistance to VSV in
PC3 cells was further tested by immunoblot analysis of the viral M
protein expression, RNA-seq analysis of viral RNA, and plaque assay
of infectious progeny virus (Figure 2). shControl, shMAP3K7,
shCHD1, and shMAP3K7/CHD1 PC3 cells were infected with
M51R-VSV at an MOI of 10, and the expression of VSV M protein
was analyzed by immunoblots (Figures 2A and 2B). The expression
of M protein was increased in shMAP3K7, shCHD1, and
shMAP3K7/CHD1 cells over that in shControl cells. The greatest
change in M protein expression was in shMAP3K7/CHD1 cells,
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Figure 1. Silencing Expression of MAP3K7 and/or CHD1 Enhances

Susceptibility of PC3 Cells to Infection with Oncolytic VSV

(A–E) shControl, shMAP3K7, shCHD1, and shMAP3K7/CHD1 PC3 cells were

mock-infected or infected with M51R-VSV-GFP at a multiplicity of infection (MOI) of

5 PFU/cell for 5 h, and GFP expression was analyzed by flow cytometry. (A–E)

shControl PC3 mock (A), shControl PC3 + M51R-VSV-GFP (B), shMAP3K7 PC3 +

M51R-VSV-GFP (C), shCHD1 PC3 + M51R-VSV-GFP (D), and shMAP3K7/CHD1

PC3 + M51R-VSV-GFP (E). (F) EL4 cells were infected with M51R-VSV-GFP at an

MOI of 5 as a positive control. (G–J) Cells were infected with M51R-VSV-GFP at the

indicated MOIs (G, 5; H, 10; I, 25; J, 50) and analyzed by flow cytometry as in (A)–(F).

Data are represented as mean ± SEM for five independent experiments analyzed by

one-way ANOVA with Tukey’s correction for multiple comparisons. *p < 0.05, for

differences between cell types.
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which was significantly higher than that in all three of the other cell
lines. This result differs from the analysis of GFP expression, in which
the singly silenced shMAP3K7 and doubly silenced shMAP3K7/
CHD1 cells expressed similar levels of GFP fluorescence. This could
reflect differences between these two cell lines in the synthesis or turn-
over of M protein versus GFP mRNA or protein or rates of inactiva-
tion of GFP fluorescence.

Levels of VSV RNA were determined from RNA-seq data and are
shown in Figure 2C as the percent of total mapped reads. The expres-
sion of viral RNA was increased in shMAP3K7, shCHD1, and
shMAP3K7/CHD1 cells over that in shControl cells. As in the case
of M protein expression, the greatest change compared to shControl
cells was in shMAP3K7/CHD1 cells, which was significantly higher
than that in all three of the other cell lines.

Supernatant fluids from PC3 cells infected with M51R-VSV at an
MOI of 50 were analyzed over a 24-h period by plaque assays to
determine the titer of infectious VSV particles (Figure 2D). The
time course of production of infectious viral particles varied among
the three silenced cell lines but was increased in shMAP3K7,
shCHD1, and shMAP3K7/CHD1 cells relative to shControl cells
by approximately a log. Although the virus yield in these experi-
ments was increased, this still represents a modest yield compared
to cell lines that are fully susceptible to VSV, consistent with the re-
sidual level of resistance observed in the flow cytometry experiments
(Figures 2A and 2B).
In VivoSensitivity ofMAP3K7 andCHD1 Silenced PC3 Tumors to

M51R-VSV

To determine whether MAP3K7 and CHD1 affect PC3 tumor sensi-
tivity to oncolytic viral therapy in vivo, shControl and shMAP3K7/
CHD1 xenografts were established in the flanks of BALB/c nude
mice and injected intratumorally with a single dose of M51R-VSV.
Figure 3 shows the time course of tumor development following treat-
ment. The growth rate of mock-treated shMAP3K7/CHD1 PC3 tu-
mors was generally greater than the growth rate of mock-treated
shControl tumors, as described previously for LNCaP prostate cancer
cells silenced for MAP3K7 and CHD1,40 although the difference was
not statistically significant at day 15 post-treatment. Treatment with
M51R-VSV decreased the growth of shMAP3K7/CHD1 tumors



Figure 2. Production of VSV M Protein, VSV RNA, and Infectious Virus by

PC3 Cells Silenced for MAP3K7 and/or CHD1

(A) shControl, shMAP3K7, shCHD1, and shMAP3K7/CHD1 PC3 cells were mock-

infected or infected with M51R-VSV at an MOI of 10 PFU/cell. Cell lysates were

prepared 5 h post-infection. Representative immunoblots of VSV M protein and

cellular actin as loading control are shown. Full-length M protein and theM2 product

of alternative translation initiation73 are indicated. (B) M protein levels were quantified

using ImageJ gel analysis software in six independent immunoblot experiments.

Intensities were normalized to actin and then normalized to the M protein/actin ratio

in shMAP3K7/shCHD1 cells. (C) RNA-seq data from three independent experi-

ments are shown as readsmapped to the VSV genome expressed as percentage of

total uniquely mapped reads. Data in (B) and (C) are mean ± SEM analyzed by one-

way ANOVA with Tukey’s correction for multiple comparisons. *p < 0.05, for dif-

ferences between cell types. (D) Cells were infected with M51R-VSV at an MOI of 50

PFU/cell for 1 h. Cells were washed and refed with new media. Supernatants were

collected at the indicated times post-infection, and virus titers were determined by a

plaque assay. Averages of two independent experiments are shown.
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relative to their mock-treated controls, whereas virus-treated shCon-
trol tumors were not significantly different from their mock-treated
controls. Overall, the data in Figures 1, 2, and 3 indicate that silencing
MAP3K7 and/or CHD1 decreased the resistance of PC3 cells to
M51R-VSV.
ISG Protein Levels Are Decreased in MAP3K7 and/or CHD1

Silenced Cells

Previous results have indicated that resistance of PC3 cells to onco-
lytic VSV is due to high levels of constitutive expression of ISGs rela-
tive to prostate cancer cells that are sensitive to VSV.9 To determine
whetherMAP3K7 and CHD1 regulate ISG expression in PC3 cells, the
expression of ISG proteins in PC3 cell lysates was analyzed by mass
spectrometry and by immunoblots. Broad proteomic analysis identi-
fied 13 ISG proteins with sufficient abundance for targeted analysis by
liquid chromatography-mass spectrometry. Targeted proteomics
analysis indicated that levels of proteins encoded by MX1, OAS3, EI-
F2AK2, IFIT1, IFIT5, IFITM3, IRF3, ISG15, and STAT1 genes
were significantly decreased in shMAP3K7, shCHD1, and/or
shMAP3K7/CHD1 cells relative to shControl cells (Figures 4A–4I).
Four of the 13 ISG proteins, encoded by IFIT2, IFIT3, OAS2, and
PRKRA, were not significantly affected by MAP3K7 and/or CHD1
silencing (Figures 4J–4M).

MxA, the protein product of the MX1 gene, is a potent inhibitor of
VSV replication.42,43 MxA was decreased by 85%–90% in
shMAP3K7, shCHD1, and shMAP3K7/CHD1 cells relative to shCon-
trol cells as determined by immunoblots (Figures 5A and 5C). Immu-
noblots of OAS3 showed that OAS3 was also decreased in
shMAP3K7, shCHD1, and shMAP3K7/CHD1 cells relative to shCon-
trol cells (Figures 5B and 5D). Collectively, the data in Figures 4 and 5
indicate that MAP3K7 and CHD1 likely affect the viral susceptibility
of PC3 cells through regulation of ISG expression.

ISG mRNA Expression Is Differentially Modulated in MAP3K7

and/or CHD1 Silenced Cells

To determine whether MAP3K7 and CHD1 affect expression of ISG
mRNAs, RNA-seq analysis was performed on uninfected or M51R-
VSV-infected shControl, shMAP3K7, shCHD1, and shMAP3K7/
CHD1 cells at 6 h post-infection. Figure 6 shows the mRNA levels
in uninfected cells for the 13 ISGs whose proteins were analyzed in
Figure 4. In doubly silenced shMAP3K7/CHD1 cells, changes in
ISG mRNAs were generally consistent with changes in ISG protein
levels with significant decreases in mRNAs for MX1, OAS3, IFIT1,
IFIT5, IFITM3, and ISG15 relative to shControl cells. Surprisingly,
in singly silenced shMAP3K7 cells, there was a significant increase
in ISG mRNA expression relative to shControl cells for MX1,
OAS3, IFIT1, IFITM3, IRF3, ISG15, and STAT1, whose protein levels
were decreased, as well as OAS2 and PRKRA, whose protein levels
were not significantly changed. In shCHD1 cells, results were inter-
mediate with reduction in mRNAs for MX1, OAS3, IFIT1, and
IRF3, as well as IFIT2 and IFIT3.

The discrepancies between the effects on ISG proteins versus mRNAs
of silencing MAP3K7 and/or CHD1 were quantified by determining
the protein/RNA ratios from the data in Figures 4 and 6 and normal-
izing them relative to shControl cells (Figure S2). The ISGs were or-
dered according to their ratios in shMAP3K7 cells, where the discrep-
ancies were greatest. With the exception of MX1, which was
dramatically altered in all three silenced cells, most of the ISG ratios
Molecular Therapy: Oncolytics Vol. 17 June 2020 499
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Figure 3. Response of shControl and shMAP3K7/CHD1 Tumors to

Treatment with M51R-VSV

shControl and shMAP3K7/CHD1 xenografts were established in the flanks of

BALB/c nude mice and injected intratumorally with 50 mL of media (mock) or media

with 108 PFU of M51R-VSV. Tumor length and width were measured daily by cal-

ipers, and tumor volume (V) was determined using the formula V = length � width2.

Tumor volumes were normalized to tumor volumes on days 1 and 2. Sample sizes

were as follows: shControl-mock, n = 11; shControl-virus, n = 12; shMAP3K7/

CHD1-mock, n = 10; shMAP3K7/CHD1-virus, n = 9. Data are represented as

mean ± SEM analyzed by one-way ANOVA with Tukey’s correction for multiple

comparisons on day 15. *p < 0.05, for differences between cell types.
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in shCHD1 and shMAP3K7/CHD1 were reduced by factors of
approximately 2 (log2 [protein/RNA] = �1) or less, whereas in
shMAP3K7 cells, ratios for six of the ISGs were reduced by factors
of approximately 4 (log2 [protein/RNA] = �2) or greater.

In principle, the reduced protein/RNA ratios could be due either to
inefficient translation of ISG mRNAs or enhanced turnover of ISG
proteins. The turnover of OAS3 was determined in a “cycloheximide
chase” experiment. shControl, shMAP3K7, shCHD1, and
shMAP3K7/CHD1 cells were treated with cycloheximide for 0 or 6
h, and levels of OAS3 in cell lysates were determined by immunoblots.
Cycloheximide inhibits translation, so that reduction in levels of
OAS3 between cells treated for 0 versus 6 h reflects the rate of turn-
over. The level of OAS3 in the shMAP3K7/CHD1 cells was too low
to quantify accurately, but in shMAP3K7 and shCHD1 cells, the
rate of OAS3 turnover was equal to or less than the rate of OAS3 turn-
over in shControl cells (Figure 7). Therefore, differences in OAS3
turnover are likely not responsible for the different levels of OAS3
in shMAP3K7 and shCHD1 cells versus shControl cells. These results
suggest that MAP3K7 and CHD1 affect ISG expression levels through
regulation of translation of ISG mRNAs.

The patterns of mRNA expression observed in uninfected cells with
the limited set of ISGs in Figure 6 were typical of a larger set of genes
related to IFN pathways as shown by gene set enrichment analysis
(GSEA). Pairwise comparison of mRNA levels in shControl cells
with shMAP3K7, shCHD1, and shMAP3K7/CHD1 cells was used
500 Molecular Therapy: Oncolytics Vol. 17 June 2020
to generate an ordered dataset of genes for each pair based on
signal-to-noise ratio of their differential expression. The results
were analyzed for differential expression of curated gene sets from
the Molecular Signatures Database v6.2 (Broad Institute). Figure 8
shows results for the Reactome_Interferon_Signaling gene set, which
comprises 159 genes related to IFN signaling. The graphs are plots of
running enrichment scores versus rank in the dataset, in which the
running enrichment score increases for genes in the gene set and de-
creases for those that are not. The position of each gene in the gene set
is marked by a black line on the x axis. The genes are ordered such that
the genes enriched in shMAP3K7 (A), shCHD1 (B), or shMAP3K7/
CHD1 (C) cells are farthest to the left, and those enriched in shCon-
trol cells are farthest to the right. Enrichment scores in shMAP3K7,
shCHD1, or shMAP3K7/CHD1 cells have a positive value, and
enrichment scores in shControl cells have a negative value. As in
the case of the majority of ISGs in Figure 6, mRNAs in the gene set
were significantly enriched in shMAP3K7 cells relative to shControl
cells (Figure 8A), indicated by the positive normalized enrichment
score (NES) of 1.35. In contrast, mRNAs in the gene set were signif-
icantly enriched in shControl cells relative to shMAP3K7/CHD1 cells
(Figure 8C), indicated by the negative NES (NES =�1.41). There was
a slight enrichment of mRNAs in the gene set in shControl versus
shCHD1 cells (Figure 8B, NES = �0.87), but this did not reach the
criteria for statistical significance.

In contrast to the results with uninfected cells, analysis of infected
cells demonstrated a consistent enrichment of mRNAs of the Reacto-
me_Interferon_Signaling gene set in shMAP3K7, shCHD1, and
shMAP3K7/CHD1 cells compared to shControl cells (Figures 8D–
8F), although only the comparison with shMAP3K7/CHD1 cells
reached the criteria for statistical significance. The higher levels of
expression of genes in this pathway in MAP3K7 and/or CHD1
silenced cells compared to shControl cells was likely due to the higher
levels of viral gene expression (Figures 1 and 2), leading to greater
activation of this pathway. Furthermore, these data demonstrated
that silencing MAP3K7 and/or CHD1 did not interfere with the abil-
ity of PC3 cells to activate this pathway in response to virus infection.
Comparison of mRNAs in virus-infected versus uninfected cells
demonstrated that this pathway was activated by virus infection simi-
larly in all four cell lines (Figure S3). This result is consistent with
earlier data indicating that the resistance of PC3 cells affects early
stages in virus infection and is primarily due to constitutive expres-
sion of antiviral genes.9

DISCUSSION
An important principle in the field of oncolytic viruses is that cancers
commonly develop defects in antiviral signaling. However, in cancers
derived from most tissue types, there are examples of cancers that are
resistant to oncolytic viruses, often due to their ability to mount anti-
viral responses or due to the constitutive expression of antiviral
genes.6 This raises the question of the mechanisms that contribute
to resistance. The data presented herein show that two tumor sup-
pressor genes, MAP3K7 and CHD1, contribute to resistance of PC3
prostate cancer cells, so that inhibition of their expression enhances



Figure 4. Targeted Proteomics Analysis of ISG

Protein Levels in PC3 Cells Silenced for MAP3K7

and/or CHD1.

(A–M) Cell lysates were prepared from shControl,

shMAP3K7, shCHD1, and shMAP3K7/CHD1 cells: (A)

MX1, (B) OAS3, (C) IFIT1, (D) IFIT5, (E) IFITM3, (F) IRF3, (G)

ISG15, (H) EIF2AK2, (I) STAT1, (J) OAS2, (K) IFIT2, (L)

IFIT3, and (M) PRKRA. Broad proteomics analysis was

used to identify themost abundant ISGs in shControl cells,

and the 13 most abundant ISGs were analyzed by tar-

geted proteomic analysis. Skyline software was used to

calculate the normalized peak area of peptides specific to

each ISG. Data are represented as mean ± SD on a log

scale. Statistical significance was determined for each ISG

protein from log-transformed data using one-way ANOVA

with Holm’s correction for multiple comparisons. *p <

0.05, for differences between cells.
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susceptibility to oncolytic VSV (Figures 1, 2, and 3). Suppressing
expression ofMAP3K7 and/or CHD1 inhibits the constitutive expres-
sion of antiviral genes (Figures 4, 5, 6, and 7), which appears to be
responsible for the enhanced susceptibility to virus infection.

Singly silenced shMAP3K7 and doubly silenced shMAP3K7/CHD1
cells were similarly susceptible to virus infection (Figures 1 and 2),
indicating that loss ofMAP3K7 expression is the major driver of sus-
ceptibility in both the presence and absence of CHD1 expression.
Similarly, loss ofMAP3K7 is a major driver sensitizing prostate cancer
cells to CDK1/2 inhibitors regardless of the status of CHD1.44 The
major impact of these results is the potential to develop targeted ther-
apies for these particularly aggressive prostate cancers that have dele-
tions in MAP3K7. As in the case of CDK inhibitors, the status of
Molecul
MAP3K7 and CHD1 genes in cancers of
mCRPC patients could be a consideration in
the decision to treat with oncolytic VSV or other
oncolytic viruses. The likelihood of their cancers
being resistant would be reduced as a result of
alterations in these genes.

The proposed model shows how the constitutive
expression of ISGs in PC3 cells is affected by
MAP3K7 andCHD1, based on the data presented
in the present study and what is known about the
activities of their respective protein products
TAK1 and CHD1. Similar to many cancers,
PC3 cells constitutively express cytokines such
as TGF-b and IL-1b as autocrine factors impor-
tant for proliferation and survival.45–49 Binding
of these cytokines to their receptors activates
TAK1, which in turn activates downstream ki-
nases including IkB kinases (IKKs), c-Jun N-ter-
minal kinases (JNKs), and p38mitogen-activated
protein kinase (p38MAPKs).36 Constitutive acti-
vation of IKK in particular is important for sur-
vival, as shown by induction of apoptosis in PC3 cells expressing domi-
nant-negative IkBa.50 The dependence on signaling through IKKs
might explain the inability to reduce TAK1 levels by more than about
50% in the singly silenced shMAP3K7 cells.

Transcription factors such as NF-kB and activator protein 1 (AP-1)
activated by kinases downstream of TAK1 do not directly activate
ISG expression in most cell types, but they are important for ampli-
fying ISG expression in response to other signals, such as IFNs them-
selves.51 For this reason, the model includes a primary antiviral signal
as well. This signal could come from low levels of constitutive IFN
production, constitutive activation of transcription factors such as
signal transducer and activator of transcription 1 (STAT1) and
STAT2 that are normally activated by IFN, or constitutive activation
ar Therapy: Oncolytics Vol. 17 June 2020 501
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Figure 5. Immunoblot Analysis of MxA and OAS3 in PC3 Cells Silenced for

MAP3K7 and/or CHD1

Cell lysates were prepared from shControl, shMAP3K7, shCHD1, and shMAP3K7/

CHD1 cells and analyzed for expression of MxA or OAS3 by immunoblots. (A and B)

Representative immunoblots of MxA (A), OAS3 (B), and cellular actin as loading

control are shown. (C and D) MxA (C) and OAS3 (D) levels were quantified using

ImageJ gel analysis software in three independent experiments. Intensities were

normalized to actin and then normalized to the ratios in shControl cells. Data are

represented as mean ± SEM analyzed by one-way ANOVA with Tukey’s correction

for multiple comparisons. *p < 0.05, for differences between cell types.
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of transcription factors such as IFN regulatory factor 3 (IRF3) or
IRF7, which can induce ISG expression in the absence of IFNs.52

It is an open question whether there is an additional primary signal,
such as IFN, for constitutive ISG expression in PC3 cells besides the
cytokines that activate TAK1. Constitutive expression of IFN in the
absence of virus infection was not detected by bioassay,11 and IFN
mRNAs have not been detected in microarray9 or RNA-seq experi-
ments (data from the experiments presented herein), with the excep-
tion of low levels of IFN-ε mRNA (<40 counts). Nonetheless, most
type I IFNs are exceptionally potent cytokines, so that low levels of
constitutive expression below the limits of detection by these ap-
proaches cannot be ruled out. Of course, the question of whether
there is low-level constitutive expression of IFNs in PC3 cells also rai-
ses the question of potential upstream signals, such as alterations in
DNA or RNA metabolism that activate IFN production. An alterna-
tive model is that the cytokines that have been shown to be constitu-
tively produced by PC3 cells, such as IL-1, activate ISG expression
through crosstalk with pathways involved in IFN responses without
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an additional primary signal. In support of this model, IL-1 treatment
of LNCaP prostate cancer cells, which normally express very low
levels of ISG mRNAs, results in increased expression of the ISG
mRNAs that are expressed in PC3 cells.48

The role for CHD1 proposed in the model is to maintain the transcrip-
tional consistency of ISG expression epigenetically. CHD1 promotes
gene expression by maintaining an open chromatin structure at sites
of H3K4me3 modification.37,53 This epigenetic modification is associ-
ated with enhanced transcriptional consistency among many genes in
several cell types.54 In most of the data presented herein, silencing
CHD1 expression alone had relatively modest effects on susceptibility
to virus or ISG expression compared to silencingMAP3K7 expression,
indicating that TAK1was primarily responsible for promoting the anti-
viral signal. Thus, in the singly silenced shCHD1 cells, the antiviral
signal was still present, and there was only a modest change in ISG
expression. Strikingly, in the singly silenced shMAP3K7 cells, despite
the reduced signaling through TAK1, the expression of ISG mRNAs
was not only stably maintained, but actually increased. The expression
of ISG mRNAs was maintained in shMAP3K7 cells by CHD1, as indi-
cated by results in thedoubly silenced shMAP3K7/CHD1cells, inwhich
the levels of ISG mRNAs were dramatically reduced. H3K4me3 and
CHD1 are directly bound to the promoter regions of some ISGs in
PC3 cells (e.g., IFIT5, IRF3, OAS2, OAS3) as indicated by ChIP-seq
data,41 and stable expression of others may be maintained by CHD1
indirectly through other factors that promote their expression.
H3K4me3 and CHD1 are not the only epigenetic factors maintaining
the resistance of PC3 cells to oncolytic VSV. Treatment of PC3 cells
with histone deacetylase inhibitors (HDIs) enhances their susceptibility
to VSV by inhibiting their IFN responses.55,56 This appears to be due to
increased expression of the microRNA miR34a and consequent
decreased expression of the sirtuin SIRT1, a protein deacetylase that
has antiviral activity against a number of viruses, including VSV.57

A growing body of literature has established that part of the antiviral
response is regulation of translation of ISG proteins, although the
mechanisms involved have been the subject of some debate.58–60 The
data presented herein indicate that inhibition of MAP3K7 alone pri-
marily reduces ISG expression at the protein level, not at the mRNA
level, since the singly silenced shMAP3K7 cells have generally high
levels of ISGmRNAs but generally low levels of ISG proteins compared
to shControl cells. This could be due to differences in the rates of pro-
tein synthesis or rates of protein turnover. There may be examples of
enhanced turnover among the multiple ISG proteins that were affected
by silencing TAK1 expression. However, in the case of OAS3, there was
no obvious difference in protein turnover between shMAP3K7 and
shControl cells, suggesting that control is at the translational level.
Several of the pathways downstream of TAK1 affect protein synthesis.
For example, activation of p38 MAPKs by TAK1 would be expected to
activate kinases involved in translational control, such as MNK1.61

Another potential mechanism of translational control could be differ-
ential expression of microRNAs that affect translation of ISG mRNAs.
In this scenario, silencing expression of TAK1 would induce expression
of microRNAs that inhibit translation of ISG mRNAs.62



Figure 6. RNA-Seq Analysis of ISG mRNA Levels in

PC3 Cells Silenced for MAP3K7 and/or CHD1

Total-cell RNA extracts were prepared from mock-in-

fected shControl, shMAP3K7, shCHD1, and shMAP3K7/

CHD1 cells. Samples were depleted of rRNA, reverse

transcribed, sequenced, and aligned to the human

genome. Gene counts were log2 transformed and

centered about their means for each sample. (A–M) Data

shown are mRNAs encoded by the same ISGs as in Fig-

ure 4: (A) MX1, (B) OAS3, (C) IFIT1, (D) IFIT5, (E) IFITM3, (F)

IRF3, (G) ISG15, (H) EIF2AK2, (I) STAT1, (J) OAS2, (K)

IFIT2, (L) IFIT3, and (M) PRKRA. Data are represented as

mean ± SD on a log2 scale from three independent ex-

periments. Statistical significance was determined for

each ISG protein from log-transformed data using one-

way ANOVA with Holm’s correction for multiple compar-

isons. *p < 0.05, for differences between cells.
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A related question raised by results in the singly silenced shMAP3K7
cells is why the levels of ISG mRNAs are increased. One possibility,
shown in the proposed model, is that this increase is due to lower levels
of ISG proteins or microRNAs that are negative feedback regulators of
ISG expression.63 Another possibility is that silencing TAK1 expression
results in activation of alternative compensatory pathways that also
enhance ISGmRNA expression. In either case, silencing CHD1 expres-
sion in the doubly silenced shMAP3K7/CHD1 cells eliminated this ac-
tivity, resulting in low levels of ISG mRNAs.

Importantly, note that cancers with unaltered MAP3K7 and CHD1
genes are not necessarily resistant to viral oncolysis. For example,
LNCaP9,11 and 22RV1 (unpublished data) prostate cancer cells,
which have normal MAP3K7 and CHD1 genes, are both highly
Molecul
susceptible to oncolytic VSV. This brings us
back to the question of why some prostate
cancers are sensitive to oncolytic virus and
others are resistant, even though the cancers
are derived from the same tissue. A likely
explanation is that resistance of cancers to on-
colytic viruses develops through interactions
with the tumor microenvironment that can
differ among cancers.34 The data presented
herein suggest that the antiviral signaling in
PC3 cells is dependent on cytokine signaling
through TAK1, which in this case is autocrine
in nature. However, once the pattern of anti-
viral gene expression is established, it is main-
tained by epigenetic mechanisms, such as
regulation by CHD1.

MATERIALS AND METHODS
Cells and Viruses

PC3 cells were acquired from the American
Type Culture Collection (ATCC) and
cultured in RPMI 1640 medium with 10%
fetal calf serum (FCS). EL4 cells were acquired from the ATCC
and cultured in suspension flasks in DMEM medium 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 described.64,65

shControl, shMAP3K7, shCHD1, and shMAP3K7/CHD1 cell lines
were generated via transduction of PC3 cells with lentiviral vectors
as previously described.40 The lentiviral plasmids used were
pLKO.1- puro-shMAP3K7 (Sigma) and pLKO.1-neo-shCHD1
(Sigma). Plasmids with the targeting sequence replaced by a random-
ized sequence were used as controls. Cell lines were validated as being
of PC3 origin by short tandem repeat profiling (ATCC).
ar Therapy: Oncolytics Vol. 17 June 2020 503
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Figure 7. Turnover of OAS3 in PC3 Cells Silenced forMAP3K7 and/or CHD1

shControl, shMAP3K7, shCHD1, and shMAP3K7/CHD1 cells were treated with

cycloheximide. Cell lysates were prepared at 0 or 6 h after cycloheximide treatment

and analyzed by immunoblots for OAS3. OAS3 levels were quantified using ImageJ

gel analysis software in two independent experiments. Individual data points and

their means are shown for ratios of OAS3 post-treatment/OAS3 pre-treatment.

Levels of OAS3 in shMAP3K7/CHD1 cells were too low to quantify accurately and

are not shown.

Molecular Therapy: Oncolytics
Viral Susceptibility Assays

PC3 cells were infected at 60%–80% confluence. EL4 cells in suspen-
sion were used as a positive control. For infections of 6 h or less,
M51R-VSV or M51R-VSV-GFP at the indicated MOI in the mini-
mum volume required to cover the surface of the well were incubated
for 1 h. After 1 h, RPMI 1640 medium with 10% FCS was added to the
well. For overnight infections, the viral stock solution was added
directly to the media in the wells. At the indicated times, cells were
harvested and analyzed by flow cytometry, immunoblot, or viral pla-
que assay. Immunoblot and viral plaque assays were performed as
previously described.11,66

Primary Antibodies for Immunoblots

Primary antibodies used were rabbit anti-OAS3 (ab154270, Abcam),
rabbit monoclonal anti-Mx1 ab207414 (Abcam), rabbit monoclonal
anti-TAK1 D94D7 (#5206, Cell Signaling Technology), rabbit mono-
clonal anti-CHD1 D8C2 (#4351, Cell Signaling Technology), and
mouse monoclonal anti-VSV M protein 23H12.67

Flow Cytometry

PC3 cells were suspended in phosphate-buffered saline with 2%
paraformaldehyde. GFP fluorescence was analyzed with a BD
FACSCalibur flow cytometer (BD Biosciences). Forward scatter,
side scatter, and GFP photomultiplier tube voltages were deter-
mined using the negative controls. Data were analyzed using FlowJo
software.

Mass Spectrometric Analysis of ISG Protein Levels

PC3 cells were harvested and broad proteomic analysis was per-
formed as previously described.68 For targeted protein analysis, par-
allel-reaction monitoring (PRM) was used for data acquisition by
monitoring precursor ions of signature peptides. MS2 spectra
were acquired from the 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)
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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)
1,027.0248 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)
1,061.9653 m/z for CHD1, and (19) 802.4021 m/z for I2BP2. Skyline
software (MacCoss Lab Software, University of Washington, Seattle,
WA, USA) was used for peak detection, extraction, and area calcu-
lation to obtain comparative and quantitative data. NIST mass spec-
tral library (https://chemdata.nist.gov/) was utilized to confirm peak
selection for the analysis.

Whole-Transcriptome Shotgun Sequencing (RNA-Seq)

shControl, shMAP3K7, shCHD1, and shMAP3K7/CHD1 cells were
mock-infected or infected with M51R-VSV at an MOI of 10 for 6
h. Mock-infected and virus-infected cells were analyzed in separate
experiments. RNA was extracted using the RNeasy kit (QIAGEN)
from three independent samples of each cell line. Total RNA was
used to prepare cDNA libraries using the Illumina TruSeq stranded
total RNA with a Ribo-Zero Gold Preparation kit (Illumina). The li-
braries for each sample were pooled and sequenced to a target read
depth of 30 million reads per library using single-end 76-cycle
sequencing with the High Output 75-cycle kit (Illumina) on the Illu-
mina NextSeq 500. Genome alignment was performed using in house
R scripts and the STAR sequence aligner, and gene counts for mapped
reads were extracted using FeatureCounts v1.6.1. RNA-seq data were
deposited in the Gene Expression Omnibus database (GEO:
GSE145937).

Gene counts in which at least one sample had >50 counts were log2
transformed and normalized by centering about their means for
each sample. Data for individual ISGs in Figure 6 were analyzed
by one-way ANOVA with Holm’s correction for multiple compar-
isons using R software69 or the limma R/Bioconductor software
package70 with similar results. GSEA was performed using the jav-
aGSEA desktop application (https://www.gsea-msigdb.org/gsea/
index.jsp) according to Subramanian et al.71 and Mootha et al.72 us-
ing gene counts normalized by the total mapped reads in each sam-
ple. The criteria for statistical significance were normalized enrich-
ment scores with nominal p values <0.05 and false discovery rate q
values <0.25.

In Vivo Analysis of PC3 Tumor Response to M51R-VSV

Experiments with mice were approved by the Institutional Animal
Care and Use Committee (IACUC) of Wake Forest School of Medi-
cine. All experiments conformed to all relevant regulatory standards.
shControl and shMAP3K7/CHD1 cells were harvested at 60%–80%
confluency. Cells were suspended at 1� 107 cells/mL in ice-cold Ma-
trigel (Fisher Scientific), and 0.2 mL of suspension was injected sub-
cutaneously in the flanks of BALB/c nudemice. Tumors were assessed
visually and by palpation for 3-4 weeks prior to treatment. Mice were
randomly selected to receive either 50 mL of RPMI 1640 media
without FCS or 1 � 108 plaque forming units (PFU) of M51R-VSV

https://chemdata.nist.gov/
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp


Figure 8. Gene Set Enrichment Analysis of mRNAs

from Genes Involved in IFN signaling in PC3 Cells

Silenced for MAP3K7 and/or CHD1

Total-cell RNA extracts were prepared from shControl (A–

F), shMAP3K7 (A and D), shCHD1 (B and E), and

shMAP3K7/CHD1 (C and F) cells either mock-infected (A–

C) or infected with M51R-VSV at an MOI of 10 PFU/cell

(D–F). Samples were depleted of rRNA, reverse tran-

scribed, sequenced, and aligned to the human genome.

Gene counts were log2 transformed and centered about

their means for each sample from three independent ex-

periments. Differential expression between the sets of

samples from the indicated cells was analyzed by GSEA

software using the canonical pathway: reactome collec-

tion of gene sets in the MSigDB (Molecular Signatures

Database). Results for the Reactome_Interferon_Signal-

ing gene set are shown.
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in 50 mL of RPMI 1640 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 the Wake Forest
School of Medicine. Tumor length and width were measured by cal-
ipers daily beginning on the day of treatment. Tumor volume was
calculated using the following equation: volume = width2 � length.

Statistical Analysis

Differences between cell types were analyzed by one-way analysis of
variance (ANOVA) with Tukey’s correction for multiple compari-
sons using Prism 8 software (GraphPad) or ANOVA with Holm’s
correction for multiple comparisons using R software.69
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