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Histone Deacetylase Inhibitors Potentiate Vesicular Stomatitis Virus
Oncolysis in Prostate Cancer Cells by Modulating NF-kB-Dependent
Autophagy
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Vesicular stomatitis virus (VSV) is an oncolytic virus that induces cancer cell death through activation of the apoptotic pathway.
Intrinsic resistance to oncolysis is found in some cell lines and many primary tumors as a consequence of residual innate immu-
nity to VSV. In resistant-tumor models, VSV oncolytic potential can be reversibly stimulated by combination with epigenetic
modulators, such as the histone deacetylase inhibitor vorinostat. Based on this reversible effect of vorinostat, we reasoned that
critical host genes involved in oncolysis may likewise be reversibly regulated by vorinostat. A transcriptome analysis in prostate
cancer PC3 cells identified a subset of NF-kB target genes reversibly regulated by vorinostat, as well as a group of interferon
(IFN)-stimulated genes (ISGs). Consistent with the induction of NF-kB target genes, vorinostat-mediated enhancement of VSV
oncolysis increased hyperacetylation of NF-kB RELA/p65. Additional bioinformatics analysis revealed that NF-kB signaling also
increased the expression of several autophagy-related genes. Kinetically, autophagy preceded apoptosis, and apoptosis was ob-
served only when cells were treated with both VSV and vorinostat. VSV replication and cell killing were suppressed when NF-kB
signaling was inhibited using pharmacological or genetic approaches. Inhibition of autophagy by 3-methyladenine (3-MA) en-
hanced expression of ISGs, and either 3-MA treatment or genetic ablation of the autophagic marker Atg5 decreased VSV replica-
tion and oncolysis. Together, these data demonstrate that vorinostat stimulates NF-kB activity in a reversible manner via modu-

lation of RELA/p65 signaling, leading to induction of autophagy, suppression of the IFN-mediated response, and subsequent

enhancement of VSV replication and apoptosis.

Oncolytic viruses (OVs) represent a promising biotherapeutic
approach to cancer treatment, with demonstrated antitumor
efficacy and safety in phase I to III clinical trials (1-3). Vesicular
stomatitis virus (VSV) is an enveloped, negative-sense RNA virus
of the family Rhabdoviridae that is a potent OV candidate (4). VSV
induces cell death primarily through activation of the apoptotic
pathway, and both intrinsic and extrinsic apoptotic mechanisms
have been described as contributing to VSV-induced apoptosis
(5-7). Upon VSV infection, innate sensing of viral RNA by the
RIG-I like receptors leads to induction of the innate immune re-
sponse and production of interferons (IFNs). Newly synthesized
IEN proteins act in an autocrine and paracrine fashion to upregu-
late the expression of hundreds of IFN-stimulated genes (ISGs)
that contribute to the development of the host antiviral state,
which in normal cells and tissues restricts virus multiplication
(reviewed in reference 8).

During the evolution of malignancies, genetic abnormalities
accumulate and, while providing the cancer cells with growth and
survival advantages, compromise the normal antiviral program of
transformed cells. Defects in the IFN antiviral signaling network
within transformed cells have been implicated in tumor-specific
oncolysis, a strategy termed virotherapy. IFN-related defects allow
VSV and other oncolytic viruses to replicate to high titers unin-
terrupted by the host antiviral response, resulting in high virus
production and virus-induced lysis. The tumor mass essentially
becomes a selective cellular niche for virus replication, leading to
virus-mediated cell death. The same viruses are unable to replicate
efficiently in normal tissues and thus have a superior therapeutic
index in tumor cells (9; reviewed in reference 3). The therapeutic
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index of OVs can be further improved by genetic engineering or by
expression of a transgene (10, 11). For example, when IFN-f is
expressed by VSV, increased selectivity for replication in tumor
cells is observed (12); this recombinant VSV is currently being
tested in phase I clinical trials as a single agent in patients who are
refractory to standard therapeutics (13). A small-plaque variant
VSV contains a A51 deletion in the viral matrix (M) protein and
was shown previously to enhance the safety profile of VSV (14,
15), because the attenuated mutant is a potent inducer of the IFN
response in healthy cells that does not block nuclear export of host
cell antiviral mRNAs (14, 16, 17).

Several factors limit the efficacy of viral vectors, including in-
trinsic tumor resistance to oncolysis and limitations in the devel-
opment of adaptive immune responses against tumor antigens
(14, 18, 19). For example, while VSV-based therapy was effective
in vivo against an androgen-dependent LNCaP prostate cancer
xenograft model, androgen-independent PC3 cells were relatively
resistant to oncolysis both in vitro and in vivo (20). We previously
characterized a synergistic strategy in prostate cancer that involves
the use of histone deacetylase inhibitors (HDIs), such as suberoy-
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lanilide hydroxamic acid (SAHA) (vorinostat) or MS-275, to-
gether with oncolytic VSV, in the treatment of androgen-indepen-
dent prostate cancer (19). HDIs manipulate the innate immune
response by influencing epigenetic modifications of chromatin
and altering gene expression (21, 22). Because of their effect on
immune suppression, we and others have reasoned that pretreat-
ment of tumors with HDIs would enhance the replication and
spread of OV within malignancies (19, 23). In tumor cell lines,
small-animal tumor models, and ex vivo primary tumor tissues,
HDIs markedly enhanced the spread and replication of VSV. This
increased oncolytic activity was correlated with a time-dependent
decrease in the expression of IRF3, IRF7, IFN-@, and MX1 and
increased caspase 3, 8, and 9 cleavage in vorinostat-plus-VSV- and
MS-275-plus-VSV-treated PC3 cells (19). Interestingly, the effects
of HDIs on viral spread were reversible, and removal of HDIs led
to a decrease in viral replication within malignant cells both in
vitro and in vivo.

Vorinostat has been shown to modulate NF-kB-related signal-
ing, inhibit IFN signaling, and induce cancer cell differentiation by
inhibiting deacetylation of cellular proteins and histones (19, 24,
25). Treatment of tumor cells with HDIs frequently induces apop-
tosis through caspase activation (26-28), although significant lev-
els of apoptosis in some cell lines, such as PC3, are observed at
relatively high concentrations and with longer exposures to vori-
nostat (28, 29). More recently, vorinostat was also shown to in-
duce autophagy in tumor cells (30, 31). Autophagy is a catabolic
process by which cytosolic material is targeted for lysosomal deg-
radation by means of double-membrane cytosolic vesicles, termed
autophagosomes (reviewed in reference 32). In addition to its role
in cellular homeostasis, autophagy also plays a critical role in the
intrinsic, innate, and adaptive responses to pathogens, with evi-
dence indicating that multiple viruses can either subvert or hijack
the host autophagic machinery to support their own replication
(33-35). A number of recent studies highlight the significant role
of autophagy in mediating the antitumor effects of oncolytic vi-
ruses, although the mechanism is largely unknown (reviewed in
reference 36).

The purpose of the present study was to elucidate the molecu-
lar mechanism(s) involved in the vorinostat-mediated develop-
ment of VSV permissiveness in prostate cancer cells. Our results
demonstrate that vorinostat not only blocks IFN responses, but
also stimulates expression of a subset of NF-kB target genes that
enhance VSV replication in part via stimulation of NF-kB-medi-
ated autophagy.

MATERIALS AND METHODS

Cell lines and reagents. PC3, DU145, and HCT116 cells were purchased
from ATCC (Bethesda, MD) and were grown in RPMI medium (PC3),
Eagle’s minimal essential medium (EMEM) (DU145), or McCoy’s me-
dium (HCT116) supplemented with 10% serum (Life Technologies,
Carlsbad, CA). Atg5 wild-type (WT) (Ath“ *) and Atg5 knockout (KO)
(Atg5~'~) mouse embryonic fibroblasts (MEFs) were obtained from Na-
thalie Grandvaux, CRCHUM-Centre Hospitalier de 'Université de Mon-
tréal, Montréal, Canada, with the permission of Noboru Mizushima, who
generated the original Atg5 WT and KO MEFs. PC3 cells stably trans-
fected with short hairpin RNA (shRNA) targeting luciferase control (Ctrl-
Luc) or RELA/p65 (shRel) (37) were a kind gift from Thorsten Schinke,
University Medical Center Hamburg Eppendorf, Hamburg, Germany.
Vorinostat, MS-275, and BAY11-7082 were purchased from Cayman
Chemicals (Ann Arbor, MI). 3-Methyladenine (3-MA) and all other
chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
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Virus production, quantification, and infection. VSV stock was
grown in Vero cells (ATCC, Bethesda, MD), concentrated from cell-free
supernatants by centrifugation, and titrated in duplicate by standard
plaque assay. PC3, DU145, or HCT116 cells were infected at various mul-
tiplicities of infection (MOIs) and incubated with complete medium at
37°C for the indicated times.

Protein extraction and Western blot analysis. Cells were washed
twice with ice-cold phosphate-buffered saline and lysed in buffer (50 mM
Tris-HCI, pH 8, 1% sodium deoxycholate, 1% NP-40, 5mM EDTA, 5 mM
EGTA, and 150 mM NacCl), and the insoluble fraction was removed by
centrifugation at 22,000 X g for 20 min. The soluble fractions were sepa-
rated by SDS-PAGE on 10% gels. Proteins were electrophoretically trans-
ferred to a polyvinylidene difluoride (PVDF) membrane, blocked with
10% bovine serum albumin, and probed with various primary antibodies.
All immunoblots were visualized by enhanced chemiluminescence. The
protein concentration was determined with Bio-Rad protein assay reagent
(Bio-Rad, Hercules, CA).

Immunoprecipitation. Twenty micrograms of anti-RELA/p65 (Santa
Cruz Biotechnology, Santa Cruz, CA) was cross-linked to 300 pl of Pro-
tein AG-Plus agarose beads using 0.2 mol/liter triethanolamine, pH 8.0.
Cells were lysed with 1% {3-[(3-cholamidopropyl)-dimethylammonio]-
1-propanesulfonate} (CHAPS) lysis buffer (10 mmol/liter HEPES, 150
mM NaCl, 1% CHAPS, pH 7.4) containing protease inhibitors, and total
protein was incubated with cross-linked antibody in 1% CHAPS lysis
buffer at 4°C overnight. Immunoprecipitates were collected by centrifu-
gation and washed three times with 1% CHAPS lysis buffer, the beads
were boiled in loading buffer, and bound protein was analyzed by immu-
noblotting. Samples with antibody alone, lysate alone, or an irrelevant
isotype-matched immunoglobulin G antibody were used as negative con-
trols. Proteins were separated by electrophoresis and transferred to nitro-
cellulose membranes. Antibodies for total acetylated lysine (Cell Signaling
Technologies, Danvers, MA) or RELA/p65 (Santa Cruz Biotechnology,
Santa Cruz, CA) were used to determine protein levels.

Chromatin isolation. Approximately 3 X 10° cells were harvested and
centrifuged, and the pellet was resuspended in buffer A (100 mM HEPES,
pH7.9,10 mM KCI, 1.5 mM MgCl,, 0.34 M sucrose, 10% glycerol, 10 mM
NaF, 1 mM Na,VO,, 1 mM dithiothreitol [DTT], and protease inhibitor
cocktail). Triton X-100 was added to a final concentration of 0.1%, and
the cells were incubated on ice for 5 min. Upon centrifugation, the super-
natant was separated from the pellet, which contained the nuclei. The
supernatant was further cleared by high-speed centrifugation at 20,000 X
g The resulting supernatant, which represents the cytosolic fraction, was
collected, and the pellet was discarded. The pellet fraction was resus-
pended in 100 pl of buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT,
protease inhibitor cocktail) and lysed for 30 min on ice. The pellet fraction
was then centrifuged at 1,700 X g. The resulting supernatant containing
the soluble nuclear proteins was separated from the pellet containing the
chromatin. The chromatin fraction was washed once with buffer B and
centrifuged at 10,000 X g. The pellet was then resuspended in 1% NP-40
protein extraction buffer, sonicated, and centrifuged at 20,000 X g. The
final supernatant contained the chromatin-bound proteins.

Nuclear extraction. Cells (1 X 107 to 2 X 107) were washed and
harvested with cold phosphate-buffered saline (PBS) with 1 mM EDTA.
The cell pellet was incubated in ice-cold buffer A (10 mM Tris, pH 7.9, 10
mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 pM DTT) for 15 min, and 25
.l of 10% NP-40 was added. The cell suspension was vortexed, and after a
quick spin at 13,300 X g, the supernatant (cytosolic fraction) was sepa-
rated from the pellet (nuclear fraction). The nuclear fraction was further
solubilized by resuspending the pellet in ice-cold buffer C (20 mM Tris,
400 mM NaCl, 1 mM EDTA, 1 mM EGTA, pH 7.9) and shaking vigor-
ously at 4°C for 1 h; insoluble debris was removed by centrifugation
(13,300 X g) at 4°C.

Mass spectrometry analysis. PC3 cells were transfected with an empty
vector or S-tagged WT RELA/p65 and treated with vorinostat (5 wM) for
48 h. S-tagged protein was then precipitated using the S-tag purification
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technique as described previously (38), resolved on SDS-PAGE, fixed, and
stained with Coomassie brilliant blue. The corresponding protein bands
were excised, destained, and washed with a series of three washing buffers
(50 mM ammonium bicarbonate, 50% acetonitrile, and 80% acetoni-
trile). The bound proteins were reduced with 40 mM dithiothreitol, the
gels were rinsed with 50 mM ammonium bicarbonate buffer, and
the reduced proteins were alkylated with 1 ml of 50 mM iodoacetamide.
The gel-bound proteins were digested with trypsin (20 ng/pl; Promega,
Madison, WI) in 5 mM ammonium bicarbonate buffer at 37°C with con-
stant mixing for 12 h. The eluent containing the tryptic peptides was dried
and stored at 4°C prior to mass spectrometric analysis. In order to identify
proteins, the dried samples were dissolved with 20 pl of 0.1% formic
acid-water, and 2 pl of each sample was analyzed by liquid chromatogra-
phy-electrospray ionization tandem mass spectrometry LC-ESI-MS-MS
using a Q-Exactive mass spectrometer (Thermo Fisher Scientific, San Jose,
CA) with an Easy NanoLC-1000 system using data-dependent acquisition
with dynamic exclusion (DE = 1) settings. The data-dependent acquisi-
tion settings used were a top 12 higher-energy collisional dissociation
(HCD) for the Q-Exactive MS. The resolving power for Q-Exactive was set
at 70,000 for the full MS scan and 17,500 for the MS-MS scan at m/z 200.
LC-ESI-MS-MS analysis was conducted using a C,¢ column (75 wm by
150 mm). The mobile phases for the reverse-phase chromatography were
0.1% HCOOH in water (A) and 0.1% HCOOH in acetonitrile (B). A
four-step linear gradient was used for the LC separation (2% to 30% B in
the first 47 min, followed by 80% B in the next 1 min and holding at 80%
B for 12 min). The Sequest algorithm was used to identify peptides from
the resulting MS-MS spectra by searching against the combined human
protein database (a total of 22,673 proteins) extracted from Swissprot
(version 57) with taxonomy “Homo sapiens” using Proteome Discoverer
(version 1.3; Thermo Fisher Scientific, San Jose, CA). The search param-
eters for parent and fragment ion tolerances were set at 20 ppm and 30
millimass units (mmu) for the Q-Exactive MS. Other parameters used
were a fixed modification of carbamidomethylation-modified Cys and
variable modifications of acetylation (K) and oxidation (Met). Trypsin
was set as the protease, with a maximum of 2 missed cleavages. Raw files
were searched against the RELA protein (3 different isoforms, along with
500 other random proteins and reversed proteins as decoys) using Byonic
(39) with a peptide tolerance of 15 ppm, an MS-MS tolerance of 20 ppm
for HCD data, the carbamidomethylated cysteine as a fixed modification,
and oxidation of methionine and acetylation (K) as variable modifica-
tions. Byonic scoring gives an indication of whether modifications are
localized with confidence.

Autophagy analysis by flow cytometry. Autophagy was assessed by
Cyto-ID staining by flow cytometry (LSRFortessa; BD Biosciences, San
Jose, CA). Cyto-ID was used according to the manufacturer’s instructions
(Enzo Life Sciences, Farmingdale, NY).

Confocal microscopy. PC3 cells were seeded onto 22-mm-diameter
coverslips in 6-well plates at 1 X 10° cells/well. The cells were fixed in 4%
paraformaldehyde and permeabilized with methanol. The coverslips were
blocked with 3% BSA-PBS and incubated with primary antibody in 3%
BSA-PBS overnight at 4°C. Upon removal of the primary antibody and
washing of cells with PBS-0.1% Tween 20 and PBS alone, the cells were
incubated in secondary antibody (Alexa Fluor 546; Life Technologies,
Carlsbad, CA) for 1 h at room temperature, followed by 3% BSA-PBS and
PBS washes. The coverslips were mounted on slides using Immu-Mount
(Thermo Scientific, Waltham, MA) and left to dry overnight at room
temperature in the dark. The intensity of cell fluorescence was calculated
for the corrected total cell fluorescence using the program ImageJ (Na-
tional Institutes of Health, Bethesda, MD) (40).

Real-time reverse transcription (RT)-PCR analysis. Total RNA was
isolated using an RNeasy kit according to the manufacturer’s instructions
(Qiagen, Valencia, CA). RNA was reverse transcribed with oligo(dT)
primers and SuperScript II reverse transcriptase (Life Technologies,
Carlsbad, CA). PCR was performed using Tagq polymerase (GE Health-
care, Piscataway Township, NJ), and amplification was carried out for 25
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to 30 cycles. All data are presented as relative quantifications, with effi-
ciency correction based on the relative expression of target genes versus
the B-actin gene as the reference gene. cDNA was amplified using SyBR
Green I PCR master mix (Applied Biosystems, Foster City, CA), and the
data were collected using the AB 7500 Real-Time PCR System and ana-
lyzed by the comparative threshold cycle (C;) method using the SDS
v1.3.1 relative quantification software. For the Fluidigm BioMark assay,
intron-spanning PCR primers and probes were designed using the Roche
Universal Probe Library Assay Design Center. The standard BioMark pro-
tocol was used to preamplify cDNA samples for 14 cycles using TagMan
PreAmp Master Mix according to the manufacturer’s protocol (Applied
Biosystems, Foster City, CA). Quantitative PCRs (qPCRs) were per-
formed using 48.48 BioMark Dynamic Arrays (Fluidigm, South San Fran-
cisco, CA), enabling quantitative measurement of up to 48 different
mRNAs in 48 samples under identical reaction conditions. Runs were 40
cycles (15 s at 95°C, 5 s at 70°C, and 60 s at 60°C). Raw C, values were
calculated with the Real-Time PCR Analysis Software (Fluidigm), and
software-designated failed reactions were discarded from analysis.

Intracellular staining. PC3 cells were exposed to VSV with and with-
out vorinostat for 48 h and fixed in Fix I buffer (BD Biosciences, San Jose,
CA). The cells were then washed with PBS containing 4% fetal bovine
serum (FBS) and resuspended in Perm II buffer (BD Biosciences, San Jose,
CA). After washing, the cells were stained with 1 wg/100 pl of primary
antibody for 30 min at room temperature, washed twice, and incubated
with Alexa Fluor 647-conjugated anti-rabbit IgG (Jackson ImmunoRe-
search, West Grove, PA) for 25 min at room temperature. After two more
washes, samples were analyzed by flow cytometry using Diva software (BD
Biosciences, San Jose, CA).

Microarray analyses. Total RNA was isolated from PC3 cells (n = 4
per treatment group) using RNeasy Micro kits (Qiagen, Valencia, CA).
Universal human reference RNA was used as a reference. Samples were
amplified using [llumina TotalPrep RNA amplification kits (Life Technol-
ogies, Carlsbad, CA). The microarray analysis was conducted using 750 ng
of biotinylated cRNA hybridized to human reference 8 version 3 Bead-
Chips (Illumina, San Diego, CA) at 58°C for 20 h. The arrays were scanned
using Illumina iSCAN and quantified using Genome Studio (Illumina,
San Diego, CA). The analyses of the Genome Studio output data were
conducted using the R and Bioconductor software packages. A signifi-
cance analysis of microarray (SAM) test was then performed on each
experimental condition versus the control. SAM identifies statistically sig-
nificant genes by carrying out gene-specific t tests and computes a statistic,
dj, for each gene j, which measures the strength of the relationship be-
tween gene expression and a response variable. This analysis uses non-
parametric statistics, since the data may not follow a normal distribution.
The response variable describes and groups the data based on experimen-
tal conditions. In this method, repeated permutations of the data are used
to determine if the expression of any gene is significantly related to the
response. The use of permutation-based analysis accounts for correlations
in genes and avoids parametric assumptions about the distribution of
individual genes. This generated a list of differentially expressed genes in
which we input a threshold of +1.3/—1.3-fold change and a P value of less
than or equal to 0.01 to be considered significant. A manual search using
Boston University’s NF-kB target gene database (http://www.nf-kb.org)
was then conducted to create a list of differentially regulated NF-kB target
genes. Quantile normalization was applied, followed by a log, transfor-
mation. The LIMMA package (www.bioconductor.org) was used to fit a
linear model to each probe and to perform (moderated) ¢ tests or F tests on
the groups being compared. To control the expected proportions of false
positives, the false discovery rate for each unadjusted P value was calcu-
lated using the Benjamini and Hochberg procedure, which relies on on the
P values being uniformly distributed under the null hypothesis. Multidi-
mensional scaling was used as a dimensionality reduction method in R to
generate plots for the evaluation of similarities or dissimilarities between
data sets.
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Statistical analysis. Graphics and statistical analyses were executed
using GraphPad Prism 5 software (GraphPad Software, La Jolla, CA).
Differences among the treatment groups were analyzed by paired ¢ tests. P
values of <0.05 were considered statistically significant. Average values
were expressed as means and standard deviations (SD). Fluidigm Bio-
Mark assay data were analyzed with Fluidigm Real-Time PCR Analysis
software (Fluidigm, South San Francisco, CA), and Z scores were gener-
ated using Microsoft Excel.

RESULTS

Gene expression profiles in PC3 cells treated with VSV and vori-
nostat. To determine genes and pathways responsible for HDI
potentiation of VSV oncolysis, we performed total transcriptome
analysis of PC3 cells exposed to the combination of VSV and vori-
nostat. The effects of vorinostat or MS-275 on both gene tran-
scription and viral replication were reversible; upon removal of
vorinostat or MS-275, VSV replication decreased in PC3 cells, as
previously demonstrated in vivo in different murine tumor mod-
els (19), and is illustrated by a 3- to 4-fold-lower number of green
fluorescent protein (GFP)-positive cells (P < 0.05) in wells from
which vorinostat or MS-275 was removed prior to VSV-GFP in-
fection (Fig. 1A). Based on previous experiments, we reasoned
that critical gene sets involved in VSV replication would likewise
be reversibly regulated by vorinostat. To identify such genes, PC3
cells were treated with vorinostat continuously (48 h), or alterna-
tively, vorinostat treatment was halted at the time of VSV infec-
tion (24 h). In agreement with previous results, we observed in-
creases in the expression of IFN and several IFN-stimulated genes
in the VSV, VSV-plus-vorinostat (continuous), and VSV-plus-
vorinostat (halted) groups (Fig. 1B and C). However, the increase
in such genes was most prominent in the “halted” group, in which
the removal of vorinostat activated antiviral responses and inhib-
ited viral replication (Fig. 1A). Additional bioinformatics analysis
of gene expression profiles between treatment groups revealed a
subset of reversibly regulated genes, many of which were well-
known NF-kB targets (Fig. 1D). Because expression levels of
NEF-kB target genes were similar in vorinostat- and vorinostat-
plus-VSV-treated cells, NF-kB activation appeared to be a direct
consequence of vorinostat treatment.

Vorinostat treatment increases chromatin binding and acet-
ylation of RELA/p65. Vorinostat treatment increases global pro-
tein acetylation (reviewed in reference 41) and specifically targets
acetylation of NF-kB subunit RELA/p65, leading to increased nu-
clear localization and DNA binding (42). To evaluate the specific
effect of vorinostat or MS-275 on RELA/p65 activity, acetylation
and DNA binding of RELA/p65 were evaluated (Fig. 2). Immuno-
blot analysis of RELA/p65 revealed a modest but significant 1.3- to
2.2-fold increase in total acetylated lysine residues with continu-
ous vorinostat or MS-275 treatment (P < 0.01) (Fig. 24, lanes 5
and 8). Chromatin fractionation also revealed a 1.7- to 2.4-fold
increase in DNA binding of RELA/p65 following continuous
treatment (Fig. 2B, lanes 5 and 7). Total IkBa protein levels as an
indirect measure of NF-kB activity also displayed a higher turn-
over rate with continuous vorinostat (2.2-fold higher) or MS-275
(6-fold higher) treatment (P < 0.01). The effect of vorinostat on
increased protein acetylation was confirmed by ~2-fold increases
in the mean fluorescence intensity (MFI) for total acetylated his-
tones and ~1.3- to 1.4-fold increases in the MFI for acetylated
K310 of RELA/p65 in vorinostat- and vorinostat-plus-VSV-
treated cells (Fig. 2C). No increase in fluorescence intensities was
observed in experiments using panspecific antibodies targeting
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histones 3 and 4 or the RELA/p65 protein. To identify the RELA/
p65 lysines acetylated as a consequence of vorinostat treatment,
S-tagged WT RELA/p65 expressed in PC3 cells was analyzed by
ESI-MS-MS. Eight lysine residues—K56, K62, K122, K123, K195,
K310, K314, and K315—demonstrated increased acetylation with
vorinostat, including K310 acetylation, which is linked to in-
creased nuclear retention and transcriptional activity of RELA/
p65 (43) (Fig. 2D). These data indicate that vorinostat treatment
led to prolonged acetylation of 8 of 18 lysine residues in RELA/
P65, resulting in increased nuclear localization and DNA binding.

NF-kB inhibition decreases VSV replication and oncolysis.
To further characterize the effects of NF-kB signaling on VSV
replication and RELA/p65 nuclear retention, a specific inhibitor
of IkB kinase (IKK), BAY11-7082 (BAY11), was used to block
NE-kB activity (44). Compared to control or VSV-treated cells
(Fig. 3A, lanes 1 and 3), a 3- to 6-fold increase (P < 0.005) in
nuclear retention of RELA/p65 was observed in cells treated with
vorinostat or vorinostat plus VSV (Fig. 3A, lanes 5 and 7). How-
ever, increased nuclear retention of RELA/p65 was reversed in
cells treated with vorinostat, VSV, and BAY11, demonstrating that
BAY11 efficiently inhibited RELA/p65 nuclear translocation/re-
tention stimulated by vorinostat-plus-VSV treatment (Fig. 3A,
lane 9). By immunofluorescence, the combination of vorinostat
plus VSV led to a 6-fold increase in the number of GFP-positive
cells (P < 0.01) and in nuclear localization of RELA/p65, as indi-
cated by higher nuclear signal for REL/p65 than for the control
(Fig. 3B, arrows); cotreatment with BAY11 dramatically decreased
the number of GFP-positive cells, as well as the nuclear signal for
RELA/p65 (Fig. 3B right), indicating decreases in viral replication
and nuclear retention of RELA/p65, respectively. The inhibitory
effect of BAY11 on NF-kB target gene expression was also exam-
ined by measuring mRNA levels of several NF-kB target genes
(Fig. 3C). While increased expression of IkBa, IL-13, CDKNI1A,
TNFAIP3, or BIRC3 mRNA was observed in cells treated with
vorinostat plus VSV, cotreatment with BAY11 led to an ~50%
decrease in the expression of these genes (P < 0.005). Altogether,
these data indicate that BAY11 can efficiently decrease VSV repli-
cation, RELA/p65 nuclear retention, and NF-kB target gene ex-
pression in PC3 cells.

To determine the effect of NF-«kB inhibition on VSV replica-
tion and oncolysis, PC3 cells were infected with VSV-GFP in the
presence of vorinostat or MS-275 and BAY11 (Fig. 4). An ~50 to
70% decrease in the number of GFP-positive cells (Fig. 4A) and 1-
to 2-log-unit decrease in virion release (Fig. 4B) were observed in
PC3 cells that were additionally treated with BAY11. Cell viability,
as measured by the percentage of GFP-, annexin V, and 7-amino-
actinomycin D (7-AAD) triple-negative cells, was also increased
(~80%) with additional BAY11 treatment compared to cells ex-
posed to VSV plus vorinostat only (Fig. 4C).

We also examined the effects of decreased expression of RELA/
p65 in PC3 cells on VSV replication using a genetic approach
(Fig. 4D and E). PC3 cells stably transfected with LeGO-1xT vec-
tor expressing shRNA that targets expression of RELA/p65 (shRel)
or a control shRNA targeting expression of luciferase (Ctrl-Luc)
(37) were infected with VSV, and viral replication was measured
by immunoblotting (Fig. 4D), plaque assay (Fig. 4E), and qPCR of
viral RNA (Fig. 4F). Knockdown of RELA/p65 efficiently inhibited
VSV replication, as shown by an ~1-log-unit decrease in VSV
replication in the knockdown cells (black bars) compared to con-
trol cells (Fig. 4E and F, white bars). Pretreatment with vorinostat
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FIG 1 Vorinostat treatment potentiates VSV replication, induces expression of NF-kB-regulated genes, and suppresses interferon response. (A) PC3 cells
were pretreated with MS-275 (2 pM) or vorinostat (Vor) (5 puM) for 24 h and then infected with VSV-GFP at an MOI of 0.01. Following infection, the
culture medium was supplemented with either complete medium containing MS-275 or vorinostat (C [continuous treatment]) or complete medium
alone (H [halted treatment]). VSV replication was assessed by fluorescence microscopy for GFP expression 24 h after VSV infection, and the fluorescence
signal was calculated for corrected total cell fluorescence (CTCF) using Image]. *, P < 0.05. (B and C) Heat maps showing differentially regulated genes
belonging to the IFN signaling pathway (B) and activation of IRF by cytosolic pattern recognition receptors (C). (D) Heat map showing differentially
regulated genes that are targets of the NF-kB transcription factor. The genes in panels B and C were selected based on Ingenuity Pathway Analysis (IPA;
Ingenuity Systems, Redwood City, CA) gene assignment.
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FIG 2 Vorinostat or MS-275 treatment leads to hyperacetylation and increased DNA binding of nuclear RELA/p65. (A) PC3 cells were exposed to the treatments
indicated above the blots, and nuclear extracts were immunoprecipitated for RELA/p65 and assessed for acetylated lysine residues or total RELA/p65 protein. IP,
immunoprecipitation; IB, immunoblotting. (B) PC3 cells were subjected to the indicated experimental conditions for 24 h, and the chromatin-bound fraction
was immunoblotted for RELA/p65. (Top) ORC2 was used as a loading control for chromatin-bound proteins. (Bottom) Proteins from whole-cell lysates were
immunoblotted for IkBa. (A and B) The numbers below the Western blots indicate protein/loading control signal ratios relative to the vehicle-treated cells. (C)
PC3 cells were exposed to DMSO (dimethyl sulfoxide) (shaded histogram), VSV (MOI = 0.1) (solid line), vorinostat (5 pM) (dashed line), or VSV plus
vorinostat (dotted line) for 24 h, and intracellular staining was performed for total acetylated histones or total histone 3 and histone 4 proteins (left), while
antibody targeting K310 of RELA/p65 or pan-RELA/p65 antibody was used for detection of acetylated lysine or total protein, respectively (right). (D) Schematic
representation of RELA/p65 with acetylated lysines indicated at the top, as determined by mass spectrometry analysis. C, continuous treatment; H, halted
treatment; APC, allophycocyanin; RHD, Rel homology domain; TAD, transactivation domain; NLS, nuclear localization signal; aa, amino acids.

did not rescue viral replication, indicating that the vorinostat-
mediated effect required functional NF-kB signaling. Altogether,
these data demonstrate that pharmacologic or genetic inhibition
of NF-kB signaling leads to a decrease in VSV replication and
oncolysis, as well as an increase in cell survival.

Vorinostat potentiates VSV oncolysis by increasing au-
tophagy. To investigate further the mechanistic basis of NF-kB-
mediated potentiation of VSV oncolysis, we searched for potential
downstream effectors of NF-kB signaling. From the global expres-
sion data set, we identified increased expression (up to 2.7-fold) of
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genes that belong to the autophagy pathway in PC3 cells after
treatment with vorinostat alone or with vorinostat plus VSV (Fig.
5A). Several of the autophagy-related genes (indicated by stars in
Fig. 5A) were found to possess one or more RELA/p65 binding
motifs, based on a search of their promoter regions (45). In agree-
ment with this observation, the levels of mRNA for ATGI101,
ATG7, and GABARAPLI increased 6- to 30-fold in PC3 cells ex-
posed to vorinostat or vorinostat plus VSV, whereas an ~4-fold
decrease (P < 0.01) was observed following cotreatment with
BAY11 (Fig. 5B). Furthermore, expression levels of ATGI101,
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FIG 3 The IKK inhibitor BAY11 blocks vorinostat-mediated nuclear translocation of p65 and decreases NF-kB target gene expression. PC3 cells treated with
VSV (MOI = 0.01) with or without vorinostat (5 uM) for 24 h were also pretreated with 10 wM BAY11 for 1 h where indicated. (A) Nuclear (N) and cytosolic
(C) extracts were separated by gel electrophoresis and immunoblotted for RELA/p65. THOCI was used as a loading control for the nuclear fraction. The numbers
below the Western blots indicate nuclear RELA/p65/THOCI signal ratios relative to the vehicle-treated cells = standard errors. (B) Confocal microscopy analysis
of PC3 cells that were infected with VSV-GFP (green), treated as indicated, and immunostained for RELA/p65 (red). (C) Relative mRNA levels of several NF-kB
target genes in PC3 cells exposed to the indicated treatments and assessed by qPCR. White bars, vehicle (DMSO) treatment; light-gray bars, vorinostat treatment;
dark-gray bars, VSV treatment; black bars, VSV-plus-vorinostat treatment; light-blue bars, VSV-plus-vorinostat-plus DMSO treatment; dark-blue bars, vori-
nostat-plus-VSV-plus BAY11 treatment. **, P < 0.01; ***, P < 0.005. The error bars indicate SD.

ATG7, and GABARAPLI1 were 2- to 5-fold lower in vorinostat- or
vorinostat-plus-VSV-treated cells stably knocked down for RELA/
p65 (Fig. 5C, black bars) than in control cells (white bars).

To determine the effect of RELA/p65 knockdown on au-
tophagy, shRel or Ctrl-Luc PC3 cells were examined for induction
of autophagy by Cyto-ID staining of autophagic vesicles (46) and
for apoptosis by annexin V staining at 24 or 48 h after exposure to
VSV with or without vorinostat. At 24 h, no significant increase in
apoptosis (annexin V staining) was observed in any of the treat-
ment groups (Fig. 5D, white bars). However, induction of au-
tophagy was observed for vorinostat-treated cells with or without
VSV infection (Fig. 5D, black bars). For these treatment groups,
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between 75 and 83% of the Ctrl-Luc cells and only ~15% of the
shRel cells were Cyto-ID positive. At 48 h postinfection (Fig. 5E),
levels of autophagic and apoptotic cells in the vorinostat-only and
VSV-only treatment groups were similar to those in their respec-
tive treatment groups at 24 h postinfection. However, the combi-
nation treatment of vorinostat plus VSV altered the amount of
autophagic and apoptotic cells 48 h postinfection. The number of
annexin V-positive Ctrl-Luc cells dramatically increased to
~66%, while the number of annexin V-positive shRel cells in-
creased by ~15%. Only a modest increase in the number of shRel
autophagic cells was observed (~35%), indicating that functional
RelA expression was required to observe autophagy or apoptosis.
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FIG 4 BAY11 or knockdown of RELA/p65 reverses vorinostat or MS-275-mediated enhancement of VSV oncolysis. (A and B) PC3 cells were pretreated with

DMSO (black bars), MS-275 (2 wM) (dark-gray bars), or vorinostat (5 wM)

(light-gray bars) with or without BAY11 (10 pM) and infected with VSV-GFP

(MOI = 0.01), as indicated below the graphs, for 24 h. Viral replication was quantified by flow cytometry (A) or plaque assay (B). (C) Cell viability of PC3 cells
was measured by flow cytometry as a percentage of GFP and annexin V double-negative cells. (D and E) Quantification of VSV replication by immunoblotting
(D) or plaque assay (E) in Ctrl-Luc (white bars) and shRel (black bars) cells exposed to VSV with or without vorinostat. (F) Quantification of VSV genomic
mRNA by qPCR in Luc-Ctrl (white bars) and shRel (black bars) cells exposed to VSV with or without vorinostat at 12 and 24 h postinfection. *, P < 0.05; **, P <

0.01; ***, P < 0.005. The error bars indicate SD.

Taken together, these data indicate that induction of autophagy in
vorinostat-plus-VSV-treated cells (at 24 h) precedes induction of
apoptosis (at 48 h), and apoptosis was observed only in cells ex-
posed to VSV plus vorinostat. This also reveals that apoptosis is a
direct consequence of VSV oncolysis and not vorinostat-induced
autophagy. In agreement with the relative resistance of PC3 cells
to vorinostat-induced apoptosis (29), at 48 h, only ~15% of vori-
nostat-treated Ctrl-Luc cells were annexin V positive.

To further confirm the role of autophagy in the vorinostat-
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mediated increase in VSV cytotoxicity, autophagy-deficient
mouse embryonic fibroblasts (Atg5 '~ MEFs) were infected with
VSV in the presence of increasing concentrations of vorinostat
(Fig. 6A). While addition of vorinostat led to increased VSV rep-
lication in WT MEFs, no increase in VSV replication was observed
upon addition of vorinostat to Atg5 '~ MEFs (Fig. 6A). Further-
more, in PC3 cells, addition of the autophagy inhibitor 3-MA led
to a decrease in the number of GFP-positive cells, even in the
presence of vorinostat (Fig. 6B). Because autophagy can positively
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FIG 5 Vorinostat treatment upregulates the autophagy pathway. (A) Fold changes of autophagy-related genes assessed by global genome expression profiling in
four experimental groups relative to nontreated (control) PC3 cells. The autophagy-related genes indicated by the stars were found to possess one or more
RELA/p65 binding motifs. (B and C) qPCR assessment of mRNA levels for ATG101, ATG7, and GABARAPLI genes in PC3 cells exposed to VSV (MOI = 0.01)
with or without vorinostat (5 uM) in the presence of BAY11 (10 M), as indicated below the graphs (B) or in Ctrl-Luc and shRel cells exposed to VSV with or
without vorinostat for 24 h (C). White bars, Ctrl-Luc cells; black bars, shRel cells. (D and E) Ctrl-Luc or shRel stably transfected PC3 cells were treated with VSV
with or without vorinostat for 24 h (D) or 48 h (E); the levels of autophagic vesicles or apoptosis were measured by flow cytometry using the Cyto-ID Autophagy
Detection Kit (black bars) or annexin V staining (white bars). H, halted; C, continuous. **, P =< 0.01. The error bars indicate SD.

or negatively modulate the innate immune response to viral infec-
tion (47), we evaluated the expression of several innate antiviral
response genes using a Fluidigm BioMark assay (Fig. 6C). Treat-
ment with 3-MA in the presence of vorinostat increased the

March 2014 Volume 88 Number 5

mRNA levels of IFN-stimulated genes—CXCL10, IFIT1, IFIT2,
IFITM1, MX1, and MX2 genes—in VSV-infected cells, indicating
that the inhibition of autophagy increased IFN antiviral responses.
The increase in mRNA was specific for IFN-regulated genes, as no
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FIG 6 Inhibition of autophagy decreases VSV replication and increases antiviral signaling. (A) Atg5™/" (black bars) or Atg5 /'~ (white bars) MEFs were exposed
to the indicated concentrations of vorinostat and infected with VSV-GFP (MOI = 0.0001), and viral replication was assessed 24 h later by flow cytometry. (B) PC3

cells were treated with 0 mM (black bars), 5 mM (dark-gray bars), 7.5 mM (light-gray bars), or 10 mM (white bars) 3-MA for 1 h prior to VSV-GFP (MOI =

0.01)

infection, and viral replication was assessed by flow cytometry 24 h later. (C) Gene expression analysis using the Dynamic Arrays platform for several genes
(indicated on the left) in PC3 cells exposed to VSV (MOI = 0.01) and vorinostat (5 wM) with or without 5, 7.5, or 10 mM 3-MA. (D) PC3 cells were exposed to
the treatments indicated at the top, and antiviral signaling and apoptotic markers were assessed by immunoblotting. **, P < 0.01; ***, P < 0.005. The error bars

indicate SD.

increase in the levels of proinflammatory interleukin 1A (IL-1A),
IL-6, or IL-10 genes was observed. The reversal of the immuno-
suppressive effect of vorinostat by 3-MA was further confirmed by
immunoblotting for phosphorylated STAT1, IFIT1, MX1, and
ISG15 in Ctrl-Luc and shRel cells. These proteins were upregu-
lated in shRel cells in response to VSV plus vorinostat, and a sim-
ilar trend was observed in Ctrl-Luc cells that were treated with
VSV plus vorinostat plus 3-MA, whereas Ctrl-Luc cells treated
with VSV plus vorinostat maintained the ability to downregulate
these proteins. Similarly, expression of VSV proteins (data not
shown) and markers of apoptosis (cleaved PARP and cleaved
caspase 3) was upregulated in Luc-Ctrl cells, but not in shRel or
Ctrl-Luc cells treated with 3-MA (Fig. 6D). Taken together, these
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data demonstrate that NF-kB-dependent autophagy plays a major
role in vorinostat-mediated increase in VSV oncolysis by decreas-
ing IFN-mediated antiviral responses and facilitating apoptosis.
To further confirm the generality of these observations, the
role of NF-kB signaling in VSV oncolysis was also examined using
two additional cell lines, prostate cancer DU145 and colon cancer
HCT116 cells (Fig. 7). Decreases in cell survival, increased num-
bers of infected cells, and increased virion release were all observed
in DU145 (white bars) and HCT116 (black bars) cells upon VSV-
plus-vorinostat treatment compared to VSV infection alone (Fig.
7A to C). Addition of BAY11 increased cell survival and decreased
viral replication by approximately 2 log units. To assess whether
vorinostat treatment induces autophagy in DU145 and HCT116
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FIG 7 Vorinostat promotes VSV replication and induces autophagy in nonpermissive cells. DU145 (black bars) and HCT116 (white bars) cells were exposed to
VSV-GFP with or without 5 uM SAHA, in combination with 10 uM BAY11 where indicated, for 24 h. (A) Cell viability was measured by flow cytometry as a
percentage of GFP and annexin V double-negative cells. (B and C) VSV replication was assessed by measuring the number of GFP-positive cells (B) and plaque

assay (C). (D) DU145 and HCT116 cells were exposed to the treatments indica
error bars indicate SD.

cells, we examined two markers of autophagy, LC3 lipidation and
degradation of SQSTM1 (48) (Fig. 7D). In both cell lines, vorinos-
tat treatment alone or in combination with VSV induced LC3
lipidation and degradation of SQST1, indicating upregulation of
autophagy markers in vorinostat-treated cells.

DISCUSSION

In previous studies, we and others (19, 49-51) characterized a
combination strategy using HDIs to potentiate oncolysis in cancer
cells that are not highly permissive to OV replication. However,
the antitumor mechanism of the therapeutic combination re-
mained elusive, and with the present study, we sought to investi-
gate the molecular basis of VSV oncolysis in combination with the
histone deacetylase inhibitor vorinostat. We demonstrate that
vorinostat in combination with VSV (i) induced reversible expres-
sion of a subset of NF-kB-regulated genes, as well as IFN-stimu-
lated genes; (ii) induced hyperacetylation and increased nuclear
retention of RELA/p65; (iii) increased expression of autophagy-
related genes in an NF-kB-dependent manner; and (iv) triggered
autophagy, which preceded and facilitated VSV oncolysis in PC3
cells.

Global genome expression analysis of differentially regulated
genes in PC3 cells exposed to vorinostat with or without VSV
revealed increased expression of numerous NF-kB-regulated
genes. Subsequent biochemical analysis revealed increased acety-
lation and nuclear retention of NF-kB subunit RELA/p65 in the
presence of vorinostat, and mass spectrometry analysis of RELA/
p65 identified acetylation of eight lysine residues in RELA/p65.
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ted above the gels, and autophagy markers were assessed by immunoblotting. The

The functional roles of several acetylated lysines of RELA/p65 are
known: acetylation of K310 is required for full transcriptional ac-
tivity (43), acetylation of K314 and K315 regulates the specificity
of gene expression (52), and acetylation of K122 and K123 reduces
DNA binding capacity (53). We also detected for the first time
increased acetylation of K56, K62, and K195, although the func-
tional roles of these sites are currently unknown. Based on our
data, these lysines may play a role in nuclear shuttling and seques-
tration, specificity of target gene expression, and/or regulation of
DNA binding affinity.

Further bioinformatics analysis of differentially regulated
genes revealed increased expression of several autophagy-related
genes in PC3 cells after treatment with vorinostat or vorinostat
plus VSV. This observation led us to further examine the associa-
tion between NF-kB and autophagy. Increased expression of three
autophagy-related genes—ATG101, ATG7, and GABARAPL1—
was observed in cells where NF-kB signaling was stimulated with
vorinostat; conversely, inhibition of NF-kB by BAY11 or
shRNA-mediated knockdown of RELA/p65 led to decreased
expression of ATG101, ATG7, and GABARAPLI. The role of
autophagy in viral infection is context dependent and may in-
volve elimination of viral particles or suppression of apoptosis
and/or innate immune responses, providing a suitable envi-
ronment for viral replication. Stimulation of pattern recogni-
tion receptors induces autophagy by unknown mechanisms,
and autophagy may also be a mechanism by which viruses and
other pathogens escape innate immune responses (47). A num-
ber of viruses, such as coronavirus, dengue virus, and coxsacki-
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evirus, can utilize the autophagic machinery as a scaffold to
promote viral replication (reviewed in reference 36). Au-
tophagy can also contribute to oncolysis; for example, a com-
bination of oncolytic adenovirus and autophagy inducers
greatly improved OV antitumor efficacy in both glioblastoma
cell lines and U87MG-derived glioma xenograft models (54).
We also previously described a role for autophagy as an anti-
tumor mechanism in chronic lymphocytic leukemia (CLL)
cells, where treatment of CLL cells with the combination of
Bcl-2 inhibitors and VSV led to induction of metabolic stress
and subsequent disruption of anti-autophagic protein-protein
interactions (55).

Activation of the canonical NF-«kB pathway is also closely associ-
ated with regulation of autophagy. Transforming growth factor beta
(TGF-B)-activated kinase 1 (TAK1) activates IKK, which in turn
phosphorylates IkBa, the inhibitory subunit of the NF-kB complex,
leading to activation of NF-kB-mediated signaling. If TAK1 or any
other component of the IKK complex is inhibited, induction of au-
tophagy by upstream stimuli is impaired (56). In agreement with this,
we observed increased expression of three autophagy-related genes—
ATG101, ATG7, and GABARAPLI genes—in cells where NF-kB sig-
naling was stimulated with vorinostat; conversely, inhibition of
NF-kB by BAY11 or shRNA-mediated knockdown of RELA/p65 led
to decreased expression of ATG101, ATG7, and GABARAPLI genes.
Although the main function of NF-kB is to regulate the expression of
specific genes in the cells of the immune system, some viruses utilize
anti-apoptotic properties of NF-kB to divert its function from regu-
lation of immune responses to modulation of cell growth and apop-
tosis, thus providing a survival advantage to the virus (reviewed in
reference 57).

In this study, we uncovered a function of NF-kB that facilitates
VSV replication: the NF-kB-regulated suppression of innate immune
responses mediated by the autophagic pathway. Pharmacologic inhi-
bition of autophagy by 3-MA led to the upregulation of both type I
IFN and cytokine expression and a subsequent decrease in VSV rep-
lication even in the presence of vorinostat. These data are in agree-
ment with a recent study in which knockdown of several autophagy
genes in immortalized human hepatocytes inhibited the growth of
hepatitis C virus and increased IFN-mediated responses (58). Never-
theless, exactly how autophagy decreases innate responses following
VSV-plus-vorinostat infection remains unclear; Jounai et al. offered a
potential mechanism in which autophagy proteins constitutively as-
sociate with the RIG-I and MAVS proteins and thus restrict virus-
induced type I IEN response (59).

In summary, we provide new evidence that vorinostat potentiates
VSV oncolysis, not only by direct suppression of innate immune re-
sponses, but also by indirectly stimulating induction of the au-
tophagic pathway leading to VSV-mediated apoptosis in cells with
functional NF-kB signaling. With a number of OV entering clinical
trials and promising data emerging from phase I and III clinical trials
(3, 60), understanding the cellular processes that modulate tumor
responses to virus-based therapies becomes an essential component
of the successful clinical implementation of OVs.
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