3824

Published OnlineFirst May 14, 2019; DOI: 10.1158/0008-5472.CAN-18-2414

Metabolism and Chemical Biology

Inhibition of Pyruvate Dehydrogenase Kinase
Enhances the Antitumor Efficacy of Oncolytic

Reovirus

Cancer
Research

Check for
updates

Barry E. Kennedy', John Patrick Murphy', Derek R. Clements', Prathyusha Konda?,
Namit Holay', Youra Kim', Gopal P. Pathak', Michael A. Giacomantonio',

Yassine El Hiani®, and Shashi Gujar'®**

Abstract

Oncolytic viruses (OV) such as
reovirus preferentially infect and
kill cancer cells. Thus, the mechan-
isms that dictate the susceptibility
of cancer cells to OV-induced cyto-
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toxicity hold the key to their suc- & o o
cess in clinics. Here, we investigat- i !
ed whether cancer cell metabolism < E)?'ﬁ&

defines its susceptibility to OV and
if OV-induced metabolic perturba-
tions can be therapeutically tar-
geted. Using mass spectrometry—
based metabolomics and extracel-
lular flux analysis on a panel of
cancer cell lines with varying
degrees of susceptibility to reovi-
rus, we found that OV-induced
changes in central energy metabo-
lism, pyruvate metabolism, and
oxidative stress correlate with their
susceptibility to reovirus. In partic-
ular, reovirus infection accentuated
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tions in cell lines relatively resistant

to oncolysis. These metabolic changes were facilitated by oxidative stress—induced inhibitory phosphorylation of pyruvate
dehydrogenase (PDH) that impaired the routing of pyruvate into the tricarboxylic acid cycle and established a metabolic
state unsupportive of OV replication. From the therapeutic perspective, reactivation of PDH in cancer cells that were weakly
sensitive for reovirus, either through PDH kinase (PDK) inhibitors dichloroacetate and AZD7545 or short hairpin RNA-
specific depletion of PDK1, enhanced the efficacy of reovirus-induced oncolysis in vitro and in vivo. These findings identify
targeted metabolic reprogramming as a possible combination strategy to enhance the antitumor effects of OV in clinics.

Significance: This study proposes targeted metabolic reprogramming as a valid combinatorial strategy to enhance the
translational efficacy of oncolytic virus-based cancer therapies.
Graphical Abstract: http://cancerres.aacrjournals.org/content/canres/79/15/3824/F1.large.jpg.
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Introduction

Oncolyticviruses (OV) preferentially infect and kill cancer cells,
in a process known as oncolysis, without harming normal cells. As
such, many OVs are being tested internationally in phase I/II/II
clinical trials (1). One such oncolytic agent, reovirus, a benign
double-stranded human RNA virus, is known to preferentially
infect and lyse a wide range of cancerous cells in preclinical
models, and in patients (2, 3). Cancer cells with impaired expres-
sion of IFN show heightened permissiveness to reovirus infec-
tion (4). Once inside, the mechanism of reovirus-induced cyto-
toxicity is less clear, but necrosis, apoptosis, and autophagy are all
likely involved (5, 6). It is being acknowledged that the optimum
therapeutic efficacy of OV will depend on the complimentary
therapeutic interventions that synergize its antitumor effects.

For over 50 years, it has been known that, following virus
infection, the generation of viral particles in the infected cell is
facilitated through intrinsic metabolic pathways (7). Paradoxi-
cally, cellular antiviral defenses employ similar metabolic
changes, such as upregulation of glycolysis, to fight viral infection
through an unclear mechanism (8, 9). In this context, a better
understanding of the metabolic perturbations arising due to OV
infection of cancer cells promise to unravel new therapeutically
relevant vulnerabilities within cancers.

Here, using mass spectrometry—based metabolomics and extra-
cellular flux analysis in several cancer cells, we show that suscep-
tibility of cancer cells to reovirus-mediated oncolysis correlates
with the perturbations within central energy metabolism and
oxidative stress. In cancer cells that are relatively resistant to
reovirus-mediated oncolysis, such as the triple-negative murine
breast cancer cells, 4T1, reovirus infection causes an early induc-
tion of oxidative stress, which causes phosphorylation-dependent
inhibition of pyruvate dehydrogenase (PDH), leading to a met-
abolic state unsupportive of OV replication and subsequent
oncolysis. Most importantly, therapeutically relevant reactivation
of PDH, through the pharmacologic or genetic inhibition of PDH
kinase 1 (PDK1), enhances antitumor efficacy of reovirus in vitro
and in vivo. In summary, these findings put forward a therapeutic
paradigm, wherein, targeted metabolic manipulations can be
combined with OVs to formulate the efficacious combinatorial
cancer virotherapies.

Materials and Methods

Chemical and reagents
All chemicals and reagents were acquired from Sigma or
Thermo Fisher Scientific, unless otherwise stated.

Animals

For the reovirus-only injections, 6- to 8-week-old female Balb/c
mice were purchased from Charles River. 4T1 tumors were gen-
erated by injecting 1 x 10’ cells per mouse in the right flank.
Visible tumors (day 10 post injection) were injected with a series
of three intratumoral injections of reovirus [5 x 10% plaque-
forming unit (PFU), in 50 puL of PBS] each 2 days apart. Five
mice per group were used. For the combination studies, 6- to
8-week-old female Balb/c mice were purchased from Charles River
and male NOD SCID (NOD.CB17-Prkdcscid/NCrCrl) mice were
generated by an in-house breeding colony. Ten- to 16-week-old
SCID mice (2-5/cage) and Balb/c (4 or 5/cage) were injected with
5 x 10* 4T1 cells in the right flank. Visible tumors (day 14 post
injection for SCID and day 10 for Balb/c) were injected with a
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series of three intratumoral injections each 2 days apart, these
injections were either PBS, DCA (50 mg/kg mouse), reovirus (5 x
10® PFU for Balb/c or 1 x 107 PFU for SCID), or combination of
reovirus and DCA in a total volume of 50 pL. The mice were
randomly treated but identical treatment groups were housed
together for the duration of the experiment. In addition, 1 day
after tumor injection, DCA was supplied in the drinking water at
500 mg/L (based on observation that SCID and Balb/c mice
consumed an average of 5 and 2 mL of water per day per mouse,
respectively; ref. 10), therefore each SCID mouse consumed
approximately 100 mg/kg and each Balb/c mouse consumed
approximately 40 mg/kg of DCA a day), this protocol was adopted
from Yaromina and colleagues (11). In addition, chow mash was
provided to all mice, and where applicable, mash was supple-
mented with DCA at 500 mg/L. Between 8 and 15 mice were used
per group.

The ellipsoid volume formulas (pi/6 x longest diameter x
smallest diameter x height of tumor) was measured every second
day throughout the duration of the experiment with a caliper. The
mice were monitored every day, and endpoints were determined
unbiasedly by independent animal technicians according to
tumor size, tumor ulceration, mouse weight loss, and mouse
overall health. The experimental procedures were governed by the
approval of the Ethics Committee at the Dalhousie University
(Halifax, Nova Scotia, Canada).

Cell lines and reovirus

Reovirus (serotype 3, Dearing strain) was propagated in L929
cells grown in suspension in Joklik-modified Eagle medium
containing 5% FBS. The virus was purified according to the
protocol of Smith and colleagues (12) with the exception that
B-mercaptoethanol was omitted from the extraction buffer. Dead
virus was prepared by exposing the live virus to ultraviolet (UV)
light for 45 minutes. Reovirus concentration was determined
through titering virus on 1929 cells by standard plaque assay.

Murine breast cancer (4T1), melanoma (B16-F10), teratocar-
cinoma (P19), pancreatic (Pan02), prostate (TRAMPC2), prostate
(TRAMPC1), and human pancreatic (Pancl) cancer cells were
originally purchased from ATCC. Mouse ovarian surface epithelial
(ID8) cells were obtained from Edith Lord (University of Roche-
ster, Rochester, NY; ref. 13). Further cell authentication was not
performed for this study. Cells were grown and maintained as per
ATCC protocols. Mycoplasma testing was performed bimonthly
using MycoAlert (Lonza). Furthermore, all experiments were
performed within 10 passages after thawing frozen stocks.

Mass spectrometry metabolomics

Samples were prepared and analyzed as per Yuan and collea-
gues (14). Cancer cells (grown to confluency in a 6-well plate)
infected with or without reovirus [multiplicity of infection (MOI)
10] and treated with or without DCA (5 or 20 mmol/L) were
collected in 200 UL of 80% ice -cold (—20°C) methanol. Metab-
olite levels were analyzed using multiple reaction monitoring
with a Sciex 5500 QTRAP triple-quadrupole mass spectrometer.
MultiQuant v2.1 software was used to integrate the peak areas
from the Q3 TIC values across the chromatographic elution. Each
peak area from every sample was manually confirmed. Peak
heights normalized to the sum of peak heights per sample were
used to determine relative metabolite concentrations between
samples. Each relative metabolite level represents the mean of
three samples from independent wells.
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Proteomics

Trypsin-digested peptides were labeled using TMT 11-plex
reagents as described previously (15). TMT11-labeled samples
were fractionated using high-pH reverse-phase chromatography
performed with an Onyx monolithic 100 x 4.6-mm C18 column
(Phenomenex). Fractions were desalted using homemade Stage
Tips (16), lyophilized, and analyzed with an Orbitrap Velos Mass
Spectrometer (Thermo Fisher Scientific) using an MS3 method as
described previously (15-17). Protein identification was per-
formed using a database search against a mouse proteome data-
base (downloaded from UniProtKB in September 2014)
concatenated to a mammalian orthoreovirus 3 (Dearing strain)
database (downloaded from UniProtKB in September 2014). All
FDR filtering and protein quantitation was performed as
described previously (15). A protein was required to have a
minimum total signal-to-noise ratio of 100 in all TMT reporter
channels. Data for heatmaps and individual protein profiles are
represented by relative intensity, based on the summed signal-to-
noise ratio.

Flow cytometry

Briefly, trypsinized cancer cells were incubated with a viability
dye [7AAD (eBioscience catalog no. 00-6993-50, 1:50)] for 15
minutes at 4°C, reactive oxygen species stains |[H2DCFH-DA
(DCF, Molecular Probes catalog no. C6827, 1 umol/L) or Mito-
SOX (Molecular Probes catalog no. M36008, 5 umol/L)| for 30
minutes at 37°C for 30 minutes at 37°C in FACS buffer [PBS pH
7.4 (Gibco catalog no. 10010), 1% FBS, and 5 mmol/L EDTA]
according to the manufacturer's protocol. To measure glucose
uptake, cells were incubated with a fluorescent b-glucose
analogue, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-
deoxy-p-glucose [2-NBDG #N13195 (50 pmol/L)], for 30 min-
utes at 37°C in normal media. For reovirus infectivity detection,
trypsinized cancer cells were permeabilized and fixed using
FOXP3 Fix/Perm Buffer (BioLegend catalog no. 421403). Permea-
bilized fixed cells were incubated with a rat anti-reovirus antibody
(generated in-house) for 30 minutes at 4°C and subsequent
secondary Alexa 488-conjugated anti-rat antibody (Invitrogen)
for 30 minutes at 4°C. Data acquisition was done with BD
FACSCalibur, data analysis was done using Flowing 2 or FCS
Express V5 Software (De Novo Software). Each metabolic FACS
experiment was completed a minimum of five independent
experiments each completed in triplicate.

Metabolomic assays

Lactate assay was completed using a kit from Megazyme as per
the manufacturer's protocol.

Extracellular flux analysis was completed with a XF24 Analyzer
(Seahorse Biosciences). Briefly, 8 x 10* cancer cells were seeded
into the XF24 cell culture microplate and incubated with or
without DCA (5 or 20 mmol/L) and/or reovirus (MOI 1 or 10)
for 24 hours. Oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) by cells were measured in XF assay
media (unbuffered DMEM containing 2 mmol/L glutamine
and 1 mmol/L pyruvate) after subsequent injections of glucose
(final = 10 mmol/L), oligomycin [04876; Sigma (final) = 1
umol/L], carbonyl cyanide 4-(trifluoromethoxy)phenylhydra-
zone [FCCP, C2920; Sigma (final) = 1.5 pumol/L], rotenone
[R8875; Sigma (final) = 1 umol/L], and antimycin A [A8674;
Sigma (final) = 1 umol/L] according to the manufacturer's pro-
tocol. After each experiment, live cells were counted by trypan
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blue exclusion and ECAR and OCR values were normalized,
although minimal cell death was observed. For the initial cancer
cell screen, all measurements were completed on three indepen-
dent experiments. For 4T1 experiments, the Seahorse experiments
were completed in five independent experiments all in triplicate.

Immunoblot analysis

Cell lysates were prepared in 0.1% SDS in PBS with protease
and phosphatase inhibitors. Protein content was determined by a
bicinchoninic acid-based Photometric Assay (Thermo Fisher
Scientific catalog no. 23235). Proteins were separated by SDS-
PAGE and transferred to nitrocellulose membranes. Membranes
were blocked in 2% (w/v) BSA in TBS with 5% (v/v) Tween
(pH 7.4). Primary antibodies used in this study were: mouse
anti-pyruvate dehydrogenase el-alpha subunit antibody
(Abcam catalog no. ab110330), rabbit anti-pyruvate dehydro-
genase el-alpha subunit (phospho s293) antibody (Abcam
catalog no. ab177461), rabbit anti-pdk1 (Cell Signaling Tech-
nology catalog no. c47h1), and mouse anti-beta-actin (Santa
Cruz Biotechnology catalog no. sc-47778). Secondary horse-
radish peroxidase-conjugated donkey anti-rabbit and anti-
mouse antibodies were detected by enhanced chemilumines-
cence. Imaging and analysis of band density was performed by
Bio-Rad blot analyzer. For the pPDH analysis in all cancer cells
we were unable to load all of the samples on a single gel, so to
compare levels across immune blots we used an exposure
control, all bands were normalized to the exposure control
before ratios were calculated. Immunoblot analysis represents
data from a minimum of three independent experiments.

qRT-PCR

RNA extractions were conducted using TRizol methodology. A
Bio-Rad PCR machine was used for qRT-PCR, using GoTaq qPCR
Master Mix (Promega) for amplification and quantification. All
primers used were purchased from Invitrogen. Primers used (5'-
3"): Pdkl (ACGGGACAGATGCGGTITATC and GCITCCAGGC-
GGCTTITATTG), Pdk2 (CGGGCGCTGTITGAAGAATG and CCTG-
CCGGAGGAAAGTGAAT), Pdk3 (AAGCAGATCGAGCGCTACTC
and TTAGCCAGTCGCACAGGAAG), Pdk4 (TITCCAGGCCAA-
CCAATCCA and AGACGACAGTGGCCTCTACT), Ddx58 AGAC-
GGITCACCGCATACAG and AAGCGTCTCCAAGGACAGTG),
Ifnal (TTTCCCCTGACCCAGGAAGATG and TCTCTCAGTCIT-
CCCAGCACATT), and Isg56 (GAGCCAGAAAACCCTGAGTACA
and AGAAATAAAGTTGTCATCTAAATC). The results were collect-
ed and analyzed by Livak and Schmittgen 2—AAC, method (18).
All qPCR data were collected from three independent
experiments.

Lentiviral short hairpin RNA knockdown

Lentiviral short hairpin RNA (shRNA) clones for Pdkl were
from the RNAIi consortium (Dharmacon catalog no. RMM4534-
EG228026, #1: TRCN0000078808, #2: TRCN0000078809, and
nontargeting control: RHS6848) were used according to standard
procedures.

Plaque assay

4T1 cells were infected with a low MOI (0.1) of reovirus for
2 hours and were washed to remove nonbound virus, released
virus was then collected 24, 48, and 72 hours post infection
(h.p.i). Supernatant was collected and titered on L929 cells by
standard plaque assay.

Cancer Research

Downloaded from cancerres.aacrjournals.org on November 6, 2020. © 2019 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

Published OnlineFirst May 14, 2019; DOI: 10.1158/0008-5472.CAN-18-2414

Immunofluorescence staining and imaging

Cells were infected with reovirus on coverslips in 12-well
dishes. After 24 hours, cells were incubated with 100 nmol/L
MitoTracker Deep Red (Thermo Fisher Scientific). Next, cells were
washed with PBS and incubated for 20 minutes in 4% parafor-
maldehyde. Fixed cells were washed with PBS, then permeabi-
lized/blocked in permeabilization buffer (0.1% TritonX-100 and
2% FBS in PBS) for 30 minutes. Afterwards, cells were incubated at
room temperature with rat anti-reovirus (generated in-house) for
1 hour, washed with permeabilization buffer, and incubated with
FITC anti-rat antibody (Jackson ImmunoResearch Laboratories)
for an hour. Coverslips were washed and mounted on glass slides
using ProLong Diamond Antifade Mountant (Life Technologies).
Imaging was performed at Zeiss Meta510 inverted laser scanning
confocal microscope equipped with 488, 543, and 633 nm lasers
using 63 x Apochromat NA 1.2 objective. Images (1,024 x 1,024
pixels) were captured by Zeiss AxioCam MRc camera. ZEN image
acquisition software (Zeiss) was used for image acquisition.
Confocal images were acquired as Z-stacks, then compiled into
a maximal projection, and analyzed using ImageJ (19).

Statistical analysis

Statistical analysis was done using ANOVA analysis or Kaplan-
Meier survival analysis coupled with log-rank test (both with 95%
confidence interval). P < 0.05 was considered to be statistically
significant. Principal component analysis was performed on the
normalized proteomics data with R.

Enrichment analysis

All detectable metabolites were organized into specific and
general metabolic pathways based on Kyoto Encyclopedia of
Genes and Genomes (KEGG) metabolic pathways. To determine
pathways that were enriched by reovirus infection or DCA treat-
ment, an overrepresentation analysis was completed. Briefly,
metabolites that were increased or decreased by 1.5-fold and
t test probability < 0.05 were selected and compared with the
original list of metabolites, and then we calculated percent of
metabolites changed. We used this percent to calculate the
expected number of metabolites that would change if the meta-
bolites were randomly distributed throughout the various met-
abolic pathways. We then calculated fold enrichment by dividing
metabolites changed by 1.5-fold by the number of metabolites
expected to have changed if random. Probability was calculated
by the hypergeometric test.

Gene ontology term and Interferome analysis

Proteins that were either increased or decreased by 1.5-fold
compared with indicated treatment/control were analyzed using
the publicly available Panther Classification System using
the statistical overrepresentation test. Only pathways that had a
FDR < 0.05 were considered. To determine whether targeted
proteins were regulated by IFN, the publicly available Interferome
database was used.

Results

Virus-induced oxidative stress and central energy metabolism
flux correlate with cancer cell sensitivity to oncolysis
Currently, the possible metabolic determinants for OV onco-
lysis in cancer cells are unknown. To elucidate this, we first
performed unbiased metabolomics on reovirus-infected cancer

www.aacrjournals.org

Oncolytic Reovirus in Combination with PDH Reprogramming

cells, using targeted metabolic profiling with hydrophilic inter-
action liquid chromatography mass spectrometry (HILIC-MS;
ref. 14). For this purpose, we used eight cancer cell lines of varying
degrees of susceptibility to reovirus (as determined by oncolysis at
72 h.p.i,; Fig. 1A and B; Supplementary Fig. S1A; Supplementary
Tables S1 and S2). It should be noted that a caveat with comparing
multiple cell lines is variable infection rates, thus noninfected cells
in the population are likely masking metabolic changes (Supple-
mentary Fig. S1B). However, the percent of infected cells at 18 h.
p-i. did not correlate with percent oncolysis at 72 h.p.i. (Supple-
mentary Fig. S1C). This is likely because susceptibility of cancer
cells to oncolytic reovirus is a multiparameter paradigm (e.g.,
IFN). At an early timepoint of 24 h.p.i., reovirus infection (MOI
10) induced several cell-dependent changes in intracellular meta-
bolites (Fig. 1A and B). To characterize these changes into path-
ways, we used overrepresentation analysis on metabolites that
were changed by 1.5-fold with a P < 0.05 for each KEGG pathway
(Supplementary Tables S3 and S4). As shown in Supplementary
Fig. S1A, pathways involved in central energy, amino acid,
and nucleotide were frequently enhanced. These results captured
OV-induced metabolic rewiring within cancers, and pointed
toward a possible link between the virus-induced metabolic
response and oncolysis.

To identify metabolites associated with the susceptibility of
cancer cells to reovirus oncolysis, we correlated the metabolite
basal levels with reovirus-mediated oncolysis. Few correlated with
reovirus-mediated oncolysis (Supplementary Fig. S1D and S1E;
Supplementary Table S5). However, in line with a role for oxi-
dative phosphorylation and glycolysis, we identified basal met-
abolic characteristics of cancer cells that predict reovirus oncolysis
including OCR and ECAR (Fig. 1C and D). Both OCR and ECAR
negatively correlate with oncolysis (Fig. 1C and D), suggesting
that cancer cells with an inherently higher metabolic activity are
more resistant to oncolysis.

To further investigate this link, we correlated reovirus-induced
metabolic changes with oncolysis. Indeed, several reovirus-
induced metabolite changes correlated with oncolysis (Fig. 1E;
Supplementary Table S5). Notably, induction of oxidative stress
metabolites, glutathione and glutathione disulfide negatively
correlated with oncolysis (Fig. 1F). Also, a negative correlation
between an induction of acetyl-CoA, the first metabolite in the
TCA cycle or fatty acid synthesis, and oncolysis suggests that the
effects of reovirus on central metabolism could determine sus-
ceptibility. Furthermore, induction of the TCA cycle intermediate,
isocitrate, which is commonly found at high levels in cancer cells
with a defective TCA cycle (20), positively correlated with cell
death, suggesting the induction of mitochondrial dysfunction
during reovirus-mediated oncolysis (Fig. 1E and F). We also,
compared the reovirus-induced metabolic changes with percent
of infected cells (Supplementary Fig. SIF-S1H). We observed
less metabolites that correlated with reovirus infection as com-
pared with oncolysis, however, two that did were glutathione,
which positively correlated and the glycolysis intermediate,
p-glyceraldehyde 3-phosphate, which negatively correlated with
percent infected cells (Supplementary Fig. S1G and S1H). We then
examined the effect of reovirus infection on OCR and ECAR, and
found that 4T1 and Pancl had decreased OCR, whereas
TRAMPC1 cells had increased OCR after reovirus infection
(Fig. 1G and H; Supplementary Fig. S2A). ECAR was increased
by reovirus infection in 4T1 and TRAMPCI1 cells (Fig. 11 and J;
Supplementary Fig. S2B). These reovirus-induced changes on
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OCRssignificantly correlated with reovirus cytotoxicity, whereas
reovirus-induced changes on ECAR did not (Fig. 1H-J). To
expand the role of oxidative stress in reovirus susceptibility, we
measured basal and reovirus-induced ROS (Fig. 1K). Reovirus
infection increased ROS only in 4T1 cells, suggesting a unique
response by these cells (Fig. 1K). However, basal ROS levels
positively correlated with oncolysis (Fig. 1L), suggesting a role
for oxidative stress in oncolysis. In summary, unbiased meta-
bolomics and flux analysis identified oxidative stress and cen-
tral energy metabolism as potential determinants of reovirus
oncolysis.

Pharmacologic inhibition of PDKs increases cancer cell
susceptibility to reovirus oncolysis

To further elucidate the role of metabolism in oncolysis, we
selectively targeted relevant pathways. As illustrated in
Supplementary Fig. S2A, we measured the effect of metabolic
inhibitors including dichloroacetate (DCA, PDK inhibitor),
2-deoxy-glucose (2DG, hexokinase inhibitor), oligomycin (com-
plexVinhibitor), H,O, (oxidative stress), and etomoxir (carnitine
palmitoyltransferase-1 inhibitor) on oncolysis (Fig. 2A and B;
Supplementary Fig. S3A and S3B). Indeed, 2DG enhanced onco-
lysis in Pan02 and TRAMPC2 cells and oligomycin enhanced
oncolysis in Pan02 cells as compared with single treatments
(Supplementary Fig. S3B). However, DCA produced the largest
effect of all the metabolic inhibitors (Fig. 2B). Combination of
DCA treatment and reovirus significantly enhanced oncolysis
compared with single treatments in B16, 4T1, Pancl, and P19
cells (four of the six cancers that were intrinsically the most
resistant toward oncolysis) with the highest extent in 4T1
cells (Fig. 2B; Supplementary Fig. S3B). DCA treatment increased
the percentage of reovirus-positive cells in 4T1, TRAMPC1, and
TRAMPC2 cells 18 h.p.i. (Supplementary Fig. S3C). Further-
more, direct inhibition of PDH with CPI-613 (Supplementary
Fig. S3D and S3E) blocked the synergistic effect by DCA
on reovirus cytotoxicity in 4T1 and Pancl cells (the two
cancers that showed the greatest enhancement to oncolysis
by DCA; ref. 21; Supplementary Fig. S3F). These findings
implicated PDH, the major target for PDK and the regulatory
point between glycolysis and TCA cycle, as an important player
in reovirus-induced metabolic rewiring and subsequent
cytotoxicity.

Furthermore, there was a negative correlation between reovi-
rus-induced inhibitory phosphorylation (at serine 293) of PDH
and oncolysis, suggesting that cells able to inhibit PDH upon
reovirus infection are best able to resist oncolysis (Fig. 2C-F;
refs. 22, 23). In addition, basal PDH/actin levels positively cor-
related with oncolysis, suggesting cells with higher PDH levels
were more susceptible to oncolysis (Fig. 2G). Altogether, these
data further support a possible therapeutic utility for targeting
PDH activity to enhance the reovirus-induced oncolysis.

Reovirus infection enhances anaerobic glycolysis through an
oxidative stress—dependent inhibition of PDH

To specifically understand the mechanism of how PDH activity
dictates sensitivity to reovirus-mediated oncolysis we focused on
the cancer cell that showed the greatest enhancement to oncolysis
by DCA, 4T1. In 4T1 cells, reovirus monotreatment caused onco-
lysis in less than 5% of cells at 24 h.p.i. (MOI 1, 10, and 100);
whereas at 72 h.p.i., reovirus infection (MOI 10) caused 22.1% =+
5.0% cell death (Fig. 3A). To measure early, preoncolysis effects on
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metabolism by reovirus, we preformed all metabolic experiments
at 24 h.p.i. (MOI 1, 10, and 100). In line with Fig. 1, ECAR was
increased by reovirus infection at both low and high virus doses
(MOI 1 and 10), and extracellular lactate production was
increased at MOI 10 (Fig. 3B and C). Similarly, exposure to
reovirus enhanced glucose uptake in a concentration-
dependent manner (Fig. 3D), further, in these populations, reo-
virus-infected cells have 3-fold increased glucose uptake com-
pared with noninfected cells (Supplementary Fig. S4A). These
changes were accompanied by higher levels of ATP and NADH
levels (Fig. 3E). Together showing that reovirus infection caused
an early upregulation of glycolytic flux in 4T1 cells. However,
reovirus infection decreased basal, maximal, and ATP produc-
tion-dependent OCR, and spare respiratory capacity and cou-
pling efficiency, suggesting a block at PDH (Fig. 3F; Supplemen-
tary Fig. S4B). Consistent with a block at PDH, both pyruvate and
lactate levels were increased by reovirus infection (Supplementary
Fig. S4C). These results suggested that, following exposure to
reovirus, 4T1 cells rewire metabolism through PDH inhibition.

To understand the contribution of cell proteome toward these
OV-induced metabolic changes, we performed multi-plex quan-
titative mass spectrometry-based proteomics on 4T1 cells. As
expected, many of the proteomic changes induced by reovirus
were [FN-regulated, and involved antiviral processes, protein
folding, and response to stress (Supplementary Fig. S4D-S4F;
Supplementary Table S6). However, we observed no major
changes in protein levels or gene expression of glycolytic or TCA
cycle enzymes or no visible mitochondrial structural damage
(Supplementary Fig. S4G-S4J; Supplementary Table S6), suggest-
ing that reovirus-induced changes in energy metabolism were
most likely regulated through regulatory mechanisms such as
phosphorylation. Consistent with findings from Fig. 2C and D,
PDH phosphorylation at serine 293 was increased by reovirus
infection at MOI 10 (Fig. 3G). Further investigation revealed that
out of the four PDKs only Pdkl mRNA was upregulated within 24
h.p.i. (Fig. 3H), suggesting a major contribution of PDK1 in
reovirus-induced phosphorylation of PDH.

Of note, oxidative stress is one of the major regulators of PDK1
expression (24), suggesting that the reovirus-induced PDK1
expression could occur as a result of oxidative stress. Indeed,
reovirus infection increased markers of oxidative stress including
levels of superoxide, hydrogen peroxide, glutathione, GSSH, and
expression of oxidative stress-sensitive genes (Nfe2I2 and SOD2)
(Fig. 31-L) in 4T1 cells. Next, to confirm our results in an in vivo
preclinical setting, we performed metabolomics on 4T1 tumors
that were treated with a therapeutic regimen of reovirus oncother-
apy (Supplementary Fig. S4K; ref. 25). As anticipated, reovirus
therapy had marginal effect on the survival of 4T1 tumor-bearing
mice (Supplementary Fig. S4L). Indeed, some metabolites,
including glutathione, altered by reovirus in vitro were similarly
altered in vivo (Supplementary Fig S4M-S40; Supplementary
Table S7). Thus, further supporting a role for oxidative stress
following reovirus infection.

To conclusively show the role of oxidative stress in regulating
the inhibitory phosphorylation of PDH, we infected 4T1 cells with
reovirus in the presence of the antioxidant, n-acetylcysteine
(NAC). As shown in Fig. 3M, NAC impeded the reovirus-
induced inhibition of PDH, suggesting that reovirus-induced
increase in ROS contributes to the inhibition of PDH in 4T1
cells. Collectively, these data show that reovirus infection caused
an oxidative stress—dependent inhibition of PDH, likely mediated
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DCA, a PDK inhibitor, enhances reovirus-induced cytotoxicity in cancer cells. A, Schematic representing DCA-mediated inhibition of PDK. B, Percentage of dead
cells following reovirus infection (MOI 10) + DCA (20 mmol/L) 72 h.p.i. C, Representative immunoblot of pPDH at serine 293, PDH, and actin in cancer cells +
reovirus (MOI 1,10) 24 h.p.i. D and E, pPDH/PDH or PDH/actin quantification, with all values normalized to a standard loading control (loading control is
represented by a dotted line). Values represent the mean of three independent experiments. F and G, Reovirus induced changes in pPDH/PDH or PDH/actin

at 24 h.p.i. compared with oncolysis at 72 h.p.i. *, P< 0.05; error bars, SD.

by PDK1, which contributed to impaired TCA cycle and increased
anaerobic glycolysis in 4T1 cells.

DCA augments replication of reovirus and enhances oncolysis
through oxidative stress in 4T1 cells

Because 4T1 cells are relatively resistant to reovirus-oncolysis,
we hypothesized that the oxidative stress-induced inhibition of
PDH (as described in Fig. 3) aids the establishment of cancer
cell fitness against infection and oncolysis. Indeed, as shown
in Fig. 2, while DCA or reovirus monotreatments cause minimal
effect on cell survival, the combination of DCA and reovirus
makes 4T1 cells extensively susceptible to cell death. To examine
the mechanism of this synergistic between DCA/reovirus combi-
nation we first analyzed the activity of PDKs, by assessing
the phosphorylation of PDH. As expected, DCA treatment (5 and
20 mmol/L for 24 hours) not only decreased PDH phosphory-
lation on its own, but also blocked reovirus-induced increase

Cancer Res; 79(15) August 1, 2019

pPDH (Fig. 4A, first subpanel). It should be noted that changes in
pPDH occur independent of the changes in protein expression
(Fig. 4A, second subpanel). Furthermore, confirming our earlier
findings, oncolysis was enhanced by the combination of DCA and
active reovirus (but not UV-inactivated virus or IFNo.), compared
with reovirus or DCA alone, at 48 and 72 h.p.i. (Fig. 4B; Supple-
mentary Fig. S5A).

To determine whether the effects of DCA were specific to
PDK, we specifically depleted PDK1, using shRNA (Supple-
mentary Fig. S5B). In keeping with the effect of DCA on PDK1,
oncolysis was enhanced by PDK1 knockdown (KD) in both
shRNAs examined compared with control (Supplementary Fig.
S5C). Interestingly, DCA only caused a small, nonsignificant
enhancement of reovirus-mediated cytotoxicity in PDK1 KD
cells, suggesting that the effects of DCA are primarily mediated
through PDK1 and that the other PDK isoforms or other
putative non-PDK targets of DCA have minimal role in our
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Reovirus infection causes an oxidative stress-dependent inhibition of PDH in 4T1 cells. A, Percentage of dead cells following reovirus infection (MOI 1,10, or 100)
compared with control (MOI 0), 24, 48, or 72 h.p.i. B, ECAR of 4T1 cells infected == reovirus (MOI O, 1, or 10) 24 h.p.i. after subsequent injections of glucose and

oligomycin. C, Extracellular lactate production by 4T1 cells, cultured =+ reovirus (MOl 10r 10) 24 h.p.i. D, MFI of 2-NBDG uptake in 30 minutes by 4T1 cells &
reovirus (MOI 1,10, or 100) 24 h.p.i. E, Relative metabolite levels normalized against noninfected 4T1 cells (MOl 0). F, OCR of 4T1 cells infected = reovirus (MOl 1or

10) 24 h.p.i. after subsequent injections of oligomycin, FCCP, and a combination of rotenone and antimycin A. G, Representative immunoblot of pPDH, PDH, and

actinin 4T1 cells treated + reovirus (MOl 10r 10). pPDH/PDH quantification. H, mRNA levels of Pdki-4 after reovirus infection compared with noninfected cells
(dotted line) normalized per GAPDH mRNA levels. Total (I) and mitochondrial (J) ROS. Treatment (30 minutes) of 4T1 cells with hydrogen peroxide (1 mmol/L)

and antimycin A (5 umol/L, AntA) as positive controls. K, Relative metabolite levels normalized against noninfected 4T1 cells. L, mRNA levels normalized

per GAPDH mRNA levels. M, Representative immunoblot of pPDH, total PDH, and actin in 4T1 cells treated with or without reovirus (MOI10) = NAC (2.5 or
10 mmol/L). Bar graph quantifying pPDH/PDH. *, P < 0.05 as compared with noninfected cells. Bar graphs, the means of a minimum of three independent

experiments; error bar, SD.

system (Supplementary Fig. S5C). Supporting this hypothesis,
treatment of 4T1 cells with a PDK1/2-specific inhibitor,
AZD7545, prevented pPDH and synergistically increased onco-
lysis (refs. 26, 27; Supplementary Fig. S5D and S5E). Together,
these experiments strongly suggested the enhanced cytotoxicity
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of DCA/reovirus combination treatment is mediated through

DCA's inhibitory effect on PDK1.

To address whether enhanced susceptibility of cancer cells to
DCA/reovirus was supported through increased OV infection or
replication, we measured the percentage of cells infected by
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Dichloroacetate prevented reovirus-induced increase in glycolysis and enhanced the efficacy of oncolysis in an oxidative stress-dependent mechanism. A,
Representative immunoblot detecting levels of pPDH, total PDH, and actin in 4T1 cells treated = reovirus (MOI 110) in combination + DCA (5 or 20 mmol/L) for
24 hours. pPDH/PDH levels quantitated and normalized to nontreated cells. B, Cell death analysis of 4T1 cells treated + reovirus (MOI 10) in combination - DCA
(5 or 20 mmol/L) for 24, 48, or 72 hours. C, Percent of 4T1 cells that were infected with reovirus 12 and 18 h.p.i. D, Extracellular reovirus titer of conditioned media
from 4T1 cells, = reovirus (MOl 0.1) for 24, 48, or 72 hours. A representative image of crystal violet-stained L cells from 72 h.p.i. The dilution range of 1077-10"%is
shown. E, Metabolite levels of 4T1 cells treated with DCA (5 or 20 mmol/L) and infected with reovirus (MOI10), 24 h.p.i., are represented by a heatmap.
Metabolites highlighted by a red rectangle are discussed in the text. F, ECAR of 4T1 cells infected =+ reovirus (MOI 10) in combination &= DCA (20 mmol/L) for

24 hours after subsequent injections of glucose and oligomycin. G, OCR of 4T1 cells & reovirus (MOI 10) 4+ DCA (20 mmol/L) for 24 hours after subsequent
injections of oligomycin, FCCP, and a combination of rotenone and antimycin A. H, Cell death of 4T1 cells infected = reovirus (MOI 10) and + DCA (20 mmol/L) +
NAC (10 mmol/L). *, P < 0.05. Bar graphs, the means of a minimum of three independent experiments; error bars SD.
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reovirus at 12 and 18 h.p.i. At the prereplication timepoint of
12 h.p.i., we observed no difference in the percentage of infected
cells between cells treated + DCA (Fig. 4C; ref. 6). However, at
18 h.p.i., which represents one round of replication, reovirus-
infected cells were higher in the presence of DCA as compared
with control, over a range of MOls, indicating that DCA enhances
the replication of reovirus in 4T1 cells (Fig. 4C). Similarly,
PDK1 KD increased the percentage of reovirus-infected cells at
18 h.p.i. (Supplementary Fig. S5F). Next, we asked whether DCA
influenced extracellular reoviral titer in 4T1 72 h.p.i. When
analyzed in plaque forming assay, DCA-treated 4T1s produced
higher titers of reovirus, compared with controls (Fig. 4D). Such
increased release of infectious particles is in concordance with
increased oncolysis observed through the combination of DCA
and reovirus.

To understand the mechanism behind DCA-promoted OV
replication, we evaluated the effect of DCA on whole proteome
of reovirus-infected 4T1 cells. DCA treatment alone had minimal
effect on the proteome but in combination with reovirus, DCA
caused several changes compared with either single treatment
(Supplementary Fig. S5G-S5N; Supplementary Table S6). In
addition, AZD7545 in combination with reovirus had a similar
effect on 4T1 proteome as DCA combined with reovirus, further
confirming that DCA's effects were caused by PDK inhibition
and not by off target effects (Supplementary Fig. S40). Consistent
with increased viral replication, all reovirus proteins detected by
proteomics were increased by DCA or AZD7545 (Supplemen-
tary Fig. S5P and S5Q). Compared with reovirus treatment,
combination with DCA enhanced the levels of 67 proteins (by
at least 1.5-fold) involved in viral processing, response to IFNYy,
carbohydrate metabolic processes, and response to stress (Sup-
plementary Fig. S5G and S5R). In addition, DCA had no
obvious negative effect on the reovirus-induced upregulation
of Ifnal or IFN-regulated genes (Isg56, Ddx58/Rig-I, and ILG)
expression (Supplementary Fig. S55-S5V). Together these data
show that, during DCA/reovirus combination treatment, anti-
viral defense remained functional and thus did not contribute
to increased viral replication.

To determine whether the cell death mechanism by combina-
tion treatment was at the enzymatic activity level, we performed
metabolomics on 4T1 cells treated =+ reovirus and + DCA (Fig. 4E;
Supplementary Table S8). In agreement with decreased glycolysis
and increased TCA cycle flux, DCA alone caused many metabolic
changes including increased alpha-ketoglutarate, and decreased
NAD™, NADH, and alanine (Fig. 4E; Supplementary Table S8).
DCA also prevented the reovirus-induced increases in the PDH
metabolites acetyl-CoA and coenzyme A, and prevented the
decrease in TCA cycle intermediates succinate, oxaloacetate,
malate, and citrate (Fig. 4E). These changes support our model
where reovirus infection inhibits PDH in 4T1 cells, and DCA
overrides this inactivation. Also, and in line with literature (28),
DCA treatment alone decreased glucose uptake, ECAR, and
maximal ECAR levels and was sufficient to prevent reovirus-
induced increased glucose uptake and ECAR (Fig. 4F; Supple-
mentary S6A-S6C). DCA treatment alone had minimal effects
on OCR and did not prevent reovirus-induced inhibition of
OCR (Fig. 4G; Supplementary Fig. S6D and SGE). Interestingly,
maximal OCR was decreased by reovirus alone and not rescued
by combination of DCA and reovirus, suggesting that reovirus
infection caused other unknown mitochondrial dysfunction in
addition to blocking PDH activity (Supplementary Fig. SGE). A
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phenogram summarizing ECAR and OCR shows that reovirus
infection alone caused 4T1 cells to become glycolytic, whereas
combination of DCA and reovirus caused cells to become
metabolically quiescent (Supplementary Fig. S6F). Altogether
our findings suggest that the cause of enhanced oncolysis with
DCA/reovirus combination stems from metabolic perturba-
tions. Specifically, reovirus initially damaged the mitochondria
causing ROS, to which 4T1 cells respond by blocking PDH.
Subsequent addition of DCA to reactivate PDH bypasses the
cells' metabolic fitness mechanism and leads to cell death.

To test this hypothesis, we investigated the effect of blocking
oxidative stress during the DCA/reovirus combination treat-
ment. Indeed, treatment with NAC in combination with reo-
virus and DCA, reduced the effects of DCA/reovirus on 4T1 cell
death without affecting intracellular reovirus levels (Fig. 4H;
Supplementary Fig. S6G). This shows that oxidative stress
contributed to oncolysis during combinational treatment by
either direct killing or by priming 4T1 cells (e.g.,, pPDH) to
become sensitive to DCA-mediated metabolic changes, during
reovirus oncotherapy.

In vivo, DCA enhances the antitumor efficacy of reovirus-based
cancer therapy

To determine the clinical applicability of our findings, we tested
whether the in vitro synergistic effect of reovirus and DCA on
cancer cell death was translatable in vivo. For this purpose, 4T1-
xenografted tumor-bearing immunocompromised mice were
injected intratumorally three times with PBS, DCA, and/or reo-
virus, and supplied with DCA or water control in drinking water
(Fig. 5A). All the animals were then monitored for tumor growth
and survival. In line with our in vitro results, reovirus alone
significantly enhanced survival but mice treated with a combina-
tion of DCA/reovirus showed significantly better survival, as
compared with mice treated with the monotherapies of DCA and
reovirus, or PBS alone (Fig. 5B). Also, tumor volume was signif-
icantly smaller in 4T1 tumor-bearing mice injected with the
combination therapy as compared with mice injected with PBS,
DCA, or reovirus alone (Supplementary Fig. S6H). These results
demonstrated that DCA enhances the antitumor efficacy of onco-
lytic reovirus-based cancer therapy in preclinical settings.

Finally, because immune system plays an important role in
cancer therapies, particularly with oncolytic viruses, we expanded
our findings into a syngeneic immunocompetent mouse model
(Fig. 5A; ref. 25). Similar to the data obtained from xenografted
immunodeficient mice above, the combination of DCA
and reovirus treatment significantly improved the life span of
4T1-bearing Balb/c mice compared with the DCA/reovirus mono-
therapies, or PBS (Fig. 5C). Despite the modest increase in
survival, tumor volume did not differ between reovirus and
combination injected mice, suggesting that the combinational
treatment effects were not as pronounced in an immunocompe-
tent model as compared with an immunocompromised model
(Supplementary Fig. S61I). To confirm this finding, we repeated the
tumor experiment using 15 mice per treatment (Supplementary
Fig. S6] and S6K). Nevertheless, these findings still showed that
DCA effective at promoting better efficacy for reovirus-based
cancer therapy in immunocompetent mice. Collectively, these
results from preclinical testing conclusively showed the
translational promise for combining PDK inhibition with
oncolytic reovirus to promote better outcomes from cancers
in clinics.
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Discussion

Here, we demonstrate that therapy-induced metabolic per-
turbations within cancer cells can be selectively reprogrammed
to enhance the antitumor effects of oncolytic reovirus-based
cancer therapy. To test this paradigm, we aimed to (i) deter-
mine the effect of oncolytic reovirus infection on cancer
metabolism, and to (ii) explore whether we could exploit
these metabolic perturbations to enhance reovirus-induced
oncolysis. Using metabolomics and biochemical assays (Fig. 1)
on a panel of cancer cell lines, we measured the effect
of reovirus infection on metabolism. Several basal- and
reovirus-induced metabolic changes, most notably in central
energy metabolism and oxidative stress, correlated with
sensitivity to reovirus cytotoxicity (Figs. 1C-F, H, L, and
M, 2F and G), suggesting these metabolic pathways can be
fine-tuned for achieving enhanced oncolysis in cancer cells
(Figs. 2B and 4B).

Our data strongly suggest that mitochondrial function plays a
role in sensitivity to reovirus oncolysis. A role for mitochondrial
function is already known in other viral infections including
KSHV, which decreased oxidative phosphorylation upon infec-
tion, and HCMV and Sindbis virus, both of which increased
oxidative phosphorylation (29-31). In line with our 4T1 data,
other viruses including vaccinia virus, hepatitis C virus, and
influenza A (H1N1) inhibit PDH activity through increased
expression of PDK1 in HEK293T cells, PDK1 and 3 in hepatocytes,
and PDK4 in mice, respectively (32-34).

To determine whether reovirus-induced inhibition of PDH was
a possible protective antideath mechanism employed by the host
cancer cells, we reactivated PDH with pharmacologicinhibition of
PDKs using DCA-, AZD7545-, or shRNA-mediated depletion
of PDK1. These conditions reduced reovirus-induced PDH
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phosphorylation, resulting in the flux of pyruvate toward the
TCA cycle and away from lactate production (Fig. 4A, E-G;
Supplementary Fig. S6B and S6D; ref. 28). Such PDK1 inhibi-
tion-induced perturbations possibly established metabolic fit-
ness of cancer cells during reovirus infection, causing enhanced
oncolysis in combination with reovirus (Fig. 4B, F, and G; Sup-
plementary Figs. S5C and S5E, and S6F). Our findings are similar
to previous studies showing beneficial effects of DCA when
combined with genetically modified adenovirus and mea-
sles (35, 36). On the other hand, our findings contrast with
studies showing detrimental effects of PDK4 inhibition in influ-
enza infection, and of DCA treatment on hepatitis C viral repli-
cation, indicating that PDH plays different roles depending on the
virus and cell type (32, 33). It is noteworthy that, despite the
known antitumor effects of DCA in a wide range of cancer cells in
vitro and in vivo, 4T1 cells are resistant to DCA or AZD7545
treatment or PDK1 depletion (Fig. 4B; refs. 28, 37, 38; Supple-
mentary Fig. S5C and S5E). Interestingly, it has been reported that
DCA selectively targets cells with defects in the mitochondrial
electron transport chain (39). Along these lines, we found that
DCA killed 4T1 cells only when combined with reovirus, which
caused decreased mitochondrial function (that was not rescued by
DCA treatment; Figs. 3I-L and 4G), suggesting that reovirus-
induced mitochondrial dysfunction was required for DCA-
dependent cell death in 4T1 cells. However, we could not detect
any defects in mitochondrial structure or mitochondrial protein
levels, other than increased phosphorylation of PDH (Fig. 3G;
Supplementary Fig. S41 and S4J), suggesting that inhibition of
PDH, which is known to induce ROS production (40), is an early
event in establishing reovirus resistance in 4T1 cells. These, along
with our data that NAC partially blocks PDH phosphorylation,
suggests a model that reovirus targets PDH in an unknown
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mechanism, inducing ROS production, which further contributes
to PDH inhibition.

In conclusion, our data shows that pharmacologic and
genetic inhibition of PDK enhanced the efficacy of reovirus
cancer therapy through compromising metabolic fitness and
oxidative stress in cancer cells. Our comprehensive metabo-
lome/proteome analysis captures novel implications for PDH
in oncolytic reovirus-mediated oncolysis of cancer cells, and
advocates for combining OV therapies with targeted meta-
bolic reprogramming of cancer cells through pharmacologic
interventions. This study shows that a better understanding of
OV-induced metabolic changes holds the key to enhancing
the therapeutic efficacy of OV-based cancer therapies in
clinics.
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