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We have recently demonstrated that AR-12 (OSU-03012) reduces the function and ATPase activities of multiple HSP90 and HSP70 family
chaperones. Combined knock down of chaperones or AR-12 treatment acted to reduce the expression of virus receptors and essential
glucosidase proteins. Combined knock down of chaperones or AR-12 treatment inactivated mTOR and elevated ATG13 S318
phosphorylation concomitant with inducing an endoplasmic reticulum stress response that in an eIF2a—dependent fashion increased
Beclin1 and LC3 expression and autophagosome formation. Over-expression of chaperones prevented the reduction in receptor/
glucosidase expression, mTOR inactivation, the ER stress response, and autophagosome formation. AR-12 reduced the reproduction of
viruses including Mumps, Influenza, Measles, Junín, Rubella, HIV (wild type and protease resistant), and Ebola, an effect replicated by knock
down of multiple chaperone proteins. AR-12—stimulated the co-localization of Influenza, EBV and HIV virus proteins with LC3 in
autophagosomes and reduced viral protein association with the chaperones HSP90, HSP70, and GRP78. Knock down of Beclin1
suppressed drug-induced autophagosome formation and reduced the anti-viral protection afforded by AR-12. In an animal model of
hemorrhagic fever virus, a transient exposure of animals to low doses of AR-12 doubled animal survival from �30% to �60% and
suppressed liver damage asmeasured by ATL, GGT and LDH release. Thus through inhibition of chaperone protein functions; reducing the
production, stability and processing of viral proteins; and stimulating autophagosome formation/viral protein degradation, AR-12 acts as a
broad-specificity anti-viral drug in vitro and in vivo. We argue future patient studies with AR-12 are warranted.
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The drug OSU-03012 (AR12) was originally thought to act as
an anti-cancer agent by inhibiting the enzyme PDK-1 within the
PI3K pathway however it was subsequently shown that this
compound was not primarily acting as a PDK-1 inhibitor, at
least regarding the radio-sensitization of tumor cells (Zhu et al.,
2004; Car�on et al., 2005). Subsequently it was demonstrated
that the primary mechanism by which AR-12 killed tumor cells
was via the PKR-like endoplasmic reticulum kinase (PERK)—
dependent induction of endoplasmic reticulum stress signaling
and a toxic form of autophagy (Yacoub et al., 2006). Other
studies then linked the effects of AR-12 on tumor cell biology
to the regulation of chaperone proteins (Park et al., 2008). It
was observed by western immunoblotting that AR-12 reduced
the protein levels of HSP90 and GRP78 but stimulated HSP70
expression. Other groups independently confirmed this data
regarding AR-12 and the induction of cytotoxic ER stress (Gao
et al., 2008). As AR-12 down-regulates the PERK inhibitory
chaperone GRP78, and as the induction of toxic autophagy was
PERK dependent, additional studies further investigated the
role of reduced GRP78 expression in the regulation of drug
toxicity. AR-12 destabilized the GRP78 protein, reducing its
half-life from >24 h to approximately 10 h (Booth et al., 2012).
Over-expression of GRP78 prevented AR-12 induced PERK
activation; autophagy induction, and tumor cell killing. Studies
published in 2014 and 2015 further emphasized the importance
of chaperones and particularly GRP78 in the biologic effects of
OSU-03012. It was demonstrated that phosphodiesterase 5
inhibitors such as sildenafil synergized with OSU-03012 to kill a
variety of tumor cells through enhanced PERK-dependent ER
stress and autophagy, as well as through activation of the death
receptor CD95 (Booth et al., 2014). Similar data were also
obtained with the parent drug of OSU-03012, celecoxib, and
also with the multi-kinase inhibitors sorafenib, regorafenib, and
pazopanib (Booth et al., 2015a; Tavallai et al., 2015).

It is well-known that multiple chaperone proteins play
essential roles in maintaining protein stability and cell signaling,
and thus some chaperone proteins, for example, HSP90, have
been the target for many developmental therapeutic chemists
and also tumor cell biology researchers. In the field of virology,
chaperone proteins, particularly HSPA5/GRP78/BiP have also
been recognizedas playing essential roles in the life cyclesof both
DNA and RNA viruses (Roux, 1990; Earl et al., 1991; Anderson
et al., 1992;Hogue andNayak, 1992;Xuet al., 1998;Mirazimi and
Svensson, 2000; Bolt, 2001;Dimcheff et al., 2004;Goodwin et al.,
2011; Dabo and Meurs, 2012; Rathore et al., 2013). Using OSU-
03012 or the multi-kinase inhibitors sorafenib (Nexavar) and
pazopanib (Votrient) it was determined, using in situ immuno-
fluorescence techniques, that the expression of multiple
chaperones was apparently rapidly reduced following drug
treatment (Booth et al., 2015b; Roberts et al., 2015; Booth et al.,
2016a). In these studies, parallel virology based assays
determined that OSU-03012 exhibited anti-viral properties
against a wide range of DNA and RNA viruses, and using
molecular tools it was shown that the down-regulation of
GRP78 was an essential property of OSU-03012 in preventing
virus reproduction. Contemporaneously with the publication of
these studies, other research groups were demonstrating that
the expression of GRP78 was essential for Ebola virus
reproduction in vitro with knock down of GRP78 protecting
mice from Ebola virus, and that OSU-03012 prevented the
replication of hemorrhagic fever viruses, including Ebola and
Marburg (Reid et al., 2014; Mohr et al., 2015).

Very recently, proteomic studies using the OSU-03012
drug as bait were published (Booth et al., 2016a). Multiple
chaperone and chaperone-associated proteins were shown
to interact with the drug including: GRP75, HSP75, BAG2;
HSP27; ULK-1; and thioredoxin. OSU-03012 altered the sub-
cellular distribution of chaperone proteins and inhibited
chaperone ATPase activity; inhibited chaperone—client

interactions; and docked in silico with the ATPase domains of
HSP90 and of HSP70. OSU-03012 combined with sildenafil in
a GRP78 plus HSP27—dependent fashion to profoundly
activate an eIF2a/ATF4/CHOP/Beclin1 pathway in parallel
with inactivating mTOR and increasing ATG13
phosphorylation, collectively resulting in formation of
punctate toxic autophagosomes. Over-expression of (GRP78
and HSP27) prevented OSU-03012—induced activation of
ER stress signaling; maintained mTOR activity; and
maintained cell survival (Booth et al., 2016a).

The virology focused studies in this manuscript were
initiated to determine whether OSU-03012 altered virus
replication and discovered that HSP90, HSP70, GRP78 and the
small chaperone HSP27 are key OSU-03012 targets in terms of
altering viral cell biology. AR-12 prolonged animal survival in a
hemorrhagic fever virus animal model system. As AR-12 has
already undergone phase I evaluation in heavily pre-treated
cancer patients, our present data argue for patient based anti-
viral clinical studies.

Materials and Methods
Materials

OSU-03012, sildenafil, regorafenib, pazopanib, sorafenib tosylate
were purchased from Selleckchem (Houston, TX). OSU-03012
(AR-12) and AR-13 were also kindly provided by Arno
Therapeutics (Flemington NJ). Trypsin-EDTA, DMEM, RPMI,
penicillin-streptomycin were purchased from GIBCOBRL
(GIBCOBRL Life Technologies, Grand Island, NY). Cells were
purchased from the ATCC and were not further validated beyond
that claimed by ATCC. Cells were re-purchased every�6months.
Primary human GBM cells, developed by Dr. C.D. James when at
the Mayo Clinic (Rochester, MN) has been described previously
(Yacoub et al., 2006; Park et al., 2008; Booth et al., 2016a). ADOR
non-small cell lung cancer cells are personal a donation from the
patient to the Dent laboratory. The plasmid to express GRP78/
BiP/HSPA5 was kindly provided to the Dent laboratory by Dr. A.S.
Lee (University of Southern California Los Angeles, CA). The
plasmids to express HSP27, eIF2a S51A, kinase inactive PERK and
all others listed in this manuscript were purchased from Addgene
(Cambridge, MA). Mumps, Measles, Rubella, Coxsackievirus B4,
and Influenza viruses were purchased from Zeptometrix (Buffalo,
NY). Commercially available validated short hairpin RNA
molecules to knock down RNA/protein levels were from Qiagen
(Valencia, CA) or were supplied by collaborators (Booth et al.,
2015a,b, 2016a,b,c; Roberts et al., 2015; Tavallai et al., 2015).

Methods

Culture and in vitro exposure of cells to drugs. All cell
lines were cultured at 37°C (5% [v/v CO2] in vitro using RPMI
supplemented with dialyzed 5% [v/v] fetal calf serum and 10% [v/v]
non-essential amino acids). For short term cell killing assays,
immunoblotting studies, cells were plated in triplicate at a density of
3� 103 per cm2 (�2� 105 cells per well of a 12 well plate) and 24 h
after plating treated with various drugs, as indicated. In vitro drug
treatments were from 100mM stock solutions of each drug and the
maximal concentration ofVehicle (DMSO) inmediawas 0.02% (v/v).
Studies were performed 2–3 times each and representative images
presented, that is, cell death studies use multiple images from
multiple independent treatments to achieve a percentage cell death
value, where included (�SEM). Cells were not cultured in reduced
serum media during any study in this manuscript.
Detection of cell viability, protein expression, and

protein phosphorylation by immuno-fluorescence using
a Hermes WiScan machine. http://www.idea-bio.com/, cells
(4� 103) are plated into each well of a 96 well plate, and cells
permitted to attach and grow for the next 18 h. Based on the
experiment, after 18 h, cells are then either genetically
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manipulated, or are treated with drugs. For genetic manipulation,
cells are transfected with plasmids or siRNA molecules and
incubated for an additional 24 h. Cells are treated with vehicle
control or with drugs at the indicated final concentrations, alone
or in combination. Cells are then isolated for processing at various
times following drug exposure. The 96 well plate is centrifuged/
cyto-spun to associate dead cells (for live-dead assays) with the
base of each well. For live dead assays, after centrifugation, the
media is removed and cells treated with live-dead reagent
(Thermo Fisher Scientific, Waltham MA) and after 10min this is
removed and the cells in each well are visualized in the Hermes
instrument at 10� magnification. Green cells¼ viable; yellow/red
cells¼ dying/dead. The numbers of viable and dead cells
were counted manually from three images taken from each well
combined with data from another two wells of separately treated
cells (i.e., the data is the mean cell dead from nine data points from
three separate exposures). For immuno-fluorescence studies,
after centrifugation, the media is removed and cells are fixed in
place and permeabilized using ice cold PBS containing 0.4%
paraformaldehyde and 0.5% Triton X-100. After 30min the cells
are washed three times with ice cold PBS and cells are pre-blocked
with rat serum for 3 h. Cells are then incubated with a primary
antibody to detect the expression/phosphorylation of a protein
(usually at 1:100 dilution from a commercial vendor) overnight at
37°C. Cells are washed three times with PBS followed by
application of the secondary antibody containing an associated
fluorescent red or green chemical tag. After 3 h of incubation the
antibody is removed and the cells washed again. The cells are
visualized at either 10� or 60� in the Hermes machine for imaging
assessments. All immunofluorescent images for each individual
protein/phospho-protein are taken using the identical machine
settings so that the levels of signal in each image can be directly
compared to the level of signal in the cells treated with drugs.
Similarly, for presentation, the enhancement of image brightness/
contrast using PhotoShop CS6 is simultaneously performed for
each individual set of protein/phospho-protein to permit direct
comparison of the image intensity between treatments.
Antibodies used include: HSP90 (E289) (Cell Signaling); HSP90
(#2928) (Abcam); HSP90 (ab195575) Abcam; HSP90 3G3
(13495) (Abcam); GRP78 (50b12) (31772) (Cell Signaling);
GRP78 (ab191023) Abcam; GRP78 (ab103336) Abcam; GRP78
(N-20) (sc-1050) Santa Cruz; HSP27 (G31) (2402P) (Cell Signaling);
HSP27 (EP1724Y) (ab62339) Abcam; HSP27 (H-77) (sc-9012) Santa
Cruz; HSP27 (LS-C31836) Lifespan science Corp.

Immuno-histochemistry of tissues. Athymic mice were
treated by oral gavage with vehicle (cremophore); OSU-03012
(50mg/kg)þ sildenafil (10mg/kg) for 14 days QD. Animals were
sacrificed after 5 days (immuno-histochemistry) or 14 days (H&E
staining) and normal tissue/organs obtained. Organs were fixed
and 10mm sections taken, de-parafinized and H&E stained. Color
images were taken at 10� magnification (special thanks to Dr.
Steven Grant, VCU, Department of Hematology/Oncology).

Rabbit hemorrhagic fever virus studies. Nine-week-old
New Zealand white rabbits were kept in the animal facility of the
University of Leon. The rabbits were kept in a climatized room at
21°C, with a 12 h light cycle. They were given a standard dry rabbit
food and water ad libidum. For animal survival studies, 14 animals
were injected intramuscularly with 2� 104 hemagglutination
units of RHDV isolate Ast/89 (Tu~n�on et al., 2003). Seven were
treated with vehicle control and seven of them were treated with
OSU-03012 (AR-12) (25mg/kg) at time¼ 0, 12, 24, and 36 h
post infection. Animal survival was monitored twice daily.

Proteomic/mass spectrometry procedures

Preparation of biotin-AR-12. The strategy used to
covalently link biotin to AR-12 exploited structure-activity
relationships established by the Chen laboratory. Briefly, a biotin-
linker arm conjugate (NHS-PEG12-biotin) was added to a region of

the compound that was not associated with biological activity; its
relatively long length was selected to minimize potential
interference with the compound’s active sites.

The linker arm has this structure:

The synthetic scheme is:

This scheme yields the following final biotin-AR-12 conjugate:

Sample preparation, SDS-PAGE, and tandem mass
spectrometry analysis

Cultured SKBR3 HER2þ human mammary carcinoma cells were
extracted after 24 h in serum free medium with ice cold buffer
containing non-ionic detergent (Triton X100), protease and
phosphatase inhibitors. Lysates were cleared of insoluble material
by centrifugation. Supernatants were “pre-cleared” of molecules
that bind non-specifically to streptavidin (SA) coated beads by
incubating with SA-beads for 30min at 4°C and subsequently
removing the beads by centrifugation. Supernatant samples
resulting from this step were then incubated with biotin-AR-12 in
the presence or absence of excess AR-12 for 2 h at 4°C. SA-beads
were then added for an additional 2 h at 4°C before capture by
centrifugation, repeated washing with non-ionic detergent buffer
and extraction with boiling Laemmli SDS-PAGE sample buffer.
Samples were subjected to SDS-PAGE and bands were visualized
using Ponceau S. Bands present in the biotin-AR-12 samples that
were not found in the samples incubated with excess unlabeled
AR-12 were excised from the gel, rinsed to remove Ponceau S and
digested with trypsin. Eluted tryptic peptides were separated by
nanotrap- and C18-column HPLC coupled to online analysis by
tandem mass spectrometry (nLC-ESI-MS/MS) on an ion trap mass
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spectrometer equipped with a nanospray ion source using
conventional techniques (Laboratory of Proteomic and Analytical
Technologies, Frederick National Laboratory for Cancer
Research, National Cancer Institute, Frederick, MD). The resulting
MS/MS spectra were searched against the human IPI database to
derive probable peptide amino acid sequence, protein/gene
identities, and statistical confidence values (http://blast.ncbi.nlm.
nih.gov/Blast.cgi).
Gel filtration of HeLa cell lysates. HeLa cells were grown

in 25 cm2
flasks were exposed to AR-12 or sorafenib (both, 5mM)

orDMSO control for 20min. Media was removed and cells washed
with PBS containing 5mMof drug (or equivalent volume of DMSO)
two times. Cells were lysed with 1% Triton X-100 in PBS
containing protease and phosphatase inhibitors (Pierce) and 5mM
of drug or equivalent volume of DMSO as a control. Samples were
vortexed and then incubated at 4°C for 30min on ice. Samples
were centrifuged (20,000g, 20min, 4°C) and supernatants
collected and stored at 4°C until they were subjected to gel
filtration. A Superdex 10/300 column (GE Healthcare) was pre-
equilibrated with buffer (PBS) containing 5mM drug or equivalent
volume of DMSO at 0.5ml/min. 200mg of total protein was loaded
onto the column (100ml of sample) and proteins eluted with buffer
at 0.5ml/min. Fractions of 1ml were collected as they eluted from
the column. Those fractions containing protein (8–23) were
collected and initially stored on ice. To each fraction, 250ml of ice-
cold trichloroacetic acid was added to a final concentration of 10%
(w/v) to precipitate the proteins; each fraction was mixed
vigorously and then incubated on ice overnight. Samples were then
centrifuged (20,000g, 20min, 4°C), the supernatant discarded and
the protein pellet washed twice with cold acetone followed each
time by additional centrifugations. Samples were then left to air-
dry prior to SDS-PAGE and immunoblotting.

Transfection of cells with siRNA or with plasmids

For plasmids. Cells were plated as described above and
24 h after plating, transfected. For mouse embryonic fibroblasts
(2-5mg) or other cell types (0.5mg) plasmids expressing a
specific mRNA (or siRNA) or appropriate vector control
plasmid DNAwas diluted in 50ml serum-free and antibiotic-free
medium (1 portion for each sample). Concurrently, 2ml
Lipofectamine 2000 (Invitrogen), was diluted into 50ml of
serum-free and antibiotic-free medium (1 portion for each
sample). Diluted DNA was added to the diluted Lipofectamine
2000 for each sample and incubated at room temperature for
30min. This mixture was added to each well/dish of cells
containing 200ml serum-free and antibiotic-free medium for a
total volume of 300ml, and the cells were incubated for 4 h at
37°C. An equal volume of 2� medium was then added to each
well. Cells were incubated for 48 h, then treated with drugs.
Transfection for siRNA. Cells were plated in 60mm dishes

from a fresh culture growing in log phase as described above, and
24 h after plating transfected. Prior to transfection, the medium
was aspirated and 1ml serum-free medium was added to each
plate. For transfection, 10 nM of the annealed siRNA, the positive
sense control doubled stranded siRNA targeting GAPDH or the
negative control (a “scrambled” sequence with no significant
homology to any known gene sequences from mouse, rat or
human cell lines) were used. Ten nanomolars siRNA (scrambled or
experimental) was diluted in serum-free media. Four microliters
Hiperfect (Qiagen) was added to this mixture and the solution was
mixed by pipetting up and down several times. This solution was
incubated at room temp for 10min, then added drop-wise to each
dish. The medium in each dish was swirled gently to mix, then
incubated at 37°C for 2 h. One microliter of 10% (v/v) serum-
containing medium was added to each plate, and cells were
incubated at 37°C for 48 h before re-plating (50� 103 cells each)
onto 12-well plates. Cells were allowed to attach overnight, then
treated with drugs (0–24 h).

Methods for HIV/AR12 viral replication studies. Arno
Therapeutics compound AR-12 was supplied by the company as a
dry powder to Southern Research and the stock was stored at
4°C until the day of the assays. The compound stock solution was
used to generate working drug dilutions used in the assays on each
day of assay setup. Working solutions were made fresh for each
experiment and were not stored for re-use in subsequent
experiments performed on different days. The compounds were
evaluated in the assays using a 10mM (10,000 nM) high-test
concentration with eight additional serial 1:2 dilutions
(concentration range¼ 39.1 nM to 10mM). Similarly, zidovudine
(AZT; Nucleoside Reverse Transcriptase Inhibitor; NRTI) was
included as a positive control antiviral compound using half-log
dilutions and a concentration range from 100 pM to 1.0mM
(1,000 nM). Various additional controls were also included for
assays depending on the resistance profile of the viruses.
Nevirapine (Non-Nucleoside Reverse Transcriptase Inhibitor;
NNRTI) and ritonavir (Protease Inhibitor; PI) were tested using a
concentration range from 1.0 nM to 10mM (10,000 nM).
Delavirdine (NNRTI) and T-20 (Fusion Inhibitor) were tested
using a concentration range from 200 pM to 2.0mM (2,000 nM).
Elvitegravir (Integrase Inhibitor; INI) was tested using a
concentration range from 100 pM to 1.0mM (1,000 nM). Finally,
raltegravir (INI) was tested using a concentration range from
10 pM to 100 nM. These studies were performed under DAIDS/
NIAID contract N01-AI-1400010I; Roger Miller, Project Officer.
Efficacy evaluation in human peripheral blood

mononuclear cells (PBMCs). Six HIV-1 isolates were
selected for use. These viruses were chosen to include various
drug resistant HIV-1 isolates to evaluate potential cross-resistance
to AR-12. Unless otherwise noted, these virus isolates were
obtained from the NIAID AIDS Research and Reference Reagent
Program. Virus isolate 1022-48 was obtained from Dr. William A
Schief of Merck Research Laboratories. MDR769 and MDR807
were obtained from Dr. Thomas C. Merigan of Stanford
University. The following table lists additional available information
for each of the viruses.
Reverse transcriptase activity assay. A microtiter plate-

based reverse transcriptase (RT) reaction was utilized (Buckheit
and Swanstrom, 1991). Tritiated thymidine triphosphate (3H-TTP,
80Ci/mmol, PerkinElmer) was received in 1:1 dH2O:Ethanol at
1mCi/ml. Poly rA:oligo dT template:primer (GE HealthCare) was
prepared as a stock solution by combining 150ml poly rA (20mg/
ml) with 0.5ml oligo dT (20U/ml) and 5.35ml sterile dH2O
followed by aliquoting (1.0ml) and storage at �20°C. The RT
reaction buffer was prepared fresh on a daily basis and consisted of
125ml 1.0M EGTA, 125ml dH2O, 125ml 20% Triton X100, 50ml
1.0M Tris (pH 7.4), 50ml 1.0M DTT, and 40ml 1.0M MgCl2. The
final reactionmixturewas prepared by combining 1 part 3H-TTP, 4
parts dH2O, 2.5 parts poly rA:oligo dT stock and 2.5 parts reaction
buffer. Ten microliters of this reaction mixture was placed in a
round bottom microtiter plate and 15ml of virus-containing
supernatant was added and mixed. The plate was incubated at
37°C for 60min. Following incubation, the reaction volume was
spotted onto DE81 filter-mats (Wallac), washed five times for
5min each in a 5% sodium phosphate buffer or 2� SSC (Life
Technologies), two times for 1min each in distilled water, two
times for 1min each in 70% ethanol, and then dried. Incorporated
radioactivity (counts per minute, CPM) was quantified using
standard liquid scintillation techniques. Using an in-house
computer program, the PBMC data analysis includes the
calculation of IC50 (50% inhibition of virus replication), IC90 (90%
inhibition of virus replication), IC95 (95% inhibition of virus
replication) and therapeutic index values (TI¼TC/IC; also
referred to as Antiviral Index or AI).
OSU-03012 PK/PD studies in brain. Mice were given an

IV bolus (10mg/kg) of OSU-03012 and 27 brain samples taken
(10mg/kg in a mouse is the equivalent of a single 600mg drug dose
in patients; 800mg BID was shown to be safe in patients). Tissues

JOURNAL OF CELLULAR PHYSIOLOGY

C H A P E R O N E S , A R 1 2 A N D V I R U S E S 2289

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi


were collected and stored at �80C. They were then weighed,
minced into small pieces, and mixed with PBS when ready for
analysis. Approximately 50mg of the frozen mouse brain was
crudely homogenized and spiked with 30ml OSU-03012 solution
(acetonitrile/water, 50:50) at appropriate concentrations to give
final concentrations of OSU-03012 at 0, 0.06, 0.11, 0.22, 0.56, 1.11,
2.22, 5.56, 11.12, 22.25 nmole/g (or 0, 5, 10, 20, 50, 100, 200, 500,
1000 ng/ml) and a fixed 10ml (10mg/ml) OSU-Arg (OSU-03013,
NSC 728210) as the internal standard. The tissuemixturewas then
homogenized again at high in an ice-water bath. Lysis buffer (20mM
Tris pH 8, 20mM EDTA, 0.5% NP-40) was added to each vial,
vortexed and cooled. The mixture was then centrifuged at
14,000 rpm in a bench top microfuge for 2min, the supernatant
transferred to a new vial, and extracted with ethyl acetate
(1200ml, 60min). The extract layerwas separated, transferred to a
glass tube, and then dried under a streamofN2. The residue is then
be reconstituted in 100ml mobile phase (acetonitrile/water 50:50),
centrifuged at 14,000 rpm for 2min, and a 20ml aliquot will be
injected into the LC-MS/MS instrument.

Data analysis. Comparison of the effects of various
treatments was performed using one-way analysis of variance
followed by a two tailed Student’s t-test. Statistical examination of
in vivo animal survival data utilized log rank statistical analyses
between the different treatment groups. Differences with a P-value
of <0.05 were considered to be statistically significant.
Experiments shown are the means of multiple individual data
points from multiple separate experiments (�SEM).

Results

Usingmultiple strains of influenza A and B viruses and themulti-
kinase inhibitory drugs OSU-03012, AR-13, sorafenib, and
pazopanib as single agents we found that all of the drugs
reduced cell lysis / cell killing in the influenza virus infected cells,
24 h after infection (Fig. 1A, �P< 0.05) (Booth et al., 2016a).
The two drugs that appeared to consistently suppress influenza

virus-mediated cell lysis were OSU-03012 and pazopanib.
OSU-03012 combined with the phosphodiesterase 5 inhibitor
sildenafil (Viagra) to prevent Chikungunya virus-mediated cell
lysis and Coxsakievirus B4—mediated cell lysis (Fig. 1B and C).

Treatment of cells with OSU-03012� sildenafil resulted in a
rapid dose- and time-dependent reduction in the detection of
the ATP binding and ATPase competent chaperone proteins
HSP90, GRP78, and HSP70 in fixed in situ cells as judged using
an immuno-fluorescence/in-cell-western technique
(Fig. 2A and B) (see Booth et al., 2016a for more detailed
analyses, including immuno-fluorescence images). The
expression of the small chaperone HSP27, which lacks an ATP
binding site, was also reduced by both OSU-03012 and by
sorafenib (Fig. 2C). Using proteomic analyses, as reported in
Booth et al. (2016a), OSU-03012 associated with multiple
chaperone proteins beyond those previously biochemically
recognized, as well as the autophagy regulatory kinase and
HSP90 client, ULK-1 (see Booth et al., 2016a for more detailed
analyses). OSU-03012 reduced the expression of HSP75,
GRP75, HSP27 and the HSP70-associated protein BAG2
(Fig. 3A). In protein-protein co-localization studies OSU-03012
disrupted the association between HSP70 and BAG2; the
association betweenHSP90 andAhA1 aswell as the association
between the chaperones: HSP70-HSP27; HSP90-HSP70;
HSP60-HSP10; and GRP78-GRP94 (Fig. 3B and C). OSU-03012
treatment of cells altered the elution profile of HSP27 from a
gel filtration column and the association of GRP78 with PKR-
like endoplasmic reticulum kinase following GRP78 immuno-
precipitation (Fig. 3D). OSU-03012, sorafenib and pazopanib all
exhibited inhibitory effects against the HSP90 ATPase and the
HSP70 ATPase activities (Fig. 3E).

Many proteins located in the plasma membrane are also
associated with chaperones, for example, ERBB2 and in other
studies we observed our drug combinations with sildenafil
reducing the levels of multiple receptor tyrosine kinases
(Booth et al., 2015a,b, 2016b; Roberts et al., 2015; Tavallai et al.,

Fig. 1. OSU-03012 (AR-12); AR-13; sorafenib tosylate; and pazopanib all are capable of suppressing Influenza A and Influenza B virus
replication. A: MRC5 non-transformed human lung fibroblasts were infected with influenza viruses (100 multiplicity of infection). Two hours
after infection the cells were treated with vehicle control; sorafenib tosylate (2mM); pazopanib (2mM); OSU-03012 (2mM); and AR-13 (2mM).
Twenty-four hours after infection the cells are treated with live/dead agent where green cells are viable and cells staining yellow or red are
considered dead. Cells are examined at 10� magnification in a Hermes wide-field microscope (n¼ 3�SEM) �P< 0.05 less than vehicle control
level of virus-mediated cell killing. B: VERO cells were infected with Chikungunya virus (100 multiplicity of infection). Two hours after
infection the cells were treated with vehicle control; sorafenib tosylate (2mM); OSU-03012 (2mM); and sildenafil (2mM) either alone or in
combination. Twenty-four hours after infection the cells were examined under visible light at 10� magnification in a Hermes wide-field
microscope (n¼ 3�SEM) �P< 0.05 less than vehicle control level of virus-mediated cell killing. C: HEK293 cells (7,000 per well of a 96 well
plate) were infected at 1,000m.o.i. (10° value) and with 10-fold dilutions of the virus (10�1� 10�7). Two hours after infection the cells were
treated with vehicle control or with (OSU-03012 [2mM] and sildenafil [2mM]). Twenty-four hours after infection the cells are treated with
live/dead agent where green cells are viable and cells staining yellow or red are considered dead. Cells are examined at 10� magnification in a
Hermes wide-field microscope (a representative study of 3, all values performed in triplicate �SEM).
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2015). In the present studies, we next examined the impact of
OSU-03012 on the expression of plasma membrane virus
receptors. OSU-03012 reduced the expression of the two
recognized Ebola virus receptors NPC1 and TIM1 in vitro, an
effect that was enhanced by sildenafil (Fig. 4A). Combined over-
expression of the chaperones GRP78 and HSP27 enhanced
basal expression of the NPC1 and TIM1 receptors and
prevented OSU-03012 from reducing NPC1 and TIM1
expression (Fig. 4B, not shown). The replication of DNA and
RNA viruses is a complex process requiring many different
chaperone proteins, in particular GRP78, and also enzymes
involved in the regulation of protein glycosylation; particularly
glucosidase I and glucosidase IIa/b (De Clercq, 2015; Chang
et al., 2013). Treatment of cells with OSU-03012 or with
sorafenib rapidly reduced the expression of glucosidase I and
glucosidase IIa, but did not impact on expression of glucosidase
IIb (Fig. 4C). Combined over-expression of the chaperones
GRP78 and HSP27 prevented the down-regulation of
glucosidase I and glucosidase IIa, and also the ER trans-
membrane chaperone Calnexin (Fig. 4D). Of note, over-
expression of GRP78 and HSP27 enhanced the basal
expression levels of glucosidase I and glucosidase IIa.

As OSU-03012 was relieving the inhibitory effect of GRP78
on endoplasmic reticulum stress/PERK signaling we went on
and determined that expression of dominant negative eIF2a
S51A blocked OSU-03012—induced expression of the
essential autophagy proteins LC3 and Beclin1 (Fig. 5A) (see
Park et al., 2008 and Booth et al., 2016a for more detailed
analyses). We have previously published that OSU-03012
stimulates a PERK-dependent form of autophagy (Park et al.,
2008). The formation of autophagosomes is also regulated by

PI3K pathway signaling, particularly the kinase mTOR. Of note
were the side-by-side comparisons of AKT Threonine 308
phosphorylation and mTOR Serine 2448 phosphorylation. As
we have previously shown for AKT Threonine 308
phosphorylation, OSU-03012 as a single agent had little to
no obvious effect on T308 phosphorylation levels (Fig. 5B).
In contrast, OSU-03012 as a single agent strongly reduced
mTOR Serine 2448 phosphorylation. Thus our data argues
that OSU- 03012 causes a greater degree of mTOR
dephosphorylation when compared to its more modest
effect on AKT dephosphorylation, implying that the regulation
of mTOR activity by the drug is likely to be more biologically
important than that of AKT.

The protein kinase ULK-1 is also considered to be an
essential gate-keeper kinase for the regulation of
autophagosome formation, and whose activity is negatively
regulated by Serine 757 phosphorylation catalyzed by the
upstream kinase mTOR. OSU-03012 reduced the
phosphorylation of mTOR at Serine 2448, indicative of mTOR
inactivation (Fig. 5B). (see Booth et al., 2016a for more detailed
analyses). Reduced mTOR S2448 phosphorylation correlated
with reduced phosphorylation of ULK-1 at Serine 757, as well
as appearing to reduce the total expression of ULK-1 protein,
which collectively in turn correlated with increased
phosphorylation of the autophagosome formation essential
regulatory protein ATG13 at Serine 318. Serine 318
phosphorylation of ATG13 facilitates, together with other
protein-protein interaction events, autophagosome formation.
Transfection of cells to express GRP78 both reduced basal
phosphorylation levels and prevented the drug-induced
phosphorylation of eIF2a and ATG13, but did not prevent

Fig. 2. OSU-03012 reduces the expression ofmultiple chaperone proteins, an effect that is enhanced by sildenafil (Please see Booth et al, 2016a).
A and B: HuH7 cells and HT1080 were treated with vehicle, OSU-03012 (0–3.0mM) and/or sildenafil (2mM) for 2h after which cells were fixed in
place and permeabilized using 0.5% Triton X100. Immuno-fluorescence was performed to detect the expression levels of GRP78, HSP70, and
HSP90. The relative fluorescence intensity value from 40 different cells from each condition was determined using Hermes system software
(n¼ 3�SEM).C:GBM5,GBM6, andGBM12cellswere treatedwith vehicle,OSU-03012 (0–3.0mM)or sorafenib (0–3.0mM) for 3h afterwhich cells
were fixed in place and permeabilized using 0.5% TritonX100. Immuno-fluorescencewas performed to detect the expression level of HSP27. The
relative fluorescence intensity value from 40 different cells from each condition was determined using Hermes system software (n¼ 3�SEM).
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drug-induced dephosphorylation of mTOR (Fig. 5C).
Transfection of cells to express HSP27 prevented OSU-03012
single agent—induced phosphorylation of eIF2a and
ATG13, and prevented the OSU-03012/sorafenib single
agent x2014;induced dephosphorylation of mTOR (for data in
Fig. 5, please see Booth et al., 2016a for more detailed
analyses).

We next performed immuno-fluorescence protein
co-localization studies to determine whether phospho-ATG13
S318 or HSP27/GRP78/HSP90 co-localized with the
autophagosome vesicle protein LC3 (ATG8) after drug
exposure. Treatment of cells for 3 h with OSU-03012 caused
phospho-ATG13 S318 or HSP27 to co-localize with LC3 in
punctate bodies (Fig. 5D). Treatment of cells for 3 h with
OSU-03012 caused GRP78 to co-localize with the
autophagosome vesicle marker protein LC3 (Fig. 5D). In
contrast, HSP90 and LC3 did not co-associate prior to or after
drug exposure. Thus we conclude it is the combined

dysregulation of both GRP78 and HSP27 that is required for
drug-induced promotion of the autophagy signal. Finally, we
determined the impact of knocking down chaperone
expression on the ability of OSU-03012 to promote
autophagosome formation, using as a read-out the number of
LC3-GFP punctae per transfected cell. Combined knock down
of (GRP78 and HSP27) or of (HSP90 and HSP70) significantly
increased the basal levels of autophagosomes in cells and
significantly reduced the ability of OSU-03012 to further
stimulate autophagosome production when compared to
scramble control transfected cells (Fig. 5E, P< 0.05).

As OSU-03012 was down-regulating the functionality of
multiple chaperone proteins, we next determined whether
molecular genetic manipulation of chaperone expression in
combination could further reduce the ability of viruses to
replicate. Cells in vitro were transfected with various siRNA
molecules and 24 h afterwards infected with virus followed by
assessment of cell viability 24 and 48 h after virus infection.

Fig. 3. OSU-03012 reduces the expression of multiple chaperones and the association of chaperones with themselves and client proteins
(please see Booth et al, 2016a). (A) GBM5 cells were treated with vehicle, OSU-03012 (2.0mM) for 6 h after which cells were fixed in place and
permeabilized using 0.5% Triton X100. Immuno-fluorescence was performed in the Hermes system to detect the expression level of HSP75,
GRP75, BAG2, and HSP27 presented, as indicated, at 60�magnification. (B) GBM5 cells were treated with vehicle control or with OSU-03012
(2mM) for 6 h after which cells were fixed in place and permeabilized using 0.5% Triton X100. Immuno-fluorescence was performed to detect
the co-localization of HSP70 and BAG2; and to detect the co-localization of HSP90 and AhA1 presented at 60� magnification. (C) GBM5 cells
were treated with vehicle control or with AR-12 (OSU-03012) (1mM) for 3 h. Cells were fixed in place and permeabilized using 0.5% Triton
X100. Immuno-fluorescence was performed to detect the expression of the indicated chaperones pair-wise. Images were merged in Adobe
Photoshop to indicate areas of co-localization (redþ green¼ yellow). (D) Upper: HeLa cells were pre-treated for 20min with vehicle control
(DMSO) or 5mM OSU-03012 then lysed, and clarified lysates subjected to gel filtration on a Superdex column in the presence of the drug.
Fractions of 1.0ml were taken (15 fractions) and the protein precipitated from the fractions on ice using 10% (w/v) trichloro-acetic acid.
Recovered protein was washed with cold 100% acetone. The protein pellets were boiled in SDS PAGE sample buffer containing bromophenol
blue and subjected to SDS PAGE on 12% acrylamide gels, followed by western blotting to determine the elution profiles of HSP27. Lower:
GBM12 cells were treated with vehicle or with OSU-03012 (2mM) for 10min and then lysed. Immuno-precipitation of HSP90, GRP78, HSP27,
and HSP70 was performed in the presence or absence of drug (2mM) for 3 h. Cells were washed with lysis buffer in the presence or absence of
drug individually (3� 1h, each). Immuno-precipitates were then boiled in SDS PAGE buffer containing glycerol and bromo-phenol blue.
Proteins were separated on SDS PAGE (12% and 14% gels) and immunoblotting performed for the proteins as indicated. E: GBM12 cells were
transfected with a plasmid to express HSP70-GFP or to express FLAG-tagged HSP90. Twenty-four hours after transfection chaperone
proteins were immuno-precipitated using their tags. Equal portions of precipitate sepharose beads were immediately aliquoted into individual
wells in a 96 well plate. Beads were resuspended in ATPase reaction buffer containing vehicle control; OSU-03012; sorafenib tosylate;
pazopanib (30 nM; 100nM; 300nM; 1mM) in triplicate, and incubated for 30min at 37 °C. The reaction was started by addition of ATP-lite
substrate. The plate was removed from the incubator and placed into a Vector 3 plate reader to determine the luminescence of the reactions
under each treatment condition (n¼ 3 (�3)�SEM).
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Individual knock down of HSP27, GRP78, or GRP75 prevented
Influenza A and Influenza B viruses from causing cell death,
whereas knock down of BAG2 or HSP75 were only partially
protective (Fig. 6A and B).

In prior studies we noted that GRP78 is inhibited by
OSU-03012 and that the resulting endoplasmic reticulum stress
signal causes the expression of LC3 and Beclin1 to be enhanced
in a PERK-dependent fashion (Park et al., 2008; Booth et al.,
2012, 2016a).Wehypothesized that the ability ofOSU-03012 to
induce autophagosome formation was also causal in the abilities
of this drug treatment to act as an anti-viral agent. As previously
shownbyus formultiple other epithelial and fibroblast cell types,
knock down of Beclin1 suppressed the ability of OSU-03012 to
induce the formationof autophagosomes inMRC5andother cell
types (see Fig. 5E). Knock down of Beclin1 also reduced the
ability of OSU-03012 to prevent Influenza A and Influenza B
viruses from killing MRC5 cells (Fig. 7A, P< 0.05). A non-
significant trend was also observed where knock down of
Beclin1 itself appeared to slightly reduce virus lethality
(P< 0.29). Treatment of influenza virus infected cells with
OSU-03012 caused the co-localization of virus proteins (using
the anti-Influenza A/B virus rabbit polyclonal antibody M149
from Clontech) with the autophagosome marker LC3,
(Fig. 7B andC).Cells infectedwith either InfluenzaAor Influenza
B viruses exhibited several large vesicle structures that stained
with the M149 antibody and treatment of cells with OSU-03012

significantly increased the mean number of virus protein
containing vesicles from 6.3 per cell to 16.8 per cell (Fig. 7D,
P< 0.05). In co-localization studies, in cells infected with
Influenza A, OSU-03012 caused the co-localization of LC3 and
GRP78 and of LC3 and HSP27, that is, chaperones were
associatedwith autophagosomes (Fig. 7E). However, Influenza B
infected cells treated with OSU-03012 did not exhibit the LC3
and HSP27 co-localization effect.

We next determined the effects of (OSU-03012þ sildenafil)
as well as molecular modulation of GRP78 and HSP27 on the
reproductive cycle of Coxsackievirus B4. In a dose-dependent
fashion Coxsackievirus B4 killed cells; an effect that was
prevented by post-infection treatment of the cells with
(OSU-03012þ sildenafil) (Fig. S1A). Over-expression of
GRP78 enhanced virus lethality and partially abrogated the
protective effect of (OSU-03012þ sildenafil) treatment.
Knock down of GRP78 suppressed virus-mediated cell lysis
(Fig. S1B). Over-expression of HSP27 also enhanced
Coxsakievirus B4 lethality, and knock down of HSP27 also
reduced virus-induced cell killing at this time point (Fig. S1C).

Again using Coxsackievirus B4, 24 h after infection, knock
down of HSP27, BAG2, GRP75, HSP75, or GRP78 modestly
suppressed virus-mediated cell killing (Fig. 8A). Combined
knock down of GRP78 with each of the other chaperone
proteins almost abolished cell killing at the 24 h time point.
Forty eight hours after infection knock down of GRP78 caused

Fig. 4. OSU-03012 suppresses expression of glucosidase I, glucosidase IIa and calnexin via inhibition of GRP78 and HSP27 function. A: HuH7
and HT1080 cells were treated with vehicle, OSU-03012 (0–3mM), sildenafil (2mM) or the drugs in combination. Two hours after drug
exposure cells were fixed in place and permeabilized. Immuno-fluorescence was performed to determine the total cellular levels of TIM1 and
NPC1 (Ebola/Marburg virus receptors) (n¼ 3�SEM). B: HuH7 cells were transfected with an empty vector plasmid or plasmids to express
GRP78 and HSP27 together. Twenty-four hours after transfection cells were treated with vehicle control or with OSU-03012
(2.0mM)� sildenafil (2mM) for 6 h after which cells were fixed in place and permeabilized using 0.5% Triton X100. Immuno-fluorescence was
performed to detect the expression of NPC1 at 10� using a Hermes WiScan system. C: GBM12 cells were treated with vehicle, OSU-03012
(2.0mM) for 6 h after which cells were fixed in place and permeabilized using 0.5% Triton X100. Immuno-fluorescence was performed to
detect the expression levels of glucosidase I; glucosidase IIa; and glucosidase IIb at 10� magnification using a Hermes WiScan system. D:
ADOR lung cancer cells (a July 2015 PDX model) were transfected with an empty vector plasmid or plasmids to express GRP78 and HSP27
together. Twenty-four hours after transfection cells were treated with vehicle control or with OSU-03012 (2.0mM)� sildenafil (2mM) for 6 h
after which cells were fixed in place and permeabilized using 0.5% Triton X100. Immuno-fluorescence was performed to detect the expression
levels of Calnexin; glucosidase I; and glucosidase IIa at 10� magnification using a Hermes WiScan system.
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a large reduction in cell killing as did to a lesser extent that of
HSP27 and HSP75. Combined knock down of GRP78 with
either HSP27 or HSP75 resulted in a further decline in virus-
mediated cell death. In parallel studies we infected cells 24 h
after siRNA transfection with Mumps virus. In cells infected
with Mumps virus, 24 h after infection, knock down of HSP27,
BAG2, GRP75, HSP75, or GRP78 suppressed virus-mediated
cell killing (Fig. 8B). Combined knock down of GRP78 with
other chaperone proteins did not appear to significantly reduce
virus cell killing at this time point. Forty-eight hours after
infection, only knock down of GRP78 or HSP27 alone
significantly reduced virus-mediated cell death. Combined
knock down of GRP78 and HSP27 virtually abolished Mumps
virus lethality. Combined knock down of GRP78 and HSP27
also prevented the replication of Measles virus and of Rubella
virus (Fig. 5C). The data in Figure 8D shows control studies for
knock down of the different chaperone proteins.

Human macrophages were transfected with a plasmid,
purchased from Addgene, to simultaneously express four
Human Immuno-deficiency virus (HIV) proteins (Gag/Pol, Tat,
Rev). Twenty-four h after transfection cells were treated with
OSU-03012 and the co-localization of virus proteins with

chaperones and LC3 determined. As was observed for the
Influenza virus proteins, we observed increased HIV
protein co-localization with LC3 after drug exposure and
decreased HIV protein co-localization with HSP70 and GRP78
(Fig. 9A–C). Standard of care treatment of HIV patients use a
combination of three protease inhibitors to impede virus
replication, maturation and release. Unfortunately, as with
many drugs designed to inhibit viral protein function which
target mutable viral proteins, the evolutionary selective
pressure of the drug results in the outgrowth of mutant
resistant strains; and sadly the HIV genome is no exception to
this evolutionary pressure. AR-12 exhibited a dose-dependent
reduction in virus replication for all virus isolates tested, with
an average IC50 value of 812 nM (IC50 range¼ 489 nM to
1,016 nM) (Tables 1 and 2). However, there was no apparent
resistance to AR-12 for any of the HIV drug resistant isolates
evaluated in this study. These findings strongly suggest that AR-
12 inhibits HIV replication/infection through a mechanism that
is different from the NRTI, NNRTI, PI, INI and entry inhibitors
to which these isolates are resistant.

Epstein-Barr virus (EBV) is the virus responsible for
mononucleosis (glandular fever) but also can play a role in

Fig. 5. OSU-03012, via inhibition of GRP78 and HSP27, facilitates an eIF2a-dependent increase in Beclin1 and LC3 expression in parallel with
mTOR inactivation andATG13phosphorylation leading to autophagosome formation. A:GBM5 cells were transfectedwith either an empty vector
plasmid (CMV) or a plasmid to express dominant negative eIF2a S51A. Twenty-four hours after transfection cells were treated with vehicle,
OSU-03012 (2.0mM) for 6h afterwhich cellswere fixed in place and permeabilized using 0.5%TritonX100. Immuno-fluorescencewas performed to
detect the expression levels of LC3 (ATG8) and Beclin1 (ATG6). B: GBM5 cells were treated with vehicle, OSU-03012 (2.0mM) for 6h after which
cells were fixed in place and permeabilized using 0.5% Triton X100. Immuno-fluorescence was performed to detect the total expression levels of
AKT/ULK-1/ATG13/mTOR, and the phosphorylation levels of AKT T308; mTOR S2448; ULK-1 S757; ATG13 S318. C: GBM12 cells were
transfected with empty vector (CMV), or plasmids to express GRP78 or HSP27. Twenty-four hours after transfection cells were treated with
vehicle, OSU-03012 (2.0mM) for 6h after which cells were fixed in place and permeabilized using 0.5% Triton X100. Immuno-fluorescence was
performed to detect the total expression levels of mTOR; eIF2a and ATG13 as well as the phosphorylation of mTOR S2448; eIF2a S51; ATG13
S318, presented at 10� magnification. D: GBM12 cells were treated with vehicle, OSU-03012 (2.0mM) for 3h. Cells were fixed in place and
permeabilized using 0.5%TritonX100. Immuno-fluorescencewas performed at 60�magnification to detect the co-localization ofHSP27with LC3
and of phospho-ATG13 S318 and LC3. GBM12 cells were treated with vehicle, OSU-03012 (2.0mM) for 3h. Cells were fixed in place and
permeabilized using 0.5%TritonX100. Immuno-fluorescencewas performed at 60�magnification to detect the co-localization of GRP78with LC3
and of HSP90 and LC3. E: GBM12 cells were transfected with a plasmid to express LC3-GFP and in parallel transfected with scrambled siRNA
(siSCR) or siRNAmolecules to knock down: Beclin1; (GRP78þHSP27); (HSP90þHSP70). Twenty-four hours after transfection cells were treated
with vehicle control orwere treatedwithOSU-03012 (2mM) for 6h. Living cells were images in aHermesWiscanmicroscope at 60Xmagnification
and the mean number of high intensity GFPþ punctae per cell determined (n¼ 3�SEM, with >40 cells per treatment per repeated included).
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promoting cancer, particularly in lymphoid tissues as well as in
the stomach and naso-pharingeal passages.We determined the
impact of OSU-03012 on the co-localization of EBNA1 (in the
panel, EBV1) and LMP latent protein (in the panel, EBV2)
with HSP90, HSP70, GRP78, and LC3. We also examined the
co-localization of the recognized EBV receptor proteins CD19
(in the panel, EBV3) and CD21 (in the panel, EBV4) with HSP90,

HSP70, GRP78, and LC3. In both Raji and Dakiki EBV infected
lymphoblastoma B-cells, OSU-03012 caused the co-
localization of the EBNA1 (EBV1) and LMP-1 (EBV2) viral
proteins with the autophagosome marker LC3 (Figs. S2–S5).
The OSU-03012 drug treatment also caused the localization of
the receptors CD19 and CD21 with LC3 in the
autophagosomes. EBNA1, LMP-1, CD19, and CD21 all were

Fig. 6. Knock down of GRP78 and HSP27 suppresses influenza virus replication. A: MRC5 cells were transfected with a scrambled siRNA
(siSCR) or siRNAmolecules to knock down the expression of HSP27, BAG2, GRP75, HSP75, and GRP78. Twenty-four hours after transfection
cells were infected with Influenza A viruses (1,000 particles per cell). Cell viability was determined 24 and 48h after virus infection. B: MRC5
cells were transfected with a scrambled siRNA (siSCR) or siRNA molecules to knock down the expression of HSP27, BAG2, GRP75, HSP75,
and GRP78. Twenty-four hours after transfection cells were infected with Influenza B viruses (1,000 particles per cell). Cell viability was
determined 24 and 48 h after virus infection.

Fig. 7. OSU-03012 suppresses influenza virus replication, in part, by modulating chaperone function and autophagy. A: MRC5 cells were
transfected with a scrambled siRNA (siSCR) or an siRNA to knock down Beclin1 expression. Twenty-four hours after transfection cells were
infected with Influenza viruses, as indicated (1,000 particles per cell). One hour after infection cells were treated with OSU-03012 (2mM) for
12h, after which cells were washed and grown in drug free media. Cell viability was determined 24h after virus infection. B–E: MRC5 cells
were infected with influenza viruses (A or B) and 12h after infection treated for 3 h with vehicle control, OSU-03012 (2mM), sildenafil (2mM),
or both drugs together. Cells were fixed in place and permeabilized using 0.5% Triton X100. Immuno-fluorescence was performed to detect
the co-expression/association of: LC3 and HSP27; LC3 and GRP78; LC3 and the anti-influenza antibody M149; GRP78 and the anti-influenza
antibody M149; HSP27 and the anti-influenza antibody M149.
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Fig. 8. Modulation of viral reproduction in vitro by HSP27 and GRP78. A: HEK293 cells were transfected with a scrambled siRNA (siSCR) or
siRNA molecules to knock down the expression of HSP27, BAG2, GRP75, HSP75, and GRP78. Twenty-four hours after transfection cells were
infected with Coxsakievirus B4 (1,000 particles per cell). Cell viability was determined 24 and 48h after virus infection. B: MRC5 cells were
transfected with a scrambled siRNA (siSCR) or siRNA molecules to knock down the expression of HSP27, BAG2, GRP75, HSP75, and GRP78.
Twenty-four hours after transfection cells were infectedwithMumps (1,000 particles per cell). Cell viability was determined 24 and 48h after virus
infection. C: MRC5 cells were transfected with a scrambled siRNA (siSCR) or siRNA molecules to knock down the expression of HSP27, BAG2,
GRP75, HSP75, and GRP78. Twenty-four hours after transfection cells were infected with Measles virus or Rubella virus (1,000 particles per cell,
each). Cell viability was determined 24h and 48h after virus infection. D: Control siRNA immuno-fluorescence images are presented showing the
knock downof various proteins.Cellswere transfectedwith a scrambled siRNAor an siRNA to knockdownaparticular protein.Twenty-four hours
after transfection the cells are fixed and stained. Immuno-fluorescence is examined at 10� magnification in the Hermes wide-field microscope.

Fig. 9. OSU-03012 suppresses HIV replication, in part, by modulating chaperone function and autophagy. A–C: RAW264.7 mouse
macrophage cells were transfected with a plasmid to express the HIV proteins Gag-Pol, Tat and Rev; and 24h after transfection treated for 6 h
with vehicle control or OSU-03012 (2mM). Cells were fixed in place and permeabilized using 0.5% Triton X100. Immuno-fluorescence was
performed to detect the co-expression/association of: LC3 and the HIV proteins Gag-Pol, Tat, Rev; GRP78 and the HIV proteins Gag-Pol, Tat,
Rev; HSP70 and HIV proteins Gag-Pol, Tat, Rev at 10� magnification in the Hermes wide-field microscope.
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chaperoned by HSP90 under control conditions whereas after
OSU-03012 treatment their co-localization with the
chaperone was abolished. The association of EBNA-1, LMP-1,
CD19, and CD21 with HSP70 appeared to be less intense than
the association we observed for HSP90; however, data from
both cell lines strongly argued that OSU-03012 treatment
reduced the co-localization of HSP70 with our EBV proteins.
Our findings examining the association of EBNA1, LMP-1,
CD19 and CD21 with GRP78 were very similar to those
observed using HSP90; all four EBV related proteins co-
localized with GRP78 under control conditions, an interaction
which was abolished by OSU-03012 treatment.

Treatment of Ebola virus infected cells with OSU-03012
suppressed the replication of Ebola virus in vitro, in agreement
with data recently reported by others (Fig. 10A) (Reid et al.,

2014; Mohr et al., 2015). Individual knock down of GRP78 or of
HSP75 also significantly reduced Ebola virus replication in vitro
in HeLa cells (Fig. 10B). This is in general agreement with
published data showing that molecular knock down of GRP78
in vivo prolongs the survival of mice infected with Ebola virus
(Reid et al., 2014). In vivo, treatment of athymic mice with
OSU-03012 significantly reduced the expression of Ebola virus
TIM1 and NPC1 receptors in both the brain and the liver
(Fig. 10C). Furthermore, when mice were given an IV bolus
(10mg/kg, the equivalent of a single 600mg drug dose in
patients) of OSU-03012 and brain samples taken, we
demonstrated thatOSU-03012 crossed the blood brain barrier
within 5min of IV dosing, with a peak brain concentration of
2mMwithin 240min (Fig. 10D). It should be noted in the phase I
trial using OSU-03012 the safe tolerated dose was determined

TABLE 1. OSU-03012 (AR-12) is a potent inhibitor of HIV replication

Test article HIV isolate High testconcentration IC50 (mM) TC50 (mM) Antiviral index (TC50/IC50)

AR-12 HIV-191US001 30mM 0.24 6.12 25.6
HIV-1 92HT599 0.27 22.6
HIV-2 CBL20 H9 0.51 12.0
HIV-2 CDC 310319 0.37 16.4
HIV-MDR 769 0.310 19.9

AZT HIV-1 91US001 1,000 nM 17.4 >1,000 >57.5
HIV-1 92HT599 11.9 >84.0
HIV-2 CBL20 H9 <0.1 >10,000
HIV-2 CDC 310319 5.73 >174
HIV-MDR 769 >1,000 NA

Efavirenz HIV-MDR 769 1,000 nM 0.66 >1,000 >1,506
Lopinavir HIV-MDR 769 1,000 nM 827 >1,000 >1.21

Human PBMCs were infected with various HIV strains in the presence or absence of the indicated drugs, as described in Methods. Quantitative RT-PCR for the levels of reverse transcriptase
mRNA. Using an in-house computer program, the PBMC data analysis includes the calculation of IC50 (50% inhibition of virus replication), IC90 (90% inhibition of virus replication), IC95 (95%
inhibition of virus replication), and therapeutic index values (TI¼TC/IC; also referred to as Antiviral Index or AI). These studies were performed under DAIDS/NIAID contract N01-AI-
1400010I; Roger Miller, Project Officer.

TABLE 2. OSU-03012 (AR-12) suppresses the replication of multiple protease inhibitor resistant strains of HIV1

HIV-1 Isolate Compound ID IC90 (nM) IC50 (nM) tc50 (nM) TI (TC50/TC50)

NL4-3 AR-12 2,169 749 5,532 7.39
AZT 39.6 9.96 >1,000 >100
Ritonavir 92.3 45.5 >10,000 >220
Raltegravir 5.18 1.30 >100 >77.0
Nevirapine 227 75.3 >10,000 >133
Delavirdine 57.6 30.6 >2,000 >65.5
T-20 412 133 >2,000 >15.0
Elvitegravir 1.25 0.52 >1,000 >1,935

MDR769 AR-12 3,819 848 5,532 6.53
AZT >1,000 >1,000 >1,000 N/A
Ritonavir >10,000 >10,000 >10,000 N/A
Raltegravir 8.95 3.64 >100 >27.4

MDR807 AR-12 2,126 905 5,532 6.12
AZT > 1,000 162 >1,000 >6.17
Ritonavir 5,938 1,281 >10,000 >7.81
Raltegravir 2.16 0.46 >100 >219

A17 AR-12 6,637 914 5,532 6.05
AZT 27.4 11.6 >1,000 >86.0
Nevirapine >10,000 >10,000 >10,000 N/A
Delavirdine >2,000 >2,000 >2,000 N/A

1022-48 AR-12 3,679 489 5,532 11.3
AZT >1,000 >1,000 >1,000 N/A
Nevirapine 242 70.4 >10,000 >142
Ritonavir >10,000 >10,000 >10,000 N/A

4736_4 AR-12 2,245 762 5,532 7.26
AZT 20.6 2.57 >1,000 >389

4736_4 Raltegravir >100 74.5 >100 >1.34
Elvitegravir 251 81.9 >1,000 >12.2

NL4-3 gp41 (36G) N42T, N43K AR-12 7,372 1,016 5,532 5.45
AZT 40.3 11.1 >1,000 >90.1
T-20 1,773 646 >2,000 >3.10

HumanPBMCswere infectedwith variousHIV strains in thepresenceor absenceof the indicateddrugs, as described inMethods.QuantitativeRT-PCR for the levels of reverse transcriptasemRNA.
Using an in-house computer program, the PBMCdata analysis includes the calculation of IC50 (50% inhibition of virus replication), IC90 (90% inhibition of virus replication), IC95 (95% inhibition of
virus replication), and therapeutic index values (TI¼TC/IC; also referred to as Antiviral Index orAI). These studieswere performed underDAIDS/NIAID contractN01-AI-1400010I; RogerMiller,
Project Officer.
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to be 800mg BID (NCT00978523). In the mouse brain,
treatment of the animal with (OSU-03012þ sildenafil) reduced
the expression of GRP78 and the blood-brain barrier drug
efflux pumps ABCB1 and ABCG2 (gross 10� magnification
images). OSU-03012 was still detectable in mouse brain tissue
48 h after dosing (gross 10� magnification images). Treatment
of animals with (OSU-03012þ sildenafil) did not cause any
apparent normal tissue toxicity as judged by H&E staining (data
not shown).

Additional studies next examined the replication of different
strains of Junín virus (JUNV), agent of Argentine hemorrhagic
fever, was potently inhibited by treatment with OSU-03012
(AR-12) in both human A549 and monkey Vero cells.
OSU-03012 (AR-12) was more effective against all JUNV
strains than ribavirin, the reference drug for arenaviral
hemorrhagic fever, with significantly higher selectivity indices
(Fig. 11A). By immunofluorescence staining of viral
nucleoprotein NP, JUNV infected cells expressing NP were
also drastically reduced (Fig. 11B). In chaperone knockdown
studies, cells were transfected with various siRNAs and 24 h
later infected with JUNV, virus infectivity was then determined
after 24 and 72 h of infection. Individual knockdown of HSP90
significantly reduced the replication of JUNV at 24 h post-
infection, whereas the silencing of GRP78 and HSP70 also
produced virus inhibition but at a minor level (Fig. 11C). Based
on our control knock down data using these siRNA molecules
herein and other studies, the mole/mole effectiveness of each
siRNA against its individual target was nearly identical between

the targets. Seventy-two hours after infection a similar
response was detected. When combination of the three more
effective siRNAswas tested, only the simultaneous knockdown
of HSP90 and HSP70 resulted in higher reduction in virus
infectivity (Fig. 11C). The JUNV infectivity results regarding
chaperone knockdown were confirmed by
immunofluorescence staining of viral NP in the siRNA
transfected infected cells (Fig. 11D).

Finally, based on our in vitro data with the Ebola and Junín
hemorrhagic viruses, we determined whether OSU-03012
could prolong the survival of animals infected with another
hemorrhagic fever virus, the rabbit hemorrhagic disease virus
(RHDV), which is an accepted model of fulminant viral hepatitis
in humans (San-Miguel et al., 2006; Tu~n�on et al., 2011).
For these studies we used transient low dosing levels of
OSU-03012, compared to our prior tumor survival studies in
glioblastoma (Booth et al., 2012). Rabbits infected with virus
and vehicle control-treated began to die 36 h after infection and
60 h after infection approximately 70% of the animals had died
(Fig. 12). Animals treated with OSU-03012 began to die 48 h
post-infection and 60–72 h post-infection approximately 30%
of the animals had died, a doubling of the survival effect that was
found to be statistically significant (P< 0.05). In parallel studies
examining the plasma of rabbits after RHDV infection we
discovered OSU-03012 significantly reduced the virus-induced
increases in plasma ALT, LDH, and GGT levels (Fig. 13). In
agreement with longer survival and reduced liver damage,
animals treated with OSU-03012 exhibited less expression of

Fig. 10. OSU-03012 suppresses the reproduction of Ebola virus. A: Near confluent HEK293T reporter cells (enzyme-linked virus reporter,
ELVIRA1; ELVIRA Flu A-luc) were infected with Ebola virus. Cells were then treated with increasing concentrations of OSU-03012 (AR-12).
Twenty-four hours after infection, cells were lysed and analyzed for firefly luciferase activity using the Bright-Glo Luciferase Assay System
(Promega). The EC50 and CC50 values were determined for both viruses with AR12. B: HeLa cells were transfected with a scrambled siRNA
(siSCR) or siRNAmolecules to knock down the expression of HSP27, BAG2, GRP75, HSP75, and GRP78. Twenty-four hours after transfection
cells were infected with Ebola virus (1,000 particles per cell). Cell viability was determined 24 and 48h after virus infection. C: Mice were co-
administered IP, OSU-03012 (50mg/kg) and sildenafil (10mg/kg) for 5 days after which time animals were humanely sacrificed and the brains
and livers of animals isolated, fixed in formaldehyde, and embedded in paraffin wax. Ten micron sections of tissue were taken, de-parafinized
and renatured, and immuno-histochemistry performed to detect the expression of TIM1 and NPC1. D: Mice were administered OSU-03012
(10mg/kg) as a bolus IV. Animal brains were isolated after drug treatment at the indicated time points, and the concentration of OSU-03012
in the mouse brain determined (ng/g�SEM; OSU-03012 molecular weight of 460.45).
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virus protein VP60 mRNA at the time of animal nadir, which
correlated with reduced obvious liver damage assessed by H&E
staining of liver sections (Fig. 14).

Discussion

At present OSU-03012 (AR-12) has orphan drug designation in
Europe for the treatment of cryptococcosis and tularaemia, and
the licensees of OSU-03012, Arno Therapeutics, has entered
into a cooperative research and development agreement with
the US Army Medical Research Institute of Infectious Diseases
for AR-12. Ourselves and others have shown that OSU-03012
(AR-12) has anti-tumor activity in vitro and in vivo in many
model systems as well as having anti-viral and anti-bacterial
properties against organisms as diverse as Mumps, Measles,
Influenza, Ebola, Marburg, and pan-antibiotic resistant strains of
Neisseria gonorrhea and Klebsiella pneumoniae.

Chaperone proteins play essential roles in the biology of
tumor cells that express high protein levels, but also are
essential for pathogenic viruses to safely and effectively
reproduce in eukaryotic cells. In particular, the chaperone
GRP78 has been linked since the late 1980s in tens of studies as
a protein essential for viral replication (e.g., Lee, 2007; Ni and
Lee, 2007; Luo and Lee, 2013; Tsai et al., 2015). Other studies
have shown additional chaperones including HSP90 and HSP27
as proteins which facilitate the viral life cycle. Chaperone
expression is essential in virus life cycles for several reasons:
(a) GRP78 and other chaperones are essential for correct 2°/3°

protein folding of nascent viral peptides in the endoplasmic
reticulum, including viral core protein expression; (b) elevated
GRP78 levels as well as the levels of other chaperone proteins
upon viral infection together with virus-mediated
dephosphorylation of eIF2a collectively prevent a profound
intense endoplasmic reticulum stress response being
generated after viral infection which thus prevents cell death
prior to the replication of genetic material and the formation of
progeny viruses; (c) the chaperones GRP94, HSP90, HSP70,
HSP60, andHSP27 have all each been shown in a variety of virus
types to play secondary roles in the replication of viral genetic
material as well as the formation of new viral capsid complexes
(Gober et al., 2005; Mathew et al., 2009; Liu et al., 2014; Vashist
et al., 2015; Zhang et al., 2015). Thus as AR-12 simultaneously
dysregulates the functionality of multiple chaperone proteins,
this compound will profoundly act to block the production and
reduce the stability of many essential viral proteins required for
virus reproduction.

But, in addition to its anti-chaperone effects that impact the
production and stability of viral proteins, AR-12 also, through
chaperone inhibition, provokes a host cell endoplasmic
reticulum stress response which elevates Beclin1 and LC3
levels in parallel with causing the inactivation of mTOR and
phosphorylation of ATG13 S318; and that together facilitate
the production of autophagosomes. We demonstrated
that chaperone proteins are associated with viral proteins
under control conditions and that chaperone proteins do not
co-localize with the few autophagosomes present in control

Fig. 11. OSU-03012 (AR-12) is a potent inhibitor of JUNV replication. A: A549 and Vero cells were mock-infected or infected with different
JUNV strains (multiplicity 1PFU/cell). Cells were then treated with increasing concentrations of OSU-03012 (AR-12) or ribavirin. At 48h after
infection cell viability was determined in mock-infected cells by MTT method and virus yields were measured in infected cells by PFU.
Cytotoxic concentration 50% (CC50) and effective concentration 50% (EC50) were then extrapolated from dose-response curves. B: In A549
cells infected with JUNV IV4454 and treated with vehicle or 1.25mM OSU-03012 (AR-12), viral nucleoprotein NP was determined by indirect
immunofluorescence with mAb SA02-BG12 at 48 h after infection (600� magnification). C: A549 cells were transfected with a scrambled
siRNA (siSCR) or siRNA molecules to knock down the expression of HSP27, HSP70, HSP75, HSP90, GRP75, and GRP78. Twenty-four hours
after transfection cells were infected with JUNV (1PFU/cell) and virus infectivity was determined by PFU at 24 or 72h after virus infection.
Results are expressed as % virus yield related to siSCR treated cells�SD �P< 0.05 less than scrambled control; ��P< 0.05 less than siHSP90
alone value. D: In A549 cells transfected with siRNAs and infected with JUNV as in Panel C, viral nucleoprotein (NP) was determined by
indirect immunofluorescence with mAb SA02-BG12 24h after infection (600� magnification).
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cells. After AR-12 exposure, however, virus proteins and
chaperone proteins have become localized in the greater
AR-12—stimulated number of autophagosomes, and that
under these conditions the co-localization of virus protein with
chaperone protein has declined. Thus AR-12 acts through two
over-arching mechanisms to prevent the production of
progeny virus. This first mechanism is to reduce the infection,
production, and stability of virus proteins including reduced
intracellular processing, and the second through stimulating the

production of autophagosomes who in turn act to sequester
the denatured viral proteins where these proteins will
eventually be degraded in the autolysosomes.

Contemporaneously with our own AR-12 anti-tumor
and anti-viral studies, two other groups of researchers
demonstrated that the expression of GRP78 was essential for
Ebola virus reproduction in vitro going on to show that
molecular knock down of GRP78 in vivo protected mice from
Ebola virus lethality, and that OSU-03012 prevented the

Fig. 12. Effects of OSU-03012 (AR-12) on survival rates after RHDV infection. Nine-week-old New Zealand white rabbits were kept in the
animal facility of the University of Le�on. The rabbits were kept in a climatized room at 21°C, with a 12h light cycle. They were given a
standard dry rabbit food and water ad libitum. For animal survival studies, 14 animals were injected intramuscularly with 2� 104

hemagglutination units of RHDV isolate Ast/89. Seven were treated with vehicle control and seven with OSU-03012 (25mg/kg) at 0, 12, 24,
and 36h post infection. Animal survival was monitored twice daily. Data represent percentage of surviving animals. �P< 0.05 with Fisher test.

Fig. 13. Effect of RHDV-infection and OSU-03012 (AR-12) treatment on rabbit blood biochemistry. Nine-week-old New Zealand white
rabbits were kept in the animal facility of the University of Le�on. The rabbits were kept in a climatized room at 21°C, with a 12h light cycle.
They were given a standard dry rabbit food and water ad libitum. For animal survival studies, 14 animals were injected intramuscularly with
2� 104 hemagglutination units of RHDV isolate Ast/89. Seven were treated with vehicle control and seven with OSU-03012 (25mg/kg) at 0,
12, 24, and 36h post infection. Plasma was obtained at the indicated time points and the levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), lactate dehydrogenase (LDH), and gamma-glutamyl transferase (GGT) determined for all viable animals. �P< 0.05
compared with 12hpi. #P< 0.05 compared with RHDV.
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replication of many hemorrhagic fever viruses in vitro, including
Ebola, Lassa and Marburg (Reid et al., 2014; Mohr et al., 2015).
The present studies demonstrate that molecular knock down of
several AR-12 interacting chaperone proteins, alone or in
combination, could also prevent the replication of life-
threatening viruses such as Influenza,Measles, and Ebola. Several
years ago a phase I trial in heavily pre-treated cancer patients
treated with increasing doses of OSU-03012 was reported
(NCT00978523; J. Clin. Oncol. 31, 2013 suppl; abstr 2608). The
drug plasmaCmaxwas approximately 8mM for a safe 800mgBID
dosing, and some patients with stable disease remained on the
trial for up to 33 weeks. That is, our pre-clinical studies use the
drug at 20% or less of the achievable plasma level. The major
pharmacological issue to come out of this trial over further
development for AR-12 was a need for its reformulation, to
standardize drug uptake/PK/PD in patients. As AR-12 is orally
ingested, and based on our data of the last 12 months, it seems
obvious that AR-12, particularly if combined with sildenafil,
should be deployed for the treatment of life threatening
infections such as Influenza, Junín, Measles, and Ebola.

In our very recent mechanistic/biochemical Booth et al.
(2016a) manuscript, when using antibodies raised against
epitopes in different portions of HSP90, HSP70, HSP27, and
GRP78 we observed discordant data, using immuno-
fluorescence detection. Antibodies raised against the ATP-
binding NH2-terminal domains of HSP90, HSP70, and GRP78
demonstrated that OSU-03012 treatment reduced chaperone
immuno-fluorescence detection whereas those antibodies
raised against central and COOH-terminal epitopes remained
constant or exhibited more modest declines in detection
(Booth et al., 2016a). Data using bacterial and eukaryotic
expressed chaperones also strongly argued that OSU-03012

was interacting with chaperone proteins through the ATP
binding site within their ATPase domain and that this modified
chaperone-client interactions. Proteomic data in Booth et al.
(2016a) demonstrated that OSU-03012 interacted with
multiple other ATP, GTP and purine binding proteins, thus a
portion of the mechanism by which OSU-03012 suppresses
influenza virus replication could have similarities to that of
Ribavirin. In Figure 1 we demonstrated that the analogue of
OSU-03012, AR-13, also had anti-viral properties. In Booth
et al. (2016a), AR-13 was at the very least equipotent at
inhibiting chaperone ATPase activities in vitro as was
OSU-03012. And we thus concluded that the phenanthrene
system in both AR-12 and in AR-13 is essential for their
enhanced biological activities toward chaperones compared to
their parent compound celecoxib.

In conclusion, AR-12 (OSU-03012) interacts with multiple
chaperone proteins of the HSP90 family and the HSP70 family
resulting in a broad spectrum of chaperone inactivation. This
overall loss of chaperone functionality results in cells being
more readily capable of undergoing autophagic processes and
in cells that have a reduced competency for virus replication.
AR-12 and pazopanib both have modest normal tissue
toxicities in comparison to anti-viral drugs such as AZT or the
HIV protease inhibitors and as such, they could represent a
novel wide-ranging basis for treating RNA and DNA virus
infections as well as viral-induced human malignancies, for
example, by EBV.
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