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Commentary
Although originally thought to be an inhibitor of PDK-1,
OSU-03012 (AR-12) was shown in 2005 not to primarily act as a
PDK-1 inhibitor in its ability to radio-sensitize tumor cells [1,2].
Subsequently it was shown 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 [1-3]. ER stress signaling in turn promoted a toxic form of
autophagy resulting in a necroptotic form of cell death.
As AR-12 was causing an ER stress signal, the on-going studies
became more focused on defining whether the functions and activities
of chaperone proteins, particularly HSP90, HSP70 and GRP78, were
being altered by the drug [3]. By western immuno-blotting, AR-12
lowered the expression of HSP90 and GRP78 but stimulated HSP70
expression. These findings were independently confirmed [4]. As
AR-12 reduced expression of the PERK inhibitory chaperone GRP78,
and as the induction of toxic autophagy was PERK dependent, we
investigated in more detail the role of altered GRP78 expression in
mediating drug toxicity. AR-12 destabilized GRP78 protein,
significantly lowering its half-life as assessed by western blotting from
>24 hours to 10 hours [5]. Transfection of cells with a plasmid to force
over-expression of GRP78 blunted AR-12 induced PERK activation;
autophagosome formation, and tumor cell death.
Data published in 2014 and 2015 with AR-12 have additionally
underlined the prominence of chaperones and especially GRP78 in the
cell biology of OSU-03012. Phosphodiesterase 5 inhibitors including
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sildenafil (Viagra) and tadalafil (Cialis) were shown to interact with
OSU-03012 to facilitate killing in a wide variety of tumor cells. The
enhanced killing effect of the drug combination was associated with
enhanced PERK-dependent ER stress signaling and autophagosome
formation, as well as through death receptor activation [6]. Congruent
data were obtained using the parent drug of OSU-03012, celecoxib,
and also with the multi-kinase inhibitors sorafenib, regorafenib and
pazopanib [7,8]. These pre-clinical studies have resulted in two open
clinical trials; in all solid tumor patients (NCT02466802) where
patients are receiving increasing once daily dosing with regorafenib
and sildenafil; in recurrent glioblastoma patients (NCT01817751)
where they receive sorafenib, sildenafil and valproate twice daily.
From the research of many laboratories it has been defined that
multiple chaperone proteins interact to play key roles in preserving
protein stability and signaling, most notably in tumor cells which very
often express much higher levels of protein than non-transformed
cells. Hence some chaperones, e.g. HSP90, have become a target for
developmental therapeutic synthetic chemists and also tumor cell
biology scientists. In the area of viral reproductive biology, proteins
such as HSPA5/ GRP78/ BiP have for almost 30 years been recognized
as playing key facilitator roles in the life cycles of both DNA and RNA
viruses [9-21].
Several years ago, we noted that our examination of chaperone
functionality in the field of cancer developmental therapeutics would
overlap with the findings from virology laboratories regarding the roles
of chaperones in virus biology. From this realization we have
performed studies to determine whether OSU-03012 could alter virus
reproduction. OSU-03012 and the multi-kinase inhibitors sorafenib
(Nexavar) and pazopanib (Votrient) reduced the expression of multiple
chaperones in the HSP70 family and the HSP90 family; effects that
were magnified by the PDE5 inhibitor sildenafil [7,22,23]. And,
because our drug combinations were inhibiting the chaperone
function of many diverse chaperones, we found that OSU-03012 or
sorafenib or pazopanib could strongly inhibit the reproduction of antiviral a wide range of DNA and RNA viruses. We demonstrated that the
reduction of GRP78 protein levels was one essential effect of these
drugs in blocking virus reproduction. Contemporaneously with our
studies, two groups of researchers demonstrated that the expression of
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GRP78 was essential for Ebola virus reproduction in vitro with
molecular knock down of GRP78 in vivo protecting mice from Ebola
virus lethality, and that OSU-03012 prevented the replication of
hemorrhagic fever viruses in vitro, including Ebola and Marburg
[24,25].
To further broaden the scope of our analyses, we implemented
proteomic studies using OSU-03012 as bait [26]. The proteomic
analyses revealed that chaperone and chaperone-regulatory proteins
associated with OSU-03012: GRP75, HSP75, BAG2, HSP27, ULK-1,
and thioredoxin.
The ATP binding site in HSP70 and HSP90 family chaperones is
located in the NH2-terminal portion of the proteins and OSU-03012
rapidly reduced the in situ immuno-fluorescence detection of these
chaperones using antibody epitopes against the NH2-termini of the
proteins. Computer analyses demonstrated that OSU-03012 docked in
silico with the ATPase domains of HSP90 and of HSP70. At the early
time points very little alteration in the immuno-fluorescence signals
were found using antibodies directed against epitopes in the central
and COOH portions of the proteins. OSU-03012 altered the subcellular localization of chaperone proteins, eliminating their punctate
stippled appearance at the same time as changing protein colocalization. OSU-03012 reduced chaperone ATPase activity, which
was further facilitated by sildenafil. In agreement with all of these
changes in biology OSU-03012 reduced chaperone – chaperone and
chaperone – client interactions. OSU-03012 alone or when combined
with sildenafil in a chaperone inhibitory fashion to strongly induce an
eIF2α/ ATF4/ CHOP/ Beclin1 pathway in parallel with lowering
mTORC1 and mTOR2 activities, and thus promoting increased ATG13
phosphorylation. All of these events together facilitated the formation
of toxic autophagosomes. Over-expression of multiple dyad
combinations of chaperone proteins prevented OSU-03012 –inducing
ER stress signaling and also maintained mTOR activity with no change
in P-ATG13 S318 levels.
In our 2016 virology-based publication we found that HSP90,
HSP70, GRP78 and the small chaperone HSP27 are essential
OSU-03012 effectors in terms of the drug changing viral biology [26].
Combined knock down of GRP78 and HSP27 profoundly lowered
virus reproduction. The knock down of multiple chaperones or AR-12
exposure caused the expression of virus receptors and essential
glucosidase proteins to be lowered. Combined knock down of
chaperones or AR-12 treatment inactivated mTOR and at the same
time elevated ATG13 S318 phosphorylation alongside inducing an ER
stress response that enhanced Beclin1 and LC3 expression and
ultimately autophagy. Cells over-expressing chaperone proteins
blocked the reduction in receptor/glucosidase expression, mTOR
inactivation, ER stress response and autophagy induction [27]. The
reproduction of viruses as diverse as, and including: Mumps,
Influenza, Measles, Junín, Rubella, HIV (wild type and protease
inhibitor resistant), and Ebola was suppressed by AR-12. And, as noted
previously, the impact of AR-12 on virus reproduction was replicated
by chaperone protein knock down. AR-12 enhanced the colocalization of LC3 in autophagosomes with Influenza, EBV and HIV
virus proteins. This effect was concomitant with reduced viral protein
co-localization with the chaperones HSP90, HSP70 and GRP78.
Beclin1 knock down lowered drug-enhanced autophagosome
formation and lowered the anti-viral protection caused by AR-12. In
an animal model of hemorrhagic fever virus, low doses of AR-12, for
24 hours, doubled animal survival from ~30% to ~60% and reduced
liver damage as measured by ATL, GGT and LDH release [28,29].
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Hence by inhibition of chaperone proteins; lowering the production,
stability and processing of viral proteins; and promoting
autophagosome formation/ viral protein break-down, AR-12 acts as a
broad-specificity anti-viral drug in vitro and in vivo.
The actions of chaperones, including GRP78, have however also
been linked to other human maladies, beyond viruses and cancer, to
include neuro-degenerative disorders such as Alzheimer’s Disease
[30-33]. GRP78 and other chaperones are over-expressed in the
neurons of Alzheimer’s patients and they act to maintain cell viability
and the correct tertiary conformation of tau protein and prevent
formation of insoluble aggregates. Thus chaperone functionality in
Alzheimer’s disease and the possibility of AR-12 or analogues of AR-12
being developed as a therapeutic for this disorder should be considered
if supported by appropriate in vivo preclinical models. Of interest,
AR-12 has been demonstrated to suppress neurite degeneration in an
in vitro model of amyloid-β peptide (Aβ) 25-35-mediated neurite
degeneration [32]. In patients who are initially presenting with mild
initial memory loss and who presently have a low protein aggregate
load in their neurons, the chaperone-inhibitory effects of AR-12 may
result in a beneficial reduction in the amount of intracellular tau
protein. AR-12 will cause an ER stress signal reducing the production
of total cellular protein and simultaneously by de-chaperoning the tau
proteins and promoting autophagy will further reduce the levels of tau
protein. As brain-permeant PDE5 inhibitors are considered to be
potentially useful agents in Alzheimer’s treatment and also enhance the
chaperone inhibitory effects of AR-12; and as AR-12 crosses the bloodbrain barrier in pre-clinical models; the development of AR-12 or
AR-12 + PDE5 inhibitor therapy regimen for this debilitating disease
should be considered. Also of interest, AR-12 has been demonstrated
in an in vitro setting to have a very rapid and robust effect on
decreasing PrPSc levels in prion-infected neuroblastoma cells (ScN2a).
The rapid anti-prion effect was felt to result from increased PrPSc
clearance consistent with the experimental data which demonstrated
an up-regulation of autophagy markers including LC3-II and using
ScN2a cells with CRISPR/Cas9-based autophagy knock-out (ATG5
gene) proved that autophagy is involved in the mode of anti-prion
action of AR-12 [34].
In conclusion, we have shown that the drug OSU-03012 (AR-12),
originally developed as an anti-cancer therapeutic, can be re-purposed
as an anti-viral. AR-12 is not the only non-cancer drug we have
recently repurposed and translated to the clinic. Dimethyl fumarate,
ruxolitinib, celecoxib, valproic acid and sildenafil are medications for
multiple sclerosis, myeloproliferative disorders, arthritis, bipolar
disease and erectile dysfunction, respectively, and all in a rational
manner can be combined with each other or with established cancer
therapies to kill tumor cells. It is hoped that our initial studies in the
area of repurposing, combined with those of other groups, may yield
better and novel ways to treat cancer and viral diseases.

Acknowledgements
Studies were supported by PHS R01 CA192614. PD is the holder of
the Universal Inc. Chair in Signal Transduction Research. Dr. Proniuk
and Dr. Zukiwski are paid officers of Arno Therapeutics which owns
the license to OSU-03012. Thanks to Dr. H.F. Young (Neurosurgery,
VCU) and the Betts family fund for support in the purchase of the
Hermes Wiscan instrument. Services in support of the research project
were provided by the VCU Massey Cancer Center Tissue and Data
Acquisition and Analysis Core, supported, in part, with funding from
NIH-NCI Cancer Center Support Grant P30 CA016059. The HIV viral

Volume 7 • Issue 5 • 1000454

Citation:

Booth L, Roberts JL, Ecroyd H, Reid St.P, Proniuk S, et al. (2016) AR-12 Inhibits Chaperone Proteins Preventing Virus Replication and
the Accumulation of Toxic Misfolded Proteins. J Clin Cell Immunol 7: 454. doi:10.4172/2155-9899.1000454

Page 3 of 3
replication studies were conducted in part [or in total] by Southern
Research Institute using federal funds from the Division of AIDS,
National Institute of Allergy and Infectious Diseases, National
Institutes of Health under contract HHSN272201400010I entitled “In
Vitro Testing Resources for HIV Therapeutics and Topical
Microbicides”.

18.

References

20.

1.

2.

3.

4.
5.
6.
7.

8.
9.
10.
11.

12.
13.
14.

15.
16.

Yacoub A, Park MA, Hanna D, Hong Y, Mitchell C, et al. (2006)
OSU-03012 promotes caspase-independent but PERK-, cathepsin B-,
BID-, and AIF-dependent killing of transformed cells. Mol Pharmacol 70:
589-603.
Carón RW, Yacoub A, Li M, Zhu X, Mitchell C, et al. (2005) Activated
forms of H-RAS and K-RAS differentially regulate membrane association
of PI3K, PDK-, and AKT and the effect of therapeutic kinase inhibitors
on cell survival. Mol Cancer Ther 4: 257-270.
Park MA, Yacoub A, Rahmani M, Zhang G, Hart L, et al. (2008)
OSU-03012 stimulates PKR-like endoplasmic reticulum-dependent
increases in 70-kDa heat shock protein expression, attenuating its lethal
actions in transformed cells. Mol Pharmacol 73: 1168-1184.
Gao M, Yeh PY, Lu YS, Hsu CH, Chen KF, et al. (2008) OSU-03012, a
novel celecoxib derivative, induces reactive oxygen species-related
autophagy in hepatocellular carcinoma. Cancer Res 68: 9348-9357.
Booth L, Cazanave SC, Hamed HA, Yacoub A, Ogretmen B, et al. (2012)
OSU-03012 suppresses GRP78/BiP expression that causes PERKdependent increases in tumor cell killing. Cancer Biol Ther 13: 224-236.
Booth L, Roberts JL, Cruickshanks N, Grant S, Poklepovic A, et al. (2014)
Regulation of OSU-03012 toxicity by ER stress proteins and ER stressinducing drugs. Mol Cancer Ther 13: 2384-2398.
Roberts JL, Tavallai M, Nourbakhsh A, Fidanza A, Cruz-Luna T, et al.
(2015) GRP78/Dna K Is a Target for Nexavar/Stivarga/Votrient in the
Treatment of Human Malignancies, Viral Infections and Bacterial
Diseases. J Cell Physiol 230: 2552-2578.
Tavallai M, Hamed HA, Roberts JL, Cruickshanks N, Chuckalovcak J, et
al. (2015) Nexavar/Stivarga and viagra interact to kill tumor cells. J Cell
Physiol 230: 2281-2298.
Bolt G (2001) The measles virus (MV) glycoproteins interact with cellular
chaperones in the endoplasmic reticulum and MV infection upregulates
chaperone expression. Arch Virol 146: 2055-2068.
Buckheit RW Jr, Swanstrom R (1991) Characterization of an HIV-1
isolate displaying an apparent absence of virion-associated reverse
transcriptase activity. AIDS Res Hum Retroviruses. 7: 295-302.
Dimcheff DE, Faasse MA, McAtee FJ, Portis JL (2004) Endoplasmic
reticulum (ER) stress induced by a neurovirulent mouse retrovirus is
associated with prolonged BiP binding and retention of a viral protein in
the ER. J Biol Chem. 279: 33782-33790.
Earl PL, Moss B, Doms RW (1991) Folding, interaction with GRP78-BiP,
assembly, and transport of the human immunodeficiency virus type 1
envelope protein. J Virol 65: 2047-2055.
Gober MD, Wales SQ, Aurelian L (2005) Herpes simplex virus type 2
encodes a heat shock protein homologue with apoptosis regulatory
functions. Front Biosci 10: 2788-2803.
Goodwin EC, Lipovsky A, Inoue T, Magaldi TG, Edwards AP, et al. (2011)
BiP and multiple DNAJ molecular chaperones in the endoplasmic
reticulum are required for efficient simian virus 40 infection. MBio 2:
e00101-111.
Liu J, Zhang L, Zhu X, Bai J, Wang L, et al. (2014) Heat shock protein 27
is involved in PCV2 infection in PK-15 cells. Virus Res 189: 235-242.
Mathew SS, Della Selva MP, Burch AD (2009) Modification and
reorganization of the cytoprotective cellular chaperone Hsp27 during
herpes simplex virus type 1 infection. J Virol 83: 9304-9312.

J Clin Cell Immunol, an open access journal
ISSN:2155-9899

17.

19.

21.
22.

23.
24.
25.
26.

27.
28.
29.
30.
31.
32.
33.

34.

Rathore APS, Ng ML, Vasudevan SG (2013) Differential unfolded protein
response during Chikungunya and Sindbis virus infection: CHIKV nsP4
suppresses eIF2a phosphorylation. Virol J 10: 36.
Roux L (1990) Selective and transient association of Sendai virus HN
glycoprotein with BiP. Virology 175: 161-166.
Vashist S, Urena L, Gonzalez-Hernandez MB, Choi J, de Rougemont A, et
al. (2015) Molecular chaperone Hsp90 is a therapeutic target for
noroviruses. J Virol 89: 6352-6363.
Xu A, Bellamy AR, Taylor JA (1998) BiP (GRP78) and endoplasmin
(GRP94) are induced following rotavirus infection and bind transiently to
an endoplasmic reticulum-localized virion component. J Virol 72:
9865-9872.
Zhang C, Kang K, Ning P, Peng Y, Lin Z, et al. (2015) Heat shock protein
70 is associated with CSFV NS5A protein and enhances viral RNA
replication. Virology 482: 9-18.
Booth L, Roberts JL, Tavallai M, Nourbakhsh A, Chuckalovcak J, et al.
(2015) OSU-03012 and Viagra Treatment Inhibits the Activity of Multiple
Chaperone Proteins and Disrupts the Blood-Brain Barrier: Implications
for Anti-Cancer Therapies. J Cell Physiol 230: 1982-1998.
Booth L, Roberts JL, Cash DR, Tavallai S, Jean S, et al. (2015) GRP78/BiP/
HSPA5/Dna K is a universal therapeutic target for human disease. J Cell
Physiol 230: 1661-1676.
Mohr EL, McMullan LK, Lo MK, Spengler JR, Bergeron É, et al. (2015)
Inhibitors of cellular kinases with broad-spectrum antiviral activity for
hemorrhagic fever viruses. Antiviral Res 120: 40-47.
Reid SP, Shurtleff AC, Costantino JA, Tritsch SR, Retterer C, et al. (2014)
HSPA5 is an essential host factor for Ebola virus infection. Antiviral Res
109: 171-174.
Booth L, Shuch B, Albers T, Roberts JL, Tavallai M, et al. (2016) Multikinase inhibitors can associate with heat shock proteins through their
NH2-termini by which they suppress chaperone function. Oncotarget 7:
12975-12996.
Chang J, Block TM, Guo JT (2013) Antiviral therapies targeting host ER
alpha-glucosidases: current status and future directions. Antiviral Res 99:
251-260.
Tuñón MJ, Sánchez-Campos S, García-Ferreras J, Álvarez M, Jorquera F,
et al. (2003) Rabbit hemorrhagic viral disease: characterization of a new
animal model of fulminant liver failure. J Lab Clin Med 141: 272-278.
Tuñón MJ, San-Miguel B, Crespo I, Jorquera F, Santamaría E, et al. (2011)
Melatonin attenuates apoptotic liver damage in fulminant hepatic failure
induced by the rabbit hemorrhagic disease virus. J Pineal Res 50: 38-45.
Devan BD, Pistell PJ, Duffy KB, Kelley-Bell B, Spangler EL, et al. (2014)
Phosphodiesterase inhibition facilitates cognitive restoration in rodent
models of age-related memory decline. NeuroRehabilitation 34: 101-111.
García-Barroso C, Ricobaraza A, Pascual-Lucas M, Unceta N, Rico AJ, et
al. (2013) Tadalafil crosses the blood-brain barrier and reverses cognitive
dysfunction in a mouse model of AD. Neuropharmacology. 64: 114-123.
Yang Y, Chen S, Zhang J, Li C, Sun Y, et al. (2014) Stimulation of
autophagy prevents amyloid-β peptide-induced neuritic degeneration in
PC12 cells. J Alzheimers Dis 40: 929-939.
Zhang J, Guo J, Zhao X, Chen Z, Wang G, et al. (2013)
Phosphodiesterase-5 inhibitor sildenafil prevents neuroinflammation,
lowers beta-amyloid levels and improves cognitive performance in
APP/PS1 transgenic mice. Behav Brain Res 250: 230-237.
Abdulrahman B, Proniuk S, Jain S, Gilch S, Zukiwski A, et al. (2016)
AR-12 and its derivatives, a potential new therapeutic agent against
prions. Asian Pacific Prion Symposium. Tokyo, Japan.

Volume 7 • Issue 5 • 1000454

