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Abstract

Background

Osteosarcoma is an orphan disease for which little improvement in survival has been made

since the late 1980s. New drug discovery for orphan diseases is limited by the cost and time

it takes to develop new drugs. Repurposing already approved FDA-drugs can help over-

come this limitation. Another limitation of cancer drug discovery is the lack of preclinical

models that accurately recapitulate what occurs in humans. For OS using dogs as a model

can minimize this limitation as OS in canines develops spontaneously, is locally invasive

and metastasizes to the lungs as it does in humans.

Methods

In our present work we used high-throughput screens to identify drugs from a library of

2,286 FDA-approved drugs that demonstrated selective growth inhibition against both

human and canine OS cell lines. The identified lead compound was then tested for synergy

with 7 other drugs that have demonstrated activity against OS. These results were con-

firmed with in vitro assays and an in vivo murine model of OS.

Results

We identified 13 drugs that demonstrated selective growth inhibition against both human

and canine OS cell lines. Auranofin was selected for further in vitro combination drug

screens. Auranofin showed synergistic effects with vorinostat and rapamycin on OS viability
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and apoptosis induction. Auranofin demonstrated single-agent growth inhibition in both

human and canine OS xenografts, and cooperative growth inhibition was observed in com-

bination with rapamycin or vorinostat. There was a significant decrease in Ki67-positive

cells and an increase in cleaved caspase-3 levels in tumor tissues treated with a combina-

tion of auranofin and vorinostat or rapamycin.

Conclusions

Auranofin, alone or in combination with rapamycin or vorinostat, may be useful new treat-

ment strategies for OS. Future studies may evaluate the efficacy of auranofin in dogs with

OS as a prelude to human clinical evaluation.

Introduction

Osteosarcoma (OS) represents the most common malignant bone tumor with a bimodal peak

in adolescents and in those greater than 60 years of age [1]. Overall survival increased signifi-

cantly between 1973 and 1993, but since that time 5-year survival percentages have remained

stagnant at about 60 percent [1]. Attempts have been made to improve survival by the addition

of cytotoxic chemotherapy to the traditional backbone of therapy, most recently ifosfamide

and etoposide. In patients that had over 10% viable tumor at time of primary tumor resection,

additional treatment with ifosfamide and etoposide had no improvement in event free survival

[2, 3]. New strategies are needed to expediently move new treatments into the clinical setting

that work synergistically with other agents known to effectively treat OS.

OS is classified as an orphan disease as it affects only approximately 800 patients per year in

the United States. The cost of new drug discovery for orphan diseases is often prohibitive for

pharmaceutical companies [4]. One option to overcome this issue is to repurpose already

FDA-approved drugs. We previously demonstrated that non-profit collaborators can advance

repurposed FDA-approved drugs to patients much faster and at lower cost than new chemical

entities [5]. Furthermore, we showed that drug repurposing opportunities can be rapidly and

efficiently achieved in an academic setting [6].

As with drug discovery, the lack of preclinical models that accurately recreate what occurs

in humans and serve as effective tools in predicting therapeutic response in cancer patients is a

challenge for investigators pursuing drug repurposing [7]. In the case of OS, however, nature

provides a model that closely resembles humans. About 10,000 canines a year spontaneously

develop OS [8]. There are several similarities between human and canine OS including that it

usually involves the limbs, is locally invasive and metastasizes to the lungs [9, 10]. Moreover,

metastasis is the major cause of death for both human and canine OS. Indeed, ~80% of canine

OS patients demonstrate lung metastasis within six months of limb amputation [11], thus giv-

ing translational scientists a great model with rapid read out on drug activity [12]. Finally,

comparative studies have demonstrated striking similarities in gene expression between canine

and human OS [13].

Here, we employed a comparative oncology approach to drug repurposing in OS. We

evaluated an extensive library of FDA-approved drugs for anticancer activity in validated

human and canine OS cell lines in parallel. From these studies, auranofin (Ridaura1), a FDA-

approved oral agent for the treatment of rheumatoid arthritis, was selected for testing its effi-

cacy to suppress OS growth in tissue culture and nude mice, as well as for showing synergistic

effects with agents potentially effective in OS therapy. Intriguingly, auranofin had cooperative
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effects with vorinostat and rapamycin. Our study will advance to a future proof of principle

study in canine OS patients and furthermore serve as the rationale for advancing auranofin to

human clinical proof of concept studies.

Material and methods

OS cell lines

The following cell lines were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)

with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin: human skin fibroblasts BJ

(p53wt), human osteoblast hFOB 1.19 (p53wt), human OS KHOS/NP (p53R156P), Saos2-LM7

(p53null), MG-63 (p53null), and mouse fibroblasts NIH/3T3 (p53wt) were obtained from

ATCC, human osteoblasts NHOst (p53wt) were obtained from Lonza, canine OS Abrams

(p53R237W,C265F), and D17 (p53wt) were obtained from Douglas H. Thamm (Colorado State

University, USA). All cell lines used were authenticated [14–16].

FDA-approved drug library

The compound management system within the University of Kansas High Throughput

Screening (HTS) Laboratory contains 2,286 FDA-approved drugs sourced from Enzo (640

drugs), NIH (446 drugs) and Prestwick (1,200 drugs) compound collections. Compounds are

stored at a concentration of 10 mM in dimethyl sulfoxide (DMSO). This library is routinely

screened for activity in validated cell-based and biochemical high-throughput screening assays

supporting multiple projects, the results of which are contained in an integrated database.

Primary screen

The cells were plated in 384-well microplates at the following densities: hFOB 1.19 (5,000 cells/

well), MG-63 and KHOS/NP (3,000 cells/well), and Abrams (4,000 cells/well), D17 (8,000

cells/well). Each of the 2,286 FDA-approved drugs was transferred to the 384-well assay plates

acoustically using Echo 555 (Labcyte) at a final concentration of 2.5 μM. Media and vehicle

control wells were included in each assay plate. After 48 hours incubation at 37˚C, cytotoxicity

was measured on Enspire plate reader (Perkin Elmer) using the luminescence-based CellTiter-

Glo reagent (Promega Inc.). All plates included DMSO (0.025%) controls (n = 16). The Z’

scores of five independent screens were>0.7, indicating a good separation of maximum and

minimum signals. The Z’ score of>0.5 indicates suitability of the assay for compound screen-

ing. Approximately 40 FDA-approved drugs were cytotoxic (defined as>50% inhibition of

viable cell proliferation) in some or all of canine and human OS cell lines screened. Thirteen of

the FDA-approved drugs that are not used for human or canine OS therapy were selected for

further study. These drugs were repurchased as fresh powders and tested for growth inhibition

after 48 hours at multiple concentrations across the four human and canine OS cells lines as

well as control non-tumor cell lines (hFOB, NIH/3T3, and NHOst) using CellTiter-Glo.as

above. The approximate inhibitory concentration at 50% maximal growth inhibition (IC50) for

each cell line was calculated. For those FDA-approved drugs demonstrating concentration-

response, a drug development and regulatory science gap analysis was performed. Drug repur-

posing opportunities were ranked or prioritized based on: 1) the opportunity to achieve ade-

quate systemic drug exposure following well-tolerated OS patients based on drug-drug

interaction potential with current standard-of-care agents; 2) having acceptable safety profile

associated with systemic drug administration; and 3) current drug product label supporting

rapid translation of the agent to OS patients. Auranofin demonstrated an in vitro IC50 value
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ranging from 0.7 to 2.4 μM in all OS cell lines tested. In humans auranofin can achieve steady

state mean blood gold levels that approximate 3.5 μM [17].

Drug combination screens

Doxorubicin, methotrexate, rapamycin, valproic acid, vorinostat, cisplatin, and etoposide were

selected for in vitro studies applied in combination with auranofin. These seven agents were

selected based on their clinical significance as agents are currently used in the upfront treat-

ment of pediatric and canine OS or have demonstrated promising pre-clinical or early phase

clinical trial data. In vitro IC50 values were determined for each of the seven agents individually

by determining cytotoxicity over 48 hours of exposure in MG-63 cells, a well characterized,

aggressive human OS cell line, using CellTiter-Glo cell viability assays (S1 Fig). The concentra-

tion of each agent observed at 50% maximal growth inhibition in 48 hours served as a guide-

line for defining concentrations of each agent applied in combination with auranofin. Each

384-well plate contained two 11X 14 concentration-matrix blocks, with serial dilutions for aur-

anofin on the X-axis and for these drugs along the Y-axis.

Drug synergy evaluation

The growth inhibition of each drug alone was first used to identify Highest Single Agent

(HSA). GraphPad Prism software (GraphPad Software; Inc, La Jolla, CA) was used to charac-

terize the drug-drug interaction using Bliss independence (combination effect is independent

from the action of second agent: Fa+Fb-FaFb), and Chou-Talalay-based Calcusyn software

was used to generate concentration-response curves, median-effect plots and a normalized iso-

bolograms. The median effect plots linearize all concentration-effect curves that follow mass

action law principle and were calculated from equation: fa/fu = (D/Dm)m, where fa is the frac-

tion of cells affected by drug, fu is the fraction of cells unaffected by drug, D is the drug con-

centration, Dm is the median-effect concentration and m is the slope or kinetic order. The

combination index (CI) for each two drug interactions was defined using the following equa-

tion: CI = (D)1/(Dm)1[fa/1-fa]1/m1 + (D)2/(Dm)2[fa/1-fa]1/m2, where CI (< 1, = 1 and>1,

indicate synergism, additive effect, and antagonism, respectively). The slopes generated by Cal-

cusyn were used to generate normalized isobologram to identify combination data points that

fall in the lower left (synergism), on the hypotenuse (additive) or on upper right of the line

(antagonism).

Cell counting assays

This assay was performed to further validate the effects of auranofin on inhibiting proliferation

of multiple OS cell lines with minimal effects on that of non-tumor cells. Cells were seeded onto

6-well plates (10,000–30,000 cells per well depending on the cell line, day 0). Twenty-four hours

after seeding, cells were treated with 2 different concentrations of DMSO (control) or aurano-

fin. Live cell numbers were counted at days 2, 4, 6, 8, and 10, following trypan-blue staining.

Western blotting

Western blotting for PCNA, cleaved caspase-3 and vinculin or GAPDH (control) in KHOS/

NP and Abrams cell lines was performed in order to examine the effects of auranofin and its

combination with vorinostat and rapamycin on their protein expression. KHOS/NP and

Abrams cell lines were chosen due to their aggressive behaviors and abilities to cause meta-

static disease. Both cell lines contain mutations in the p53 gene [18, 19]. Cells were lysed with

radioimmunoprecipitation assay (RIPA) buffer containing phosphatase and protease
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inhibitors (EMD Chemicals). Cell lysates containing 20–100 μg protein was loaded onto

4–20% tris-glycine gel (Bio-Rad Laboratories, Inc.), separated by electrophoresis, transferred

to polyvinylidene fluoride (PVDF) membrane (GE Healthcare Life Sciences), blotted with pri-

mary antibodies against specific proteins, and appropriate secondary antibodies conjugated

with fluorophores. All blots were analyzed with the LI-COR Odyssey infra-red imaging sys-

tems (Lincoln, Nebraska). The following antibodies were used: PCNA (PC-10; Santa Cruz

Biotechnology), vinculin (10R-C105a, Fitzgerald), Cleaved-caspase-3 (D3E9; Cell Signaling

Technology), GAPDH (FL-335; Santa Cruz Biotechnology), IRDye 680RD goat anti-rabbit

IgG, and IRDye 800CW goat anti-mouse IgG (LI-COR).

Propidium iodide (PI) staining and flow cytometry

In order to examine the effects of auranofin and its combination with vorinostat and rapamy-

cin on cell cycle profiles of OS cells, we performed PI-staining and flow cytometry analysis.

Cells were fixed overnight with 70% ethanol at -20˚C and stained with PI solution (Life Tech-

nologies) in the presence of 62 μg/ml of RNase A, followed by flow cytometric analysis using

BD Accuri flow cytometer (BD biosciences, San Jose, CA). Data was analyzed using the FlowJo

V10 software (FlowJo LLC, Ashland, Oregon).

Mice and in vivo tumor growth assay

To perform proof-of-principle studies toward application to canine and human OS clinical

investigation, we examined effects of auranofin and its combination with vorinostat or rapa-

mycin on in vivo OS growth in nude mice. All mice were purchased from Envigo and were

maintained under specific-pathogen-free conditions with regular diet. All experimental proce-

dures were conducted in accordance with the institutional animal welfare guidelines of the

University of Kansas Medical Center and we obtained approval from the University of Kansas

Medical Center Institutional Animal Care and Use Committee (IAUCUC #2013–2167). Cells

(1X106) were subcutaneously injected into 6-week-old female nude-Foxn1nu mice. During

injections, mice were gently held and monitored closely for signs of pain or distress. When

these signs were noted, the mice were released and the procedure was stopped. When tumors

became 3mm in diameter, DMSO, auranofin (0.1 mg/kg), vorinostat (2.5 mg/kg), and rapamy-

cin (0.1 mg/kg), as well as the combination of auranofin with vorinostat or rapamycin were

intraperitoneally injected 5 days per week for 3 weeks. Tumor sizes were measured three-

dimensionally twice per week during 21 days [20]. Mice were carefully monitored daily with

body condition score. When tumors reached approximately 1.5 cm in diameter or mice

became moribund, had greater than 20% weight loss or showed <2 for the body conditioned

score, they were euthanized utilizing carbon dioxide followed by bilateral thoracotomy.

Immunohistochemistry (IHC)

After 21 days of treatment with DMSO, auranofin (0.1 mg/kg), vorinostat (2.5 mg/kg), and

rapamycin (0.1 mg/kg), as well as the combination of auranofin with vorinostat or rapamycin

the tumor tissues were harvested, sectioned at 4 μm, and subjected to IHC by standard proce-

dures. Briefly, sections from the aforementioned tumor tissues were deparaffinized in xylene,

rehydrated in grades of alcohol, rinsed in tap water and blocked with 0.3% hydrogen peroxide

for 30 min. Antigen retrieval was performed in a steamer with sodium citrate buffer (10 mM

sodium citrate, pH 6.0) for 20 min. After blocking in 2.5% normal horse serum for 30 min, sec-

tions were incubated with anti-Ki67 (ab15580, 1:2500; Abcam), and anti-cleaved caspase-3

(D3E9, 1:500) for 30 min at room temperature. After washing in PBS, sections were incubated

in biotinylated secondary antibody for 30 min. The signal was detected using the Vectastain

Comparative oncology approach to drug repurposing in osteosarcoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0194224 March 26, 2018 5 / 16

https://doi.org/10.1371/journal.pone.0194224


Elite ABC kit (Vector Laboratories). Pre-immune serum and normal rabbit IgG (Vector Labs,

Burlingame) were used as negative controls.

Statistical analysis

The differences in cell proliferation, percentages of sub-G0/G1 population, and tumor growth

between different treatments were analyzed by two-tailed Student’s t-tests with GraphPad

Prism 5 (GraphPad Software, Jolla, CA). Statistical significance was set at p< 0.05, unless oth-

erwise stated in the text.

Results

Primary screening of FDA-approved library identifies auranofin as a

potential drug that reduces viability of OS cells

To identify whether a currently marketed drug contained within our compound library of

2,286 FDA-approved drugs could suppress growth of human and canine OS cells, we per-

formed high-throughput cell viability assays using 2 human (KHOS/NP and MG-63) and 2

canine (D17 and Abrams) OS cell lines, as well as hFOB human osteoblast cell line as a control

(S1 Table). Forty drugs showed significant growth suppression as single agents. Thirteen of the

40 drugs identified demonstrated concentration-response relationships resulting in measur-

able IC50 values in human and canine OS cell lines (Fig 1A, Table 1). Auranofin (Ridaura1)

demonstrated an in vitro IC50 value ranging from 0.7 to 2.4 μM in all of OS cell lines tested

(Fig 1B). We selected auranofin for further in vitro combination drug screens based on the

following observations: 1) our previous study evaluating auranofin in chronic lymphocytic leu-

kemia patients (NCT01419691) which demonstrates mechanisms of action relevant to the

treatment of OS [21], 2) in vitro synergistic anticancer activity in combination with other phar-

macologic classes of anticancer agents [22], 3) the fact that the current marketed Ridaura1

drug product could be readily administered to human and canine OS patients.

We then performed long-term cell proliferation assays by treating 4 aggressive human OS

cell lines (MG-63, Saos2-LM7, KHOS/NP, Abrams) and two non-transformed mouse and

human fibroblast cell lines (NIH/3T3 and BJ, respectively) with 0.2 μM or 0.5 μM of auranofin

(lower than IC50 values). Auranofin again showed specificity on OS cell lines to suppress their

growth, compared with non-transformed fibroblast cell lines (Fig 2).

Auranofin shows synergistic effects with vorinostat and rapamycin on

viability of MG-63 cells

To examine whether auranofin shows cooperative effects with other chemotherapy agents that

are currently used for OS treatment or have demonstrated a potential to treat OS in preclinical

studies, we treated MG-63 cells with auranofin along with 7 chemotherapy agents, including

doxorubicin, methotrexate, rapamycin, valproic acid, vorinostat, cisplatin, and etoposide, at

various concentrations to determine combination indices. Of these, vorinostat and rapamycin

demonstrated synergistic effects with auranofin, as shown in Fig 3A and 3B, respectively.

Thus, hereafter we decided to examine the combinatory effects of auranofin with vorinostat or

rapamycin.

Combination of auranofin with vorinostat or rapamycin synergistically

induces apoptosis in OS cells

To address the potential mechanism by which auranofin shows cooperative effects on viability

of OS cells with vorinostat or rapamycin, we performed propidium-iodide (PI) staining and
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flow cytometry analyses following treatment of two metastatic OS cell lines KHOS/NP and

Abrams with low concentrations (0.5 μM of vorinostat or 1 μM of rapamycin) of these drugs

in the absence or presence of 1 μM of auranofin (~50% of IC50) for 24 hours [8, 18, 23]. Co-

treatment of vorinostat or rapamycin with auranofin significantly increased sub-G0/G1 sub-

population of the cell cycle in KHOS/NP cells, as compared with that with auranofin alone

(Fig 4A, left). Similar results were obtained using Abrams cell line (Fig 4A, right). We also con-

firmed an increase in the expression of cleaved caspase-3 and a decrease in PCNA expression

in both KHOS/NP and Abrams cells (Fig 4B). These results suggest that combination of aura-

nofin with vorinostat or rapamycin cooperatively induce apoptosis in KHOS/NP and Abrams

cell lines in vitro.

Fig 1. Primary screening of FDA-approved library identifies auranofin as a potential drug for OS therapy. A. A diagram of the primary screening

to select auranofin. B. Auranofin chemical structure (top) and concentration-response curves of auranofin cytotoxic effects on human (MG-63 and

KHOS/NP) and canine (Abrams and D17) OS cells (bottom). Graph also includes IC50 values for each cell line. Error bars: means ± S.D. from

3-independent experiments.

https://doi.org/10.1371/journal.pone.0194224.g001
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Auranofin, in combination with vorinostat or rapamycin, significantly

reduces tumor growth of KHOS/NP and Abrams cells in mice

We next attempted to examine combinatory effects of these drugs on in vivo tumor growth.

KHOS/NP and Abrams cells were subcutaneously injected into nude mice. When tumors

reached 3 mm in diameter, mice were intraperitoneally injected with DMSO or auranofin

(AF, 0.1 mg/kg) and/or vorinostat VST, (2.5 mg/kg) or rapamycin (RPM, 0.1 mg/kg) 5 days

per week for 3 weeks. Tumor sizes were measured twice per week. Combinations of auranofin

with either vorinostat or rapamycin significantly suppressed tumor growth of KHOS/NP

cells as compared with single treatments of these drugs (Fig 5A and 5B). Similar results were

obtained with Abrams cells (Fig 5C and 5D). During the course of experiments, all three drugs

used were well tolerated by tumor-bearing nude mice at doses described above. Moreover,

immunohistochemistry analyses using KHOS/NP-tumors revealed that there was significant

decrease in Ki67-positive cells and increase in cells positive for cleaved caspase-3 in tumors

treated with these drug combinations, as compared with those with DMSO (control) and sin-

gle-agent treatments (Fig 5E). These results demonstrate cooperative effects of auranofin with

vorinostat or rapamycin on the inhibition of in vivo OS growth.

Discussion

In this study, we demonstrate auranofin’s ability to inhibit OS cell growth at an IC50 that is

achievable in murine models and can be translated into an IC50 that is achievable in humans.

Auranofin (Ridaura 1) is an oral gold complex that is FDA-approved to treat rheumatoid

arthritis [24]. It has demonstrated activity in multiple different cancer cell lines including gas-

trointestinal stromal tumor (GIST) [4], Ewing sarcoma [25], chronic lymphocytic leukemia

(CLL) [21], Hodgkin lymphoma [26], and ovarian cancer [27]. Auranofin’s ability to inhibit

thioredoxin reductase is one of the main mechanisms by which it causes cancer cell death [25,

28, 29]. Cancer cells generate more reactive oxygen species than normal cells, and therefore

they are more dependent upon the systems that regulate the oxidative stress [30, 31]. Thiore-

doxin reductase is a major cellular anti-oxidant protein [32], and hence by inhibiting this

enzyme more oxidative stress occurs in cells. Thus, increased oxidative stress could be a possi-

ble mechanism underlying auranofin-induced OS cells death.

Table 1. FDA-approved compounds that show inhibition of osteosarcoma cell proliferation.

Compound Cytotoxicity (% of control)

KHOS/NP MG-63 D17 Abrams

10-Hydroxycamptothecin 82.0 58.0 34.9 66.8

Cerivastatin 72.1 82.3 91.1 74.4

Disulfiram 22.7 8.9 51.8 49.4

Ciclopirox ethanolamine 35.8 20.5 25.4 40.0

Dequalinium dichloride 17.2 35.2 32.2 9.9

Puromycin 95.1 90.2 93.8 70.7

Quinacerine 47.5 28.7 21.7 21.2

Auranofin 70.2 44.4 72.7 86.4

Alexidine dihydrochloride 53.8 38.6 41.0 32.0

Cytarabine 26.4 32.6 15.7 4.4

Antimycin A-HCl 32.8 27.5 48.4 42.1

Amantidine 14.1 23.4 10.6 21.3

Novobiocin a-Na 19.5 26.3 20.7 27.1

https://doi.org/10.1371/journal.pone.0194224.t001
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One of the major challenges for successfully treating cancer patients is cancer’s resistance to

chemotherapy which can be present at time of initial diagnosis or develop over time with treat-

ment [33]. One way to overcome this resistance is to administer drugs that work synergistically

[34]. Here, we showed that auranofin has potential synergistic effects with vorinostat and

Fig 2. Auranofin preferentially reduces viable cell proliferation of OS cells with minimum effects on non-tumor cells. Mouse and human

fibroblast, (NIH/3T3 and BJ, respectively; control; 3x104) as well as human OS cells (Saos2-LM7, MG-63, KHOS/NP, and Abrams; 1x104) were

treated with two different concentrations of auranofin (0.2 μM and 0.5 μM) 24 hours after seeding, and the numbers of alive cells were counted

every 48 hours for 10 days following trypan blue staining. DMSO was used as a vehicle control. Graphs show numbers of cells on days following

treatment with auranofin. Error bars: means ± S.D. from 3 independent experiments. �, P< 0.05; ��, P< 0.01; Student’s t test. NS: not significant.

https://doi.org/10.1371/journal.pone.0194224.g002
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rapamycin. Vorinostat is an inhibitor of histone deacetylases (HDACs), a group of enzymes

which are involved in epigenetic modification and interact with multiple transcription factors

such as p53 and NF-kB [35]. HDAC inhibitors have demonstrated the ability to decrease OS

cell migration in vitro, inhibit growth of human OS cells, and induce cell cycle arrest both in
vitro and in mouse models [36–38]. Rapamycin is an inhibitor of mammalian target of rapa-

mycin (mTOR), a serine/threonine kinase that plays roles in the signaling to a variety of down-

stream kinases [38]. In murine model of metastatic OS, rapamycin decreases the development

of pulmonary metastasis by inhibition of the mTOR/S6K1/4E-BP-1 pathway [39]. Inhibition

of this pathway is also found to decrease cell motility [40]. mTOR and its downstream signal-

ing are also found to be effective targets for canine OS cells [41]. Penel-Page et al. [42] report

that in patients given rapamycin (sirolimus) alone or in combination with other medications,

10 out of the 23 patients have stabilization of disease with 3 maintaining complete remission.

Everolimus, also an mTOR inhibitor, in combination with sorafenib, is used to treat patients

with relapse or unresectable OS [43]. Even though this study does not meet the target of 6

months progression-free survival (PFS) of 50% or greater, some patients achieve prolonged

Fig 3. Auranofin shows synergistic effects with vorinostat and rapamycin on the viability of MG-63 cells. MG-63 cells were treated with various

concentrations of auranofin along with vorinostat (A) or rapamycin (B) for 48 hours, and the cytotoxicity was determined. Representative Bliss

independence plots are shown on the left. Summaries of all combination indices (numbers) calculated by Chou-Talalay plots using data obtained from

varying combination pairs of auranofin and vorinostat or rapamycin (right).

https://doi.org/10.1371/journal.pone.0194224.g003
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Fig 4. Combination of auranofin with vorinostat or rapamycin synergistically induces apoptosis in KHOS/NP and Abrams cells. (A)

PI-staining and flow cytometry analysis following treatments of KHOS/NP (left) and Abrams (right) cells with DMSO (control), auranofin,

vorinostat (VST), rapamycin (RPM), or indicated combinations for 48 hours. Representative results of cell cycle profiles (top) and a

summarized graph showing % of sub-G0/G1 population of the cell cycle following indicated drug treatments (bottom). Error bars:

means ± S.D. from three independent experiments. ��, P< 0.01; Student’s t test. (B) Representative images of western blotting for cleaved

caspase-3 and PCNA, as well as vinculin or GAPDH as loading controls, using whole protein extracts from KHOS/NP (left) and Abrams

(right) cells treated with DMSO, auranofin (1 μM), vorinostat (VST, 0.5 μM), and/or rapamycin (RPM, 1 μM) for 24 hours.

https://doi.org/10.1371/journal.pone.0194224.g004
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Fig 5. Auranofin, in combination with vorinostat or rapamycin, significantly reduces tumor growth of KHOS/NP and Abrams

cells in mice. A-D. Tumor formation assays in nude mice subcutaneously injected with KHOS/NP (1X106 (A, B) or Abrams (1.5X106

(C, D)) OS cells. When tumors reached 3 mm in diameter, mice were intraperitoneally injected with DMSO or auranofin (AF), along

with vorinostat (VST (A, C), or rapamycin (RPM (B, D). Tumor sizes were three-dimensionally measured twice a week. Graphs

showing sizes of tumors formed in mice (top). Note that the results of DMSO and auranofin alone in (C) were also used in (D), since
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stabilization of disease/partial response. Currently there are 2 open clinical trials recruiting

patients with osteosarcoma to receive metronomic chemotherapy which includes sirolimus;

NCT02517918 and NCT02574728. Of note there is currently an open phase I/II trial evaluating

the combination of auranofin and sirolimus in adult patients with advanced lung cancer

(NCT01737502) providing further evidence that this combination is of clinical interest.

Our in vivo studies also showed that there was suppression of OS tumor growth with each

drug alone, but tumor growth was significantly inhibited when auranofin was given in combi-

nation with either vorinostat or rapamycin. The doses of drugs used in this study were less

than those administered in previous studies with other cell lines [21, 39, 44]. Along with sup-

pression of tumor growth, there was also a significant decrease in Ki67-positive cells (consis-

tent with decrease in cell proliferation) and increase in cleaved caspase-3 levels in tumor

tissues when treated with combination of auranofin and vorinostat or rapamycin, further sup-

porting the synergism between auranofin and vorinostat or rapamycin. The mechanisms

behind their synergism need to be further elucidated.

The major reason we evaluated FDA-approved drugs in both human and canine OS cell

lines was to capitalize on canines as a model for OS. OS in canines demonstrates many similar-

ities to human OS [45]. Canines are also treated with local control measures and chemotherapy

[46–48]. As in humans, OS in dogs demonstrates high metastatic ability, and the majority of

dogs die due to lung metastasis [48]. Currently, evaluation of auranofin in canine cancer

patients is on-going in a phase 1 trial to assess the maximum tolerated dose of auranofin in

this population. The ultimate goal of our research is to lead to combination therapy with aura-

nofin and vorinostat or rapamycin in human OS patients.

Supporting information

S1 Table. High-throughput cell viability assay results.

(XLSX)

S1 Fig. Compound screening algorithm and IC 50 results.

(TIF)

Acknowledgments

Research reported in this publication was supported by the NIH P30 CA168524 (RAJ), NIH

R01 CA174735 (TI), Midwest Cancer Alliance (JMF), and used the Lead Development and

Optimization Shared Resource.

Author Contributions

Conceptualization: Douglas H. Thamm, Scott J. Weir, Kathleen A. Neville, Tomoo Iwakuma,

Joy M. Fulbright.

Data curation: Anuradha Roy.

Formal analysis: Anuradha Roy, Frank J. Shoenen.

Funding acquisition: Kathleen A. Neville, Tomoo Iwakuma, Joy M. Fulbright.

experiments in (C) and (D) were performed at the same time. Error bars: means ± S.D. (n = 5 animals for each group in (A and B);

n = 4 animals each group in (C and D)). ��, P< 0.01; Student’s t test. NS: Not significant. Representative images of tumors formed in

mice at day 21 (bottom). (E) Representative images of immunohistochemistry for Ki67 and cleaved caspase-3 using KHOS/NP tumors

treated with DMSO or indicated drugs (magnification, 40X). Scale bars, 200 μm.

https://doi.org/10.1371/journal.pone.0194224.g005

Comparative oncology approach to drug repurposing in osteosarcoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0194224 March 26, 2018 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194224.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194224.s002
https://doi.org/10.1371/journal.pone.0194224.g005
https://doi.org/10.1371/journal.pone.0194224


Investigation: Alejandro Parrales, Peter McDonald, Megan Ottomeyer, Tomoo Iwakuma.

Methodology: Anuradha Roy.

Project administration: Melinda Broward, Tyce Bruns.

Resources: Melinda Broward, Douglas H. Thamm, Tomoo Iwakuma.

Supervision: Tomoo Iwakuma, Joy M. Fulbright.

Writing – original draft: Alejandro Parrales, Tomoo Iwakuma, Joy M. Fulbright.

Writing – review & editing: Peter McDonald, Frank J. Shoenen, Douglas H. Thamm, Scott J.

Weir.

References
1. Mirabello L, Troisi RJ, Savage SA. Osteosarcoma incidence and survival rates from 1973 to 2004: data

from the Surveillance, Epidemiology, and End Results Program. Cancer. 2009; 115(7):1531–43.

https://doi.org/10.1002/cncr.24121 PMID: 19197972.

2. Marina NM, Smeland S, Bielack SS, Bernstein M, Jovic G, Krailo MD, et al. Comparison of MAPIE ver-

sus MAP in patients with a poor response to preoperative chemotherapy for newly diagnosed high-

grade osteosarcoma (EURAMOS-1): an open-label, international, randomised controlled trial. Lancet

Oncol. 2016; 17(10):1396–408. Epub 2016/08/30. https://doi.org/10.1016/S1470-2045(16)30214-5

PMID: 27569442.

3. Whelan JS, Bielack SS, Marina N, Smeland S, Jovic G, Hook JM, et al. EURAMOS-1, an international

randomised study for osteosarcoma: results from pre-randomisation treatment. Ann Oncol. 2015; 26

(2):407–14. https://doi.org/10.1093/annonc/mdu526 PMID: 25421877.

4. Pessetto ZY, Weir SJ, Sethi G, Broward MA, Godwin AK. Drug repurposing for gastrointestinal stromal

tumor. Mol Cancer Ther. 2013; 12(7):1299–309. https://doi.org/10.1158/1535-7163.MCT-12-0968

PMID: 23657945.

5. Weir SJ, DeGennaro LJ, Austin CP. Repurposing approved and abandoned drugs for the treatment and

prevention of cancer through public-private partnership. Cancer Res. 2012; 72(5):1055–8. https://doi.

org/10.1158/0008-5472.CAN-11-3439 PMID: 22246671.

6. Pessetto ZY, Ma Y, Hirst JJ, von Mehren M, Weir SJ, Godwin AK. Drug repurposing identifies a syner-

gistic combination therapy with imatinib mesylate for gastrointestinal stromal tumor. Mol Cancer Ther.

2014; 13(10):2276–87. https://doi.org/10.1158/1535-7163.MCT-14-0043 PMID: 25122069.

7. Begley CG, Ellis LM. Drug development: Raise standards for preclinical cancer research. Nature. 2012;

483(7391):531–3. https://doi.org/10.1038/483531a PMID: 22460880.

8. Legare ME, Bush J, Ashley AK, Kato T, Hanneman WH. Cellular and phenotypic characterization of

canine osteosarcoma cell lines. J Cancer. 2011; 2:262–70. PMID: 21552385.

9. Morello E, Martano M, Buracco P. Biology, diagnosis and treatment of canine appendicular osteosar-

coma: similarities and differences with human osteosarcoma. Vet J. 2011; 189(3):268–77. https://doi.

org/10.1016/j.tvjl.2010.08.014 PMID: 20889358.

10. Withrow SJ, Powers BE, Straw RC, Wilkins RM. Comparative aspects of osteosarcoma. Dog versus

man. Clin Orthop Relat Res. 1991;(270):159–68. PMID: 1884536.

11. Selmic LE, Burton JH, Thamm DH, Withrow SJ, Lana SE. Comparison of carboplatin and doxorubicin-

based chemotherapy protocols in 470 dogs after amputation for treatment of appendicular osteosar-

coma. J Vet Intern Med. 2014; 28(2):554–63. Epub 2014/02/12. https://doi.org/10.1111/jvim.12313

PMID: 24512451.

12. Maeda J, Cartwright IM, Haskins JS, Fujii Y, Fujisawa H, Hirakawa H, et al. Relative biological effective-

ness in canine osteosarcoma cells irradiated with accelerated charged particles. Oncol Lett. 2016; 12

(2):1597–601. https://doi.org/10.3892/ol.2016.4808 PMID: 27446477.

13. Paoloni M, Davis S, Lana S, Withrow S, Sangiorgi L, Picci P, et al. Canine tumor cross-species geno-

mics uncovers targets linked to osteosarcoma progression. BMC Genomics. 2009; 10:625. https://doi.

org/10.1186/1471-2164-10-625 PMID: 20028558.

14. Iyer SV, Ranjan A, Elias HK, Parrales A, Sasaki H, Roy BC, et al. Genome-wide RNAi screening identi-

fies TMIGD3 isoform1 as a suppressor of NF-kappaB and osteosarcoma progression. Nat Commun.

2016; 7:13561. https://doi.org/10.1038/ncomms13561 PMID: 27886186.

Comparative oncology approach to drug repurposing in osteosarcoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0194224 March 26, 2018 14 / 16

https://doi.org/10.1002/cncr.24121
http://www.ncbi.nlm.nih.gov/pubmed/19197972
https://doi.org/10.1016/S1470-2045(16)30214-5
http://www.ncbi.nlm.nih.gov/pubmed/27569442
https://doi.org/10.1093/annonc/mdu526
http://www.ncbi.nlm.nih.gov/pubmed/25421877
https://doi.org/10.1158/1535-7163.MCT-12-0968
http://www.ncbi.nlm.nih.gov/pubmed/23657945
https://doi.org/10.1158/0008-5472.CAN-11-3439
https://doi.org/10.1158/0008-5472.CAN-11-3439
http://www.ncbi.nlm.nih.gov/pubmed/22246671
https://doi.org/10.1158/1535-7163.MCT-14-0043
http://www.ncbi.nlm.nih.gov/pubmed/25122069
https://doi.org/10.1038/483531a
http://www.ncbi.nlm.nih.gov/pubmed/22460880
http://www.ncbi.nlm.nih.gov/pubmed/21552385
https://doi.org/10.1016/j.tvjl.2010.08.014
https://doi.org/10.1016/j.tvjl.2010.08.014
http://www.ncbi.nlm.nih.gov/pubmed/20889358
http://www.ncbi.nlm.nih.gov/pubmed/1884536
https://doi.org/10.1111/jvim.12313
http://www.ncbi.nlm.nih.gov/pubmed/24512451
https://doi.org/10.3892/ol.2016.4808
http://www.ncbi.nlm.nih.gov/pubmed/27446477
https://doi.org/10.1186/1471-2164-10-625
https://doi.org/10.1186/1471-2164-10-625
http://www.ncbi.nlm.nih.gov/pubmed/20028558
https://doi.org/10.1038/ncomms13561
http://www.ncbi.nlm.nih.gov/pubmed/27886186
https://doi.org/10.1371/journal.pone.0194224


15. Parrales A, Ranjan A, Iyer SV, Padhye S, Weir SJ, Roy A, et al. DNAJA1 controls the fate of misfolded

mutant p53 through the mevalonate pathway. Nat Cell Biol. 2016; 18(11):1233–43. Epub 2016/10/28.

https://doi.org/10.1038/ncb3427 PMID: 27775703.

16. O’Donoghue LE, Rivest JP, Duval DL. Polymerase chain reaction-based species verification and micro-

satellite analysis for canine cell line validation. J Vet Diagn Invest. 2011; 23(4):780–5. Epub 2011/09/

13. https://doi.org/10.1177/1040638711408064 PMID: 21908323.

17. Debnath A, Parsonage D, Andrade RM, He C, Cobo ER, Hirata K, et al. A high-throughput drug screen

for Entamoeba histolytica identifies a new lead and target. Nature medicine. 2012; 18(6):956–60. Epub

2012/05/23. https://doi.org/10.1038/nm.2758 PMID: 22610278.

18. Iyer SV, Parrales A, Begani P, Narkar A, Adhikari AS, Martinez LA, et al. Allele-specific silencing of

mutant p53 attenuates dominant-negative and gain-of-function activities. Oncotarget. 2016; 7(5):5401–

15. https://doi.org/10.18632/oncotarget.6634 PMID: 26700961.

19. York D, Withers SS, Watson KD, Seo KW, Rebhun RB. Enrofloxacin enhances the effects of chemo-

therapy in canine osteosarcoma cells with mutant and wild-type p53. Vet Comp Oncol. 2017; 15

(3):1087–100. Epub 2016/06/24. https://doi.org/10.1111/vco.12250 PMID: 27333821.

20. Euhus DM, Hudd C, LaRegina MC, Johnson FE. Tumor measurement in the nude mouse. J Surg

Oncol. 1986; 31(4):229–34. Epub 1986/04/01. PMID: 3724177.

21. Fiskus W, Saba N, Shen M, Ghias M, Liu J, Gupta SD, et al. Auranofin induces lethal oxidative and

endoplasmic reticulum stress and exerts potent preclinical activity against chronic lymphocytic leuke-

mia. Cancer Res. 2014; 74(9):2520–32. https://doi.org/10.1158/0008-5472.CAN-13-2033 PMID:

24599128.

22. Liu C, Liu Z, Li M, Li X, Wong YS, Ngai SM, et al. Enhancement of auranofin-induced apoptosis in MCF-

7 human breast cells by selenocystine, a synergistic inhibitor of thioredoxin reductase. PLoS One.

2013; 8(1):e53945. Epub 2013/01/24. https://doi.org/10.1371/journal.pone.0053945 PMID: 23342042.

23. Adhikari AS, Agarwal N, Wood BM, Porretta C, Ruiz B, Pochampally RR, et al. CD117 and Stro-1 Iden-

tify Osteosarcoma Tumor-Initiating Cells Associated with Metastasis and Drug Resistance. Cancer

Res. 2010; 70(11):4602–12. https://doi.org/10.1158/0008-5472.CAN-09-3463 PMID: 20460510.

24. Nardon C, Pettenuzzo N, Fregona D. Gold Complexes for Therapeutic Purposes: an Updated Patent

Review (2010–2015). Curr Med Chem. 2016; 23(29):3374–403. Epub 2016/05/05. PMID: 27142288.

25. Pessetto ZY, Chen B, Alturkmani H, Hyter S, Flynn CA, Baltezor M, et al. In silico and in vitro drug

screening identifies new therapeutic approaches for Ewing sarcoma. Oncotarget. 2017; 8(3):4079–95.

https://doi.org/10.18632/oncotarget.13385 PMID: 27863422.

26. Celegato M, Borghese C, Casagrande N, Mongiat M, Kahle XU, Paulitti A, et al. Preclinical activity of

the repurposed drug auranofin in classical Hodgkin lymphoma. Blood. 2015; 126(11):1394–7. Epub

2015/08/01. https://doi.org/10.1182/blood-2015-07-660365 PMID: 26228484.

27. Park SH, Lee JH, Berek JS, Hu MC. Auranofin displays anticancer activity against ovarian cancer cells

through FOXO3 activation independent of p53. Int J Oncol. 2014; 45(4):1691–8. Epub 2014/08/07.

https://doi.org/10.3892/ijo.2014.2579 PMID: 25096914.

28. Kiebala M, Skalska J, Casulo C, Brookes PS, Peterson DR, Hilchey SP, et al. Dual targeting of the thior-

edoxin and glutathione antioxidant systems in malignant B cells: a novel synergistic therapeutic

approach. Exp Hematol. 2015; 43(2):89–99. Epub 2014/12/03. https://doi.org/10.1016/j.exphem.2014.

10.004 PMID: 25448488.

29. Hwang-Bo H, Jeong JW, Han MH, Park C, Hong SH, Kim GY, et al. Auranofin, an inhibitor of thioredoxin

reductase, induces apoptosis in hepatocellular carcinoma Hep3B cells by generation of reactive oxygen

species. Gen Physiol Biophys. 2017; 36(2):117–28. Epub 2017/02/22. https://doi.org/10.4149/gpb_

2016043 PMID: 28218611.

30. Tong L, Chuang CC, Wu S, Zuo L. Reactive oxygen species in redox cancer therapy. Cancer letters.

2015; 367(1):18–25. Epub 2015/07/19. https://doi.org/10.1016/j.canlet.2015.07.008 PMID: 26187782.

31. Panieri E, Santoro MM. ROS homeostasis and metabolism: a dangerous liason in cancer cells. Cell

Death Dis. 2016; 7(6):e2253. Epub 2016/06/10. https://doi.org/10.1038/cddis.2016.105 PMID:

27277675.

32. Mustacich D, Powis G. Thioredoxin reductase. Biochem J. 2000; 346 Pt 1:1–8. Epub 2000/02/05.

PMID: 10657232.

33. Rebucci M, Michiels C. Molecular aspects of cancer cell resistance to chemotherapy. Biochem Pharma-

col. 2013; 85(9):1219–26. Epub 2013/02/26. https://doi.org/10.1016/j.bcp.2013.02.017 PMID:

23435357.

34. Ibrahim N, Yu Y, Walsh WR, Yang JL. Molecular targeted therapies for cancer: sorafenib mono-therapy

and its combination with other therapies (review). Oncology reports. 2012; 27(5):1303–11. Epub 2012/

02/11. https://doi.org/10.3892/or.2012.1675 PMID: 22323095.

Comparative oncology approach to drug repurposing in osteosarcoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0194224 March 26, 2018 15 / 16

https://doi.org/10.1038/ncb3427
http://www.ncbi.nlm.nih.gov/pubmed/27775703
https://doi.org/10.1177/1040638711408064
http://www.ncbi.nlm.nih.gov/pubmed/21908323
https://doi.org/10.1038/nm.2758
http://www.ncbi.nlm.nih.gov/pubmed/22610278
https://doi.org/10.18632/oncotarget.6634
http://www.ncbi.nlm.nih.gov/pubmed/26700961
https://doi.org/10.1111/vco.12250
http://www.ncbi.nlm.nih.gov/pubmed/27333821
http://www.ncbi.nlm.nih.gov/pubmed/3724177
https://doi.org/10.1158/0008-5472.CAN-13-2033
http://www.ncbi.nlm.nih.gov/pubmed/24599128
https://doi.org/10.1371/journal.pone.0053945
http://www.ncbi.nlm.nih.gov/pubmed/23342042
https://doi.org/10.1158/0008-5472.CAN-09-3463
http://www.ncbi.nlm.nih.gov/pubmed/20460510
http://www.ncbi.nlm.nih.gov/pubmed/27142288
https://doi.org/10.18632/oncotarget.13385
http://www.ncbi.nlm.nih.gov/pubmed/27863422
https://doi.org/10.1182/blood-2015-07-660365
http://www.ncbi.nlm.nih.gov/pubmed/26228484
https://doi.org/10.3892/ijo.2014.2579
http://www.ncbi.nlm.nih.gov/pubmed/25096914
https://doi.org/10.1016/j.exphem.2014.10.004
https://doi.org/10.1016/j.exphem.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25448488
https://doi.org/10.4149/gpb_2016043
https://doi.org/10.4149/gpb_2016043
http://www.ncbi.nlm.nih.gov/pubmed/28218611
https://doi.org/10.1016/j.canlet.2015.07.008
http://www.ncbi.nlm.nih.gov/pubmed/26187782
https://doi.org/10.1038/cddis.2016.105
http://www.ncbi.nlm.nih.gov/pubmed/27277675
http://www.ncbi.nlm.nih.gov/pubmed/10657232
https://doi.org/10.1016/j.bcp.2013.02.017
http://www.ncbi.nlm.nih.gov/pubmed/23435357
https://doi.org/10.3892/or.2012.1675
http://www.ncbi.nlm.nih.gov/pubmed/22323095
https://doi.org/10.1371/journal.pone.0194224


35. Mottamal M, Zheng S, Huang TL, Wang G. Histone deacetylase inhibitors in clinical studies as tem-

plates for new anticancer agents. Molecules. 2015; 20(3):3898–941. Epub 2015/03/05. https://doi.org/

10.3390/molecules20033898 PMID: 25738536.

36. Mu X, Brynien D, Weiss KR. The HDAC inhibitor Vorinostat diminishes the in vitro metastatic behavior

of Osteosarcoma cells. Biomed Res Int. 2015; 2015:290368. Epub 2015/03/19. https://doi.org/10.1155/

2015/290368 PMID: 25785263.

37. Xie C, Wu B, Chen B, Shi Q, Guo J, Fan Z, et al. Histone deacetylase inhibitor sodium butyrate sup-

presses proliferation and promotes apoptosis in osteosarcoma cells by regulation of the MDM2-p53 sig-

naling. Onco Targets Ther. 2016; 9:4005–13. Epub 2016/07/23. https://doi.org/10.2147/OTT.S105418

PMID: 27445491.

38. Wu Z, Ma C, Shan Z, Ju Y, Li S, Zhao Q. Histone deacetylase inhibitors suppress the growth of human

osteosarcomas in vitro and in vivo. J BUON. 2013; 18(4):1032–7. Epub 2013/12/18. PMID: 24344034.

39. Wan X, Mendoza A, Khanna C, Helman LJ. Rapamycin inhibits ezrin-mediated metastatic behavior in a

murine model of osteosarcoma. Cancer Res. 2005; 65(6):2406–11. Epub 2005/03/23. https://doi.org/

10.1158/0008-5472.CAN-04-3135 PMID: 15781656.

40. Liu L, Li F, Cardelli JA, Martin KA, Blenis J, Huang S. Rapamycin inhibits cell motility by suppression of

mTOR-mediated S6K1 and 4E-BP1 pathways. Oncogene. 2006; 25(53):7029–40. Epub 2006/05/23.

https://doi.org/10.1038/sj.onc.1209691 PMID: 16715128.

41. Gordon IK, Ye F, Kent MS. Evaluation of the mammalian target of rapamycin pathway and the effect of

rapamycin on target expression and cellular proliferation in osteosarcoma cells from dogs. Am J Vet

Res. 2008; 69(8):1079–84. Epub 2008/08/05. https://doi.org/10.2460/ajvr.69.8.1079 PMID: 18672974.

42. Penel-Page M, Ray-Coquard I, Larcade J, Girodet M, Bouclier L, Rogasik M, et al. Off-label use of tar-

geted therapies in osteosarcomas: data from the French registry OUTC’S (Observatoire de l’Utilisation

des Therapies Ciblees dans les Sarcomes). BMC Cancer. 2015; 15:854. Epub 2015/11/07. https://doi.

org/10.1186/s12885-015-1894-5 PMID: 26541413.

43. Grignani G, Palmerini E, Ferraresi V, D’Ambrosio L, Bertulli R, Asaftei SD, et al. Sorafenib and everoli-

mus for patients with unresectable high-grade osteosarcoma progressing after standard treatment: a

non-randomised phase 2 clinical trial. Lancet Oncol. 2015; 16(1):98–107. Epub 2014/12/17. https://doi.

org/10.1016/S1470-2045(14)71136-2 PMID: 25498219.

44. Morelli MP, Tentler JJ, Kulikowski GN, Tan AC, Bradshaw-Pierce EL, Pitts TM, et al. Preclinical activity

of the rational combination of selumetinib (AZD6244) in combination with vorinostat in KRAS-mutant

colorectal cancer models. Clinical cancer research: an official journal of the American Association for

Cancer Research. 2012; 18(4):1051–62. Epub 2011/12/17. https://doi.org/10.1158/1078-0432.CCR-

11-1507 PMID: 22173548.

45. Withrow SJ, Khanna C. Bridging the gap between experimental animals and humans in osteosarcoma.

Cancer Treat Res. 2009; 152:439–46. Epub 2010/03/10. https://doi.org/10.1007/978-1-4419-0284-9_

24 PMID: 20213406.

46. Alvarez FJ, Kisseberth W, Hosoya K, Lara-Garcia A, Kosarek C, Murahari S, et al. Postoperative adju-

vant combination therapy with doxorubicin and noncytotoxic suramin in dogs with appendicular osteo-

sarcoma. J Am Anim Hosp Assoc. 2014; 50(1):12–8. Epub 2013/11/13. https://doi.org/10.5326/JAAHA-

MS-5958 PMID: 24216494.

47. Berg J. Canine osteosarcoma: amputation and chemotherapy. Vet Clin North Am Small Anim Pract.

1996; 26(1):111–21. Epub 1996/01/01. PMID: 8825570.

48. Szewczyk M, Lechowski R, Zabielska K. What do we know about canine osteosarcoma treatment?

Review. Vet Res Commun. 2015; 39(1):61–7. Epub 2014/11/26. https://doi.org/10.1007/s11259-014-

9623-0 PMID: 25422073.

Comparative oncology approach to drug repurposing in osteosarcoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0194224 March 26, 2018 16 / 16

https://doi.org/10.3390/molecules20033898
https://doi.org/10.3390/molecules20033898
http://www.ncbi.nlm.nih.gov/pubmed/25738536
https://doi.org/10.1155/2015/290368
https://doi.org/10.1155/2015/290368
http://www.ncbi.nlm.nih.gov/pubmed/25785263
https://doi.org/10.2147/OTT.S105418
http://www.ncbi.nlm.nih.gov/pubmed/27445491
http://www.ncbi.nlm.nih.gov/pubmed/24344034
https://doi.org/10.1158/0008-5472.CAN-04-3135
https://doi.org/10.1158/0008-5472.CAN-04-3135
http://www.ncbi.nlm.nih.gov/pubmed/15781656
https://doi.org/10.1038/sj.onc.1209691
http://www.ncbi.nlm.nih.gov/pubmed/16715128
https://doi.org/10.2460/ajvr.69.8.1079
http://www.ncbi.nlm.nih.gov/pubmed/18672974
https://doi.org/10.1186/s12885-015-1894-5
https://doi.org/10.1186/s12885-015-1894-5
http://www.ncbi.nlm.nih.gov/pubmed/26541413
https://doi.org/10.1016/S1470-2045(14)71136-2
https://doi.org/10.1016/S1470-2045(14)71136-2
http://www.ncbi.nlm.nih.gov/pubmed/25498219
https://doi.org/10.1158/1078-0432.CCR-11-1507
https://doi.org/10.1158/1078-0432.CCR-11-1507
http://www.ncbi.nlm.nih.gov/pubmed/22173548
https://doi.org/10.1007/978-1-4419-0284-9_24
https://doi.org/10.1007/978-1-4419-0284-9_24
http://www.ncbi.nlm.nih.gov/pubmed/20213406
https://doi.org/10.5326/JAAHA-MS-5958
https://doi.org/10.5326/JAAHA-MS-5958
http://www.ncbi.nlm.nih.gov/pubmed/24216494
http://www.ncbi.nlm.nih.gov/pubmed/8825570
https://doi.org/10.1007/s11259-014-9623-0
https://doi.org/10.1007/s11259-014-9623-0
http://www.ncbi.nlm.nih.gov/pubmed/25422073
https://doi.org/10.1371/journal.pone.0194224

