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• Amiodarone and dronedarone are novel Drug-Repositioning candidates in epithelial ovarian cancer (EOC).
• Amiodarone and dronedarone target c-MYC for degradation.
• Amiodarone and dronedarone are inhibitors of mTOR/AKT axis in EOC.
• Amiodarone and dronedarone are effective at inducing cell death in both EOC TICs and non-TICs.
⁎ Corresponding author at: University of Michigan, Mi
Center, 1600 Huron Parkway, Ann Arbor, MI 48109-5932,

E-mail address: adifeo@med.umich.edu, (A. DiFeo)
URL: https://difeolab.com .

https://doi.org/10.1016/j.ygyno.2018.09.019
0090-8258/© 2018 Published by Elsevier Inc.

Please cite this article as: A. BelurNagaraj, et a
Oncol (2018), https://doi.org/10.1016/j.ygyn
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 29 June 2018
Received in revised form 7 September 2018
Accepted 19 September 2018
Available online xxxx
Objective. To evaluate the utility of amiodarone and its derivative dronedarone as novel drug repositioning
candidates in EOC and to determine the potential pathways targeted by these drugs.

Methods. Drug-predict bioinformatics platformwas used to assess the utility of amiodarone as a novel drug-
repurposing candidate in EOC. EOC cells were treated with amiodarone and dronedarone. Cell death was
assessed by Annexin V staining. Cell viability and cell survival were assessed by MTT and clonogenics assays re-
spectively. c-MYC and mTOR/Akt axis were evaluated as potential targets. Effect on autophagy was determined
by autophagy flux flow cytometry.

Results. “DrugPredict” bioinformatics platform ranked Class III antiarrhythmic drug amiodarone within the
top 3.9% of potential EOC drug repositioning candidates which was comparable to carboplatin ranking in the
top 3.7%. Amiodarone and dronedarone were the only Class III antiarrhythmic drugs that decreased the cellular
survival of both cisplatin-sensitive and cisplatin-resistant primary EOC cells. Interestingly, both drugs induced
degradation of c-MYC protein and decreased the expression of known transcriptional targets of c-MYC. Further-
more, stable overexpression of non-degradable c-MYC partially rescued the effects of amiodarone and
dronedarone induced cell death. Dronedarone induced higher autophagy flux in EOC cells as compared to amio-
darone with decreased phospho-AKT and phospho-4EBP1 protein expression, suggesting autophagy induction
due to inhibition of AKT/mTOR axis with these drugs. Lastly, both drugs also inhibited the survival of EOC
tumor-initiating cells (TICs).

Conclusions. We provide the first evidence of class III antiarrhythmic agents as novel c-MYC targeting drugs
and autophagy inducers in EOC. Since c-MYC is amplified in N40% ovarian tumors, our results provide the basis
for repositioning amiodarone and dronedarone as novel c-MYC targeting drugs in EOC with potential extension
to other cancers.

© 2018 Published by Elsevier Inc.
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1. Introduction

Epithelial ovarian cancer [EOC] is the most lethal gynecologic
malignancy and is the fifth leading cause of cancer deaths in women
[1]. This year it is estimated that N20,000 women will be newly diag-
nosed and N14,000 will succumb to EOC in the United States. EOC is a
ythmic agents as novelMYC targeting drugs in ovarian cancer, Gynecol
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heterogeneous disease but the treatment outlook of EOC has remained
more homogenous to date and cisplatin has still remained the first
choice chemotherapy agent for EOC over recent decades [2]. This diver-
gence of EOC heterogeneity vs. treatment dependency on cisplatin is ev-
ident by the fact that most of EOC patients who initially respond to
platinum therapy relapse due to development of chemo-resistance [3].
Hence, in-spite of high initial response to platinum the outcomes are
poor for advanced stage EOCwith 5-year survival beingb30%. Therefore,
novel targeted therapeutic options are required in order to improve the
lives of women diagnosed with EOC.

Traditional drug discovery approaches in oncology require billions of
dollars in infrastructure and the lead compounds take more than a de-
cade to enter clinical trial platforms at which point a majority of these
drugs fail thus limiting their clinical translation potential [4,5]. Hence,
economical and reliable approaches to identify novel anti-cancer are re-
quired in cancer therapeutics to enable successful clinical translation of
these anti-cancer drugs. Drug repositioning offers a cost effective and
safe approach in this context and several FDA approved drugs for non-
oncology purposes are being evaluated as potential anti-cancer drugs
in ovarian cancer [6]. For example, the anti-HIV drug Ritonavir has
shown to be effective against ovarian tumor cells [7] and the anti-
diabetic drugMetformin has shown promising results in ovarian cancer
patient trials for its efficacy as a novel anti-cancer drug in EOC [8].

We have previously reported a novel drug repositioning platform
termed “DrugPredict” that identified potential FDA approved drugs
that could be repositioned in for cancer therapeutics [9]. Using
DrugPredict, we have recently identified the non-steroidal anti-
inflammatory drug (NSAID) Indomethacin as a novel anti-cancer drug
in EOC which provides a good basis to evaluate this drug as a novel
chemoadjuvant in ovarian cancer patient trials [9]. In the current
study, we have evaluated Class III antiarrhythmic agents amiodarone
and its derivative dronedarone as potential anti-cancer drugs in EOC.
Our results provide the rationale to further characterize amiodarone
and dronedarone as novel drug repositioning candidates in EOC espe-
cially given its potent inhibitory effects on the commonly activated on-
cogene, c-MYC.

2. Materials and methods

2.1. Cell culture and reagents

Cells were cultured in 10 cm plates in a humidified atmosphere (5%
CO2) at 37 °C. At 70–90% confluence, trypsin (0.25%)/EDTA solution
(Corning)was used to detach the cells from the culture plate for passag-
ing and used for further experiments until passage 20. OV81.2 and
OV81.2-CP10 primary cell linemodels were generated as previously de-
scribed [10]. A2780 and CP70 cells were obtained fromDr. PaulModrich
(Duke University). OVCAR3 cells were purchased from ATCC. OV81.2,
OV81.2-CP10, A2780, CP70, ALDHhigh CP70, ALDHlow CP70, OVCAR8
and 293 T cells were cultured in DMEM medium supplemented with
10% FBS (Gibco) and 1% penicillin-streptomycin (PS) (Gibco). OVCAR3
and OVCAR3-CP38 cells were cultured in RPMI medium (Gibco) with
10% FBS and 1%PS. Phosphate-buffered saline (PBS) was purchased
from Corning. Amiodarone, dronedarone, ibutilide and sotalol were
purchased from SelleckChem. Dimethyl sulfoxide (DMSO) was pur-
chased from Fisher Chemical.

2.2. DrugPredict

DrugPredict is a novel computational drug discovery system that si-
multaneously performs in silico target-based and phenotypic screening
on half a million compounds. It uses large amounts of publicly available
data including disease genetics, chemical genetics, signaling pathways,
and mouse genome-wide mutation phenotypes for the prediction can-
didate drugs to treat a given disease (ovarian cancer in this study). We
have previously applied DrugPredict to identify repurposed candidates
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for ovarian cancer and experimentally validated that indomethacin
can be used to kill ovarian cancer cells [9]. In this study, we used
DrugPredict to predict the relevance of amiodarone in the treatment
of ovarian cancer. DrugPredict was described in details in our previous
study [9]. Briefly, DrugPredict applied for OC drug repositioning consists
of the following steps: (1) Construct a genetic profile for OC by
obtaining a list of genes that are differentially expressed in high-grade
serous ovarian cancer (HGSOC) patients from TCGA (HGSOC genes);
(2) correlating HGSOC genes to their homologs in mouse models and
construct a mouse mutational phenotype profile for OC; (2) construct
mouse mutational phenotype profile for chemicals/drugs; (3) develop
algorithms to match the HGSOC-specific phenotype profile to drug pro-
files and prioritize FDA-approved drugs based on the phenotypic simi-
larities; and (4) analyze repositioned drug candidates to evaluate the
predictions and identify interpretable mechanisms of actions.

2.3. Generation of stable cell lines

Constitutively active c-MYCT58A plasmid was generously donated
by Dr. Goutham Narla's laboratory at Case Western Reserve University.
Briefly, to generate plasmid, pMIG-cMYC (Addgene #18119) was site-
direct mutated to generate a threonine - N alanine conversion at site
58. Control plasmid construct MDH1-PGK-GFP was previously donated
by Dr. Chen Z. Cheng (Stanford University). c-MYCT58A stably overex-
pressing line was retrovirally generated in A2780. Phoenix packaging
cells were seeded in a 150 mm × 150 mm cell culture plate such that
the next day they would be at 50–70% confluency. 12 μg of control or
cMYCT58A plasmids were transfected into cells with 6 μg pCL-ampho
using Lipofectamine 2000 (Life Technologies). 8 h later media was
changed and viral media was collected for 3 days post-transfection. To
transduce A2780, viral media containing 5 μg/ml polybrene (Millipore)
was added to cells serially for 3 days. Once cells attained confluency,
cells were selected by GFP-fluorescent sorting compared to A2780
untransduced cells using FACS Aria (BD Biosciences).

2.4. Real-time PCR

Total RNA was extracted using the Total RNA Purification Plus Kit
(Norgen Biotek) according to manufacturer's instructions. For mRNA
analysis, cDNA synthesis from 1 μg of total RNA was done using the
Transcriptor Universal cDNA Master kit (Roche). SYBR green-based
Real-time PCR was subsequently performed in triplicate using SYBR
green master mix (Roche) on the Light Cycler 480 II real time PCR ma-
chine (Roche).

2.5. Immunoblotting

Whole cell protein extracts were probed with antibodies against
GAPDH (1:1000) (Santa Cruz Biotechnology, CA) c-MYC 1:250
(Abcam) pAKT-Ser473 1:100(Cell Signaling), p4EBP1 1:250 (Cell Sig-
naling) as previously described [10]. Membranes were exposed using
LumiLight or LumiLightplus (Roche) method following manufacturer's
instructions.

2.6. Cell viability assay

Cells were plated in 12-well plate at 50,000 cells/well and treated
the next day with the drugs. After 48 h, cells were then incubated
with 3-(4,5-Dimethylthiazolyl) for 2 h and absorbance was measured
at 600 nm.

2.7. Clonogenic assay

Cell survival was assessed through seeding 1000 cells/well in a 6-
well plate and treated with indicated doses of the drugs the next day.
On day 7, cells were fixed in a 10% acetic acid/10% methanol (in
ythmic agents as novelMYC targeting drugs in ovarian cancer, Gynecol
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diH2O) solution and stained with 1% crystal violet (in methanol) after
7 days of growth.

2.8. Annexin V-PI staining

Cells were plated at 200,000 cells/well in a 6-well plate. After 72 h,
Annexin V-PI Staining was done using the FITC or APC Annexin V Apo-
ptosis Detection Kit II (BD Pharmingen). FACS data was acquired using
BD LSR II.

2.9. Autophagy Flux flow cytometry

Autophagy Flux was determined using the CYTO-ID Autophagy de-
tection kit (Enzo Life Sciences) as per the manufacturer's instructions.
Briefly, cells were plated at 200,000 cells/well in a 6-well plate and
were treated with the drugs next day. 48 h after treatment, cells were
trypsinized, washed once with the assay buffer and were stained with
CYTO-ID green detection reagent in the assay buffer for 30 min at 37
°C. FACS data was acquired using BD LSR II.

2.10. ALDH sorting flow cytometry

For ALDH based sorting, ALDH assaywas done using the ALDEFLUOR
kit as per the protocol instructions (Stem cell Technologies) and ALDH
positive and negative cells were FACS sorted from CP70 cells using BD
FACS Aria II.

2.11. Tumor sphere formation assay

For tumor sphere formation assays, 1000 cells per ml were plated in
2ml in 6-well ultra-low attachment plate (Corning) inMammoCultme-
dium (Stem cell Technologies) in the presence of amiodarone. After
7 days, 10 × 10 stitch imagingwas done at 10× (100 random images ac-
quired) using a Retiga Aqua Blue camera (Q Imaging, Vancouver, BC)
connected to a Leica DMI6000 inverted microscope. Individual images
Fig. 1. Amiodarone and dronedarone are novel drug repositioning candidates in EO. (A) Dru
Carboplatin (Top 3.7%). (B) 48 h MTT assays with amiodarone, and dronedarone OV81.2,
dronedarone in comparison to Cisplatin in A2780, A2780-CP70, OVCAR3, OVCAR3-CP38, OV81
upon treatment with amiodarone and dronedarone in OV81.2, OV81.2-CP10, A2780 and CP7
showing increased cell death in OV81.2 and OV81.2-CP10 upon treatment with amiodarone an
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were taken and then a composite image was generated using the scan
slide function in MetaMorph Imaging Software (Molecular Devices,
Downingtown, PA). Subsequent integrated analysis also used
MetaMorph software.

2.12. Statistical analysis

Unless otherwise noted, data are presented as mean ± SD from
three-independent experiments, and Student's t-test (two-tailed) was
used to compare two groups (P b 0.05was considered significant) for in-
dependent samples.

3. Results

3.1. Class III antiarrhythmic agents have potential anti-cancer properties in
EOC

DrugPredict ranked the Class III antiarrhythmic drug amiodarone
within top 3.9% of potential FDA approved drugs that may be a good
candidate for drug repositioning in EOC (Fig. 1A). This was comparable
to the top 3.7% DrugPredict ranking of carboplatin, which is the current
mainstay treatment option in EOC. Class III antiarrhythmic drugs are
comprised of 6 drugs including amiodarone and its derivative
dronedarone. Amiodarone has been reported to induce apoptosis in gli-
oma cells [11] and has been found to decrease metastatic ability of
breast cancer cells [12], thus suggesting that it could be a novel anti-
cancer drug. However, the utility of amiodarone or its derivative
dronedarone as an anti-cancer drug in EOC is yet to be explored and
the mechanism driving these anti-cancer properties remains unknown.

In order to explore the potential anti-cancer effects of amiodarone
and dronedarone in EOC, we looked at the effect of these drugs on cell
viability of several ovarian cancer cell lines including primary cisplatin
sensitive and resistant models that we have previously developed in
the lab [10] (OV81.2 and OV81.2-CP10). Amiodarone and dronedarone
decreased the viability in all cell lines with an IC50 ranging from 4 to
gPredict ranking of amiodarone (Top 3.9%) showing it is comparable to the ranking of
OV81.2-CP10, A2780, CP70, OVCAR3 and OVCAR8 cells. (C) IC50 of amiodarone and
.2 and OV81.2-CP10 cells. (D) Clonogenics assay (Day 7) showing decreased cell survival
0 as compared to DMSO control. (E) Annexin V-PI staining flow cytometry assay (72 h)
d dronedarone as compared to DMSO control. (***p b 0.0001).

ythmic agents as novelMYC targeting drugs in ovarian cancer, Gynecol
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18 μM (Fig. 1B &1C). On the contrary, ibutilide and sotalol, which are
other class III antiarrhythmic but structurally different fromamiodarone
[13], did not affect cell viability in any of these cells (Suppl Fig. 1). Ami-
odarone and dronedarone also decreased cellular survival of both cis-
platin resistant (OV81.2-CP10 and CP70) and cisplatin sensitive
(OV81.2 and A2780) EOC cells (Fig. 1D). Further analysis revealed that
both amiodarone and dronedarone induced robust cell death in primary
epithelial ovarian cancer cells as determined by Annexin-V cell death
assays (Fig. 1E). Overall, through these initial studies we found that
both drugs potently decrease cell survival and induce cell death in nu-
merous EOC cells including primary high-grade serous ovarian cancer
(HGSOC) cells.

3.2. Amiodarone and dronedarone are novel c-MYC targeting drugs in EOC

Nextwe sought to uncover themechanisms driving amiodarone and
dronedarone anti-cancer effects. Interestingly, genomic cluster and net-
work analysis looking at the toxicity profile of amiodarone treatment in
rats revealed that c-MYC regulated cellular processes were negatively
affected in the hepatic tissue [14]. In addition, the DrugPredict platform
found that several of the top 20 pathways associated with amiodarone
(Fig. 2A) were functionally linked to c-MYC; c-MYC is reported to be
an important regulator of unfolded protein response in cancer cells
Fig. 2.Amiodarone anddronedarone are novel c-MYC targeting drugs in EOC. (A) Top-20 predict
showing c-MYC protein degradation by 6 h upon treatment with dronedarone (20 μM), amiod
changes in c-MYCmRNA by 6 h upon treatment with dronedarone (20 μM) and amiodarone (2
MYC transcriptional targets by 6 h upon treatment with dronedarone (20 μM) and amioda
overexpression of non-degradable c-MYC (T58A) in A2780 cells and (right) effect of droned
compared to pBABE control cells (6 h treatment). (F) Clonogenics assay (day 7) comparing th
*** p b 0.0001).
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[15], suppression of c-MYC by glucocorticoids has been reported in can-
cer cells [16,17], functional roles of c-MYC is regulating several aspects
of hypertrophic cardiomyopathy is well documented [18], several
ATP-binding cassette (ABC) transporter genes have been identified as
direct transcriptional targets of c-MYC in cancer cells [19], regulation
of lipid metabolism by c-MYC is well studied in cancers [20] and lastly,
functional interaction of c-MYC with mTOR signaling pathway is re-
ported in cancers [21]. Given these functional implications of amioda-
rone driven regulation of c-MYC pathways and the role of c-MYC in
driving EOC survival and platinum resistance [22,23], we next
ascertained whether the potent effects of these drugs were due to the
regulation of c-MYC.

We found that amiodarone and dronedarone robustly decreased c-
MYC protein expression in both A2780-CP70 and OV81.2 as early as
6 h (Fig. 2B). Decrease of c-MYC protein by ibutilide was less dramatic
as compared to amiodarone and dronedarone, which correlated with
minimal decrease in cell viability with this drug suggesting that c-
MYC downregulation potentially underlies the anti-cancer drug proper-
ties of both amiodarone and dronedarone. There was minimal decrease
in c-MYC mRNA levels upon treatment with amiodarone and
dronedarone (~10% decrease) thus these drugs must regulate c-MYC
expression by post-translational mechanisms (Fig. 2C). We further con-
firmed the functional inhibition of c-MYC by assessing the effects of
edpathways associatedwith amiodaronebased onDrugPredict analysis. (B)Westernblots
arone (20 μM) and ibutilide (20 μM) in CP70 and OV81.2 cells. (C) Real-time PCR showing
0 μM) in CP70 and OV81.2 cells. (D) Real-time PCR showing changes in the expression of c-
rone (20 μM) in CP70 (left) and OV81.2 (right) cells. (E) Western blots (left) showing
arone (20 μM) and amiodarone (20 μM) on c-MYC protein expression in T58A cells as
e effect of dronedarone and amiodarone on viability in T58A vs. pBABE cells (** p b 0.001,

ythmic agents as novelMYC targeting drugs in ovarian cancer, Gynecol
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these drugs on the expression of the transcriptional targets of c-MYC.
Remarkably, mRNA expression of c-MYC activated transcriptional tar-
gets were decreased upon treatment with amiodarone and
dronedarone in CP70 (CDC25A and TERT) and OV81.2 (CDC25A, TERT
and Cyclin D1) (Fig. 2D). Also, expression of c-MYC inhibited transcrip-
tional targets was increased upon treatment with these drugs in CP70
(p27) and OV81.2 (p21 and p27) (Fig. 2D). Next, to further confirm
the dependency of amiodarone and dronedarone effects on c-MYC, we
looked at the effects of stable overexpression of non-degradable c-
MYC (T58A) on the phenotype induced by these drugs in A2780 cells
which we have previously shown to express low levels of c-MYC [24]
(Fig. 2E left). We found that c-MYC protein was not degraded in cells
overexpressing T58A c-MYC (Fig. 2E right). Importantly, T58A c-MYC
overexpression increased tolerance to both amiodarone and
dronedarone showing that c-MYC overexpression rescues the effect of
these drugs on cell survival (Fig. 2F). Collectively, these results further
confirm that c-MYC is a functional target of amiodarone and
dronedarone as is partially responsible for the anti-cancer effects of
these drugs.
3.3. Amiodarone and dronedarone are novel autophagy inducing drugs in
EOC

Interestingly, autophagy was one of the top 20 pathways predicted
to be associated with amiodarone (Fig. 2A), consistent with a recent re-
port showing that amiodarone induced autophagy in breast cancer cells
[25]. Also, decreased c-MYC protein expression is observed during
mTOR inhibition mediated autophagy induction [26]. Thus, we next
looked at whether induction of autophagy could be one of the mecha-
nisms of amiodarone and dronedarone effects in EOC. Both amiodarone
and dronedarone increased Autophagy flux in EOC cells (Fig. 3A). Fur-
thermore, mTOR and AKT pathways which have been shown to be
main regulators of autophagy [27] and were predicted as one of the
top 20 pathways associated with amiodarone (Fig. 2A), were decreased
with amiodarone and dronedarone treatment but not with ibutilide.
Both amiodarone and dronedarone decreased the expression of
phospho-AKT and phospho-4EBP1 confirming inhibition of mTOR/AKT
axis as compared to ibutilide, which did not decrease the expression
of these proteins (Fig. 3B). These results suggest that induction of au-
tophagy by inhibition of mTOR/AKT axis could be one of the mecha-
nisms by which amiodarone and dronedarone decrease the survival of
EOC cells and also confirm the functional reliability and utility of
DrugPredict platform in identifying potential targets of novel pharma-
cologic agents.
Fig. 3. Amiodarone and dronedarone are novel autophagy inducing drugs in EOC. (A) Flow cyto
autophagy flux upon treatment with dronedarone (20 μM) and amiodarone (20 μM) in OV81.2
expression in CP70 and OV81.2 cells upon treatment with dronedarone (20 μM), amiodarone (
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3.4. Amiodarone and dronedarone inhibit the survival of both tumor-
initiating cells (TICs) and non-TICs in EOC

Lastly, given that tumor-initiating cells (TICs) drive tumor initiation-
recurrence-metastasis and chemo-resistance in various cancers includ-
ing EOC [28] and the effects of amiodarone on both TICs and non-TICs
are not understood in cancers, we next looked at the effect of both ami-
odarone and dronedarone on a previously established TICs model
ALDHhigh CP70 (TICs) and ALDHlow CP70 (non-TICs) [9,10]. Interest-
ingly, both TICs and non-TICs exhibited similar sensitivity to these
drugs (Fig. 4A and B) as determined in cell viability and clonogenic as-
says. Amiodarone and dronedarone induced robust cell death in both
TICs and non-TICs (Fig. 4C). Ability to form tumor spheres under 3D
stem-cell culture conditions is a defining trait of ovarian TICs that en-
ables tumor initiation at low densities and also drives metastatic ability
[10]. Hence,we next looked at the effects of amiodarone on ovarian TICs
under 3D sphere formation culture conditions. Amiodarone induced ro-
bust decrease tumor sphere formed by ovarian TICs showing that this
drug can inhibit the survival of ovarian TICs under 3D culture conditions
(Fig. 4D). Interestingly, only dronedarone induced autophagy in both
TICs and non-TICs whereas amiodarone did not induce autophagy in
these cells (Fig. 4E). Collectively, these results reveal a novel role for
both amiodarone and dronedarone in inhibiting ovarian TICs and sug-
gest that themechanisms driving the effects of these drugs could be dif-
ferent in this context.
4. Discussion

Drug repositioning is emerging as a cost effective and reliable drug
discovery approach in oncology. Identifying the “off-target” anti-
cancer effects of FDA approved drugs which are already in clinical use
for other diseases provides with novel drugs whose safety profile and
patient tolerance data are available in detail and hence translation of
these drugs into patient trials can be faster compared to traditional
drug discovery approaches which often take more than a decade for
the lead compounds to enter clinical trials. Also, drug repositioning of-
fers a more economical drug discovery approach that can make afford-
ability of anti-cancer drugs a reality in healthcare. Metformin has been a
good example of success story in this context in ovarian cancer where-
in pre-clinical studieswith this drug has lead to testing it in ovarian can-
cer patient trials and the results have been promising. Thus, drug repo-
sitioning has the potential to improvise EOC therapeutics. Our study has
identified that Class III antiarrhythmic agents amiodarone and
dronedarone can be potential candidates for drug repositioning in EOC.
metry (48 h) histogram (left) and mean fluorescence intensity (right) showing increased
, OV81.2-CP10, A2780 and CP70 cells. (B) Western blots showing pAKT S473 and p-4EBP1
20 μM) and ibutilide (20 μM) (*p b 0.01, **p b 0.001, ***p b 0.0001).
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Fig. 4. Amiodarone and dronedarone inhibit both TICs and non-TICs in EOC. (A) 48 h MTT assay showing decreased cell viability in both ALDHlow CP70 and ALDHhigh CP70 cells upon
treatment with dronedarone (right) and amiodarone (left). (B) Clonogenics assay (day 7) showing decreased survival of both ALDHlow CP70 and ALDHhigh CP70 cells upon treatment
with dronedarone and amiodarone. (C) 72 h Annexin-V assay showing increased cell death in both ALDHlow CP70 and ALDHhigh CP70 cells upon treatment with dronedarone and
amiodarone. (D) Tumor sphere assay (7 days) showing decreased tumor spheres upon treatment with amiodarone (10 μM). (E) Flow cytometry (mean fluorescence intensity)
showing increased autophagy flux upon treatment with dronedarone (20 μM) in both ALDHlow CP70 and ALDHhigh CP70 cells (**p b 0.001, ***p b 0.0001).
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Both amiodarone and dronedarone decreased the survival of EOC
cells irrespective of their cisplatin sensitivity status. Several mecha-
nisms could underlie function of these drugs in EOC and accordingly,
pathway association for amiodarone by DrugPredict revealed several
pathways that are implicated in tumorigenesis. Identification of amio-
darone as an autophagy inducer has been reported in pharmacologic
screening studies in cancer cells [25] which correlated with our both
prediction and validation results and additionally we identified
dronedarone as a more potent inducer of autophagy in EOC. Hence, in-
duction of autophagy could be one of the mechanisms underlying the
functions of both amiodarone and dronedarone in EOC. Inhibition of
mTOR/AKT axis by both these drugs in primary HGSOC cells as well as
prediction of amiodarone associationwithmTORbyDrugPredict further
supports this possibility.

The most interesting observation from our study was identifying c-
MYC as a functional target of both amiodarone and dronedarone, thus
providing the very first evidence of c-MYC targeting by Class III antiar-
rhythmics in cancers including EOC. DrugPredict analysis of top associ-
ated pathways with amiodarone suggested c-MYC could be a central
nodal point for amiodarone effects in cancer cells and our results vali-
dated c-MYC as a functional target of amiodarone and also dronedarone.
This is of potential clinical relevance since c-MYC is themost commonly
amplified gene in EOC [22] and is functionally implicated in regulating
several aspects of ovarian cancer pathogenesis [23]. However, further
studies assessing the efficacy of amiodarone and dronedarone in-vivo
patient derived xenograft models of EOC form a critical component of
Please cite this article as: A. BelurNagaraj, et al., Evaluating class III antiarrh
Oncol (2018), https://doi.org/10.1016/j.ygyno.2018.09.019
evaluating these antiarrhythmic agents as novel anti-cancer drugs in
EOC. Our results provide a good basis to test this possibility. Since c-
MYC is amplified and also functionally implicated in several cancers,
our results provide the rationale to evaluate amiodarone and
dronedarone as novel c-MYC targeting drugs in other cancers too.

Several concerns need to be addressed before realizing the transla-
tional potential of amiodarone and dronedarone as novel anti-cancer
drugs for the treatment of epithelial ovarian cancer. Long half-life
(~60 days) and calcium/potassium channel blocking activities are
the causes of the most of the side effects associated with amiodarone
[29]. Repurposing amiodarone to decrease its half-life and decrease
its calcium/potassium channel blocking activities would be an ideal
approach to further test the translational potential of this drug as
an anti-cancer drug. Dronedarone has a shorter half-life than
amiodarone (24 h) and hence could be an attractive drug for
re-purposing [30]. However, dronedarone also inhibits calcium/po-
tassium channels and hence further studies are required to design
re-purposed amiodarone and dronedarone derivatives that are
potentially free of cardiac effects.

To summarize, our study reiterates the importance of employing
Drug repositioning approaches to rapidly identify and characterize
novel therapeutic modalities for the treatment of EOC. The discoveries
based on such approaches offer the advantage of being potentially fast
tracked into patient trials since these drugs are already FDA approved.
Hence, these approaches will enable the design of pre-clinical studies
with successful clinical implications.
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