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Abstract: Monepantel (MPL) is a new anthelmintic agent approved for the treatment of nematode infections in
farm animals. As a nematicide, it acts through a nematode-specific nicotinic receptor subtype which explains its
exceptional safety in rodents and mammals. In the present study, we evaluated its potential as an anticancer agent.
In vitro treatment of epithelial ovarian cancer cells with MPL resulted in reduced cell viability, inhibition of cell
proliferation and suppression of colony formation. Proliferation of human ovarian surface epithelial cells and other
non-malignant cells were however minimally affected. MPL-induced inhibition was found to be independent of the
acetylcholine nicotinic receptor (nAChR) indicating that, its target in cancer cells is probably different from that in
nematodes. Analysis of MPL treated cells by flow cytometry revealed G1 phase cell cycle arrest. Accordingly, MPL
treated cells expressed reduced levels of cyclins D1 and A whereas cyclin E2 expression was enhanced. Consistent
with a G1 phase arrest, cellular levels of cyclin dependent kinases (CDKs) 2 and 4 were lower, whereas expression
of CDK inhibitor p27%? was increased. In cells expressing the wild-type p53, MPL treatment led to increased p53 ex-
pression. In line with these results, MPL suppressed cellular thymidine incorporation thus impairing DNA synthesis
and inducing cleavage of poly (ADP-ribose) polymerase (PARP-1). Combined these pre-clinical findings reveal for the
first time the anticancer potential of monepantel.
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Introduction

Monepantel [N-[(1S)-1-Cyano-2-(5-cyano-2-trifl-
uoromethyl-phenoxy)-1-methyl-ethyl]-4-trifluo-
romethylsulfanyl-benzamide; MPL] is a novel
anthelmintic drug from a new class of synthetic
chemicals known as Amino-Acetonitrile Deriva-
tives (AADs). Due to its favourable pharmaco-
logical profile, MPL was selected from a pool of
several hundred AADs as the best candidate
for development as a nematicide [1]. It has
been shown to be efficacious against various
species of livestock-pathogenic nematodes [2]
and has thus been approved for certain veteri-
nary uses [1, 3]. However, it has recently been
shown to be ineffective in human soil-transmit-
ted helminthiasis [4] hence hindering its devel-
opment as a human anthelmintic. Interestingly,

MPL has been shown to be very well tolerated in
rodents and mammals, indicating that its
molecular target is either absent or inaccessi-
ble in the host [5]. In susceptible nematodes,
MPL affect ligand-gated ion channels leading to
interference of signal transduction, possibly at
their neuromuscular synapses [1, 5]. The affect-
ed parasites then experience deregulation in
muscle contraction, paralysis, necrosis and
finally expulsion from the host. So far, three
nicotinic acetylcholine receptors (nAChR) relat-
ed genes have been identified as the primary
targets of MPL [1, 6]. Interestingly, all of the
three genes encode for the proteins represent-
ing the DEG-3 subfamily of nAChR subunits that
are only present in nematodes [3, 7] which may
well explain the exceptional safety of MPL in
mammals [1]. The realization that MPL is a very
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well tolerated agent in mammals coupled with
the fact that the other major antiparasitic treat-
ments such as the macrocyclic lactones, imid-
azothiazoles and in particular the benzimid-
azole carbamates have all shown some degree
of anticancer activity encouraged us to evalu-
ate MPL in laboratory based anticancer tests.
Our work on benzimidazole carbamates (BZD)
has shown potent anticancer properties for this
group of agents and in particular for albenda-
zole in ovarian cancer [8, 9]. Similarly, macrocy-
clic lactones and imidazothiazoles have also
been shown to exert anticancer activity in pre-
clinical models of cancer [10, 11]. We therefore
placed MPL in a step by step progressive series
of tests starting from visualization of its micro-
scopic effects on cells, to cellular and molecu-
lar. Results obtained conclusively demonstrate
that MPL has anticancer properties. The effects
are characterised by inhibition of cancer cell
proliferation and colony formation, induction of
cell cycle arrest, interference with the expres-
sion of cyclins and cyclin dependent kinases
(CDKs), inhibition of DNA synthesis and cleav-
age of PARP-1. This is the first report to describe
the anticancer properties of monepantel.

Materials and methods
Chemical compounds

Monepantel was kindly gifted by Novartis, Ba-
sel, Switzerland or purchased from a contract
manufacturer. Unless otherwise stated, all oth-
er chemicals or reagents used in this study
were purchased from Sigma-Aldrich (Sydney,
Australia). The following primary antibodies
were used throughout this study: mouse mono-
clonal antibodies specific for cyclin D1 (DCS6),
cyclin A (BF683) and rabbit antibodies specific
for cyclin E, p27%** and PARP and secondary
antibody, anti-rabbit 1gG, HRP-linked (Cell sig-
nalling Technology, Sydney, Australia), mouse
monoclonal anti-GAPDH (Sigma-Aldrich, Sydn-
ey, Australia) and rabbit polyclonal antibodies
specific for CDK2 (H-298), CDK4 (C-22) and
p53 (FL-393) and secondary antibody, anti-
mouse IgG conjugated with horseradish peroxi-
dise (Santa Cruz Biotechnology, Sydney, Aus-
tralia).

Cell lines

The human ovarian cancer cell lines A2780
(p53 wild-type [12]), IGROV-1 (p53 wild-type
[13]), OVCAR-3 (p53 mutant [12]), and SKOV-3
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(p53 null [12]) were obtained from American
Type Culture Collection (ATCC, Manassas, VA,
USA) and were maintained in RPMI 1640 medi-
um with 2 mM I-glutamine, 2 g/L sodium bicar-
bonate, 4.5 g/L glucose, 10 mM HEPES, 1 mM
sodium pyruvate (Invitrogen, Sydney, Australia)
supplemented with 10% heat inactivated fetal
bovine serum (FBS) and penicillin-streptomycin
(50 U/ml) at 37°C in a humidified atmosphere
containing 5% CO,,. Together with human ovari-
an surface epithelial (HOSEpiC) in OEpiCM
(SienCell, CA, USA). The culture media used
were all supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin mixture
(Invitrogen, CA, USA), primary human umbilical
vein endothelial cells, primary human umbilical
vein endothelial cells (HUVEC), Chinese ham-
ster ovarian (CHO) and human embryonic kid-
ney (HEK) cells, used in this study were origi-
nally obtained from the American Type Culture
Collection (ATCC) and maintained according to
their instructions.

Morphology

Staining with Giemsa (Sigma-Aldrich) was used
to look at morphology of OVCAR-3 and A2780
cell after treatment with desired amount of
MPL (0, 5, 10 and 25 uM) for 24, 48 and 72 h.
Briefly; cells (10* cells/well) seeded in 6-well
plates and allowed to adhere overnight on cover
sleeps followed by treatment with MPL for indi-
cated time points. Cells were then fixed with
methanol for 10 min. followed by staining with
Giemsa for 15 min. and washed with tap water.
The images were captured with Zeiss, AxioCam,
AxioSkop microscope, West Germany with 100
x maghnifications. Experiment repeated twice
with the same result.

Cell viability and cell proliferation assays

The effect of MPL on cell viability of cancer cell
lines and normal cells of different origin was
measured using the Trypan blue assay. Cells
were seeded in 6-well plates and exposed to
increasing concentrations of MPL (0-25 umol/L)
for 72 h. MPL was initially dissolved in ethanol
and diluted with cell culture media with the final
ethanol concentration of 1% (v/v). At the end of
treatment period, cells were washed with PBS,
trypsinized and counted using trypan blue and
a hemocytometer. Each concentration was
tested in replicates of 8 and each experiment
was repeated twice. Effect of MPL on in vitro
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Common Name: Monepantel (INN)

Chemical Name:
-1-methylethyl]-4-trifluoromethylsulfanylbenzamide

Molecular Formula: C20H13F6N302S

Figure 1. Chemical structure of monepantel (MPL).

cell proliferation was assessed using the sul-
forhodamine B (SRB) assay [14]. Briefly, cells
seeded in 96-well plates (2000-3000 cells/
well) were treated with increasing concentra-
tions of MPL (0-100 umol/L) for 72 h. Cells
were then fixed, washed and stained with 100
puL of 0.4% (w/v) SRB dissolved in 1% acetic
acid. Unbound dye was removed by five washes
with 1% acetic acid before air drying. Bound
SRB was solubilized with 100 yL of 10 mM Tris
base (pH 10.5) and the absorbance read at
570 nm. Each drug concentration was tested in
replicates of 8 and each experiment was
repeated twice. Pooled data from at least two
experiments are presented as % control (mean
+ SEM) where vehicle treated cells is taken to
represent 100% proliferation.

Clonogenic assay

In order to determine the effect of MPL on cell
integrity following exposure and then withdraw-
al of the drug from the media, colony formation
assay was performed. Briefly, 5 x 10° cells
were plated in 100 mm Petri dishes and allowed
to attach overnight. Media were aspirated off
and exponentially growing cells were incubated
with various concentrations of MPL for 72 h. At
this point, the medium was aspirated, the dish-
es were washed with PBS, and drug free medi-
um was added to each plate. Plates were then
incubated for two weeks under standard cell
culture conditions in an incubator at 37°C.
Following this, plates were gently washed with
PBS and cells were fixed with 100% ethanol
and stained with a 0.1% solution of filtered
crystal violet (w/v). Colonies consisting of more
than 50 cells were counted manually. Results
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are presented as mean + SEM rela-
tive to vehicle treated controls.

Cell cycle analysis

The effect of MPL on the cell cycle
was determined using flow cytom-
etry analysis. Briefly, 0.7 x 106 cells
seeded in 25 cm? flasks and allow-
ed to adhere overnight were treat-
ed with MPL for 48 h. Cells were
collected with trypsinization and
pooled with the cells floating in the
medium. The cell suspensions we-
re centrifuged, washed with PBS
and fixed with methanol. Washed
cells were resuspended in propo-
dium iodide and ribonuclease-A (diluted in PBS)
for 30 min at room temperature (22°C) and
analysed by flow cytometry (Becton Dickinson
FACS Calibur).

Western blot analysis

Treated cells were washed in ice-cold PBS and
extracted for 30 min with a RIPA buffer contain-
ing 10% phosphatase inhibitor and protease
inhibitor cocktail (Sigma, St. Louis, MO). Lysates
were cleared by centrifugation at 13,000 x g
for 30 min and protein concentrations were
determined using Bio-red protein assay. Equi-
valent amounts of whole cell extracts were re-
solved by SDS-polyacrylamide gel electrophore-
sis and transferred onto a polyvinylidene difluo-
ride membrane (Millipore Corporation, MA,
USA). The membranes were then probed with
specific antibodies. Immune-complexes were
detected using horseradish peroxidase conju-
gated with either anti-mouse or anti-rabbit fol-
lowed by chemiluminescence detection (Perkin
Elmer Cetus, Foster City, CA, USA). To demon-
strate equal protein loading, blots were stripped
and re-probed with a specific antibody recog-
nizing GAPDH.

3H-thymidine incorporation assay

3H-thymidine assay was used to determine the
effect of MPL on cellular thymidine incorpora-
tion (DNA synthesis) [15]. Briefly, cells (10%)
were seeded onto 24-well plates and treated
with increasing concentrations of MPL (0-100
pmol/L) for 72 h. For the last 4 h of the incuba-
tion, 1 uCi of 3H-thymidine (60 Ci/mM; ICN
Biochem) was added to each well. The amount
of radioactivity incorporated into cells was de-
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Figure 2. MPL inhibits growth of epithelial ovarian cancer cells. Human ovarian cancer cell lines OVCAR-3 and
A2780 were grown in 6 well tissue culture plates under standard cell culture conditions in the presence of MPL (O,
5, 10, 25 pmol/L) for 72 h. Cells were then stained with Giemsa, washed and photographed (40 x magnification;
using Leica DM IRB light microscope). Experiment repeated twice with the same result.
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Figure 3. Effect of MPL on cell viability is cell specific. Effect of MPL on cell viability was determined using trypan
blue dye exclusion assay. Treatment of ovarian cancer cells (top panel) with MPL (O, 5, 10, 25 ymol/L) for 72 h,
reduced cell viability and induced cell-death in a concentration-dependent manner. Normal (non-malignant) cells
exposed to the same concentrations of MPL over the same period of time were far less susceptible (bottom panel).
Effect of MPL on the viability of human ovarian surface epithelial (HOSE) cells was minimal (p < 0.001 at all concen-
trations compared to OVCAR-3 cells). Each concentration was tested in replications of 8 and each experiment was
repeated twice. Data represent mean + SEM from two independent experiments combined. Population of live and
dead cells at the end of treatment period are presented as percentage control (mean + SEM).

termined using a B-scintillation counter. Scinti- Statistical analysis

llation fluid was added and counting was per-

formed on a Beckman LS 6000 scintillation All data are reported as the mean + SEM (stan-
counter. Results (mean + SEM) are expressed dard error of the mean). In vitro quantitative va-
as counts per minute (CPM). riables were compared using the Student’s
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Figure 4. MPL suppresses proliferation of ovarian cancer cells. The impact of MPL (0, 5, 10, 25, 50 and 100 uymol/L)
on cell proliferation was assessed using the SRB assay. Control (vehicle treated) cells were taken to present 100%
proliferation and values for the MPL treated groups are expressed as percentage of control (mean + SEM). Each
concentration was tested in replications of 8 and each experiment was repeated twice. Each drug concentration
was tested in quadruplicate and each experiment was repeated at least twice. For statistical comparisons, each
drug treated group was compared with the control group using Student’s t-test. Then, to confirm concentration de-
pendency of the drug effect, ANOVA was used to compare the between group values.

t-test. Significant statistical difference was de-
fined at p values of < 0.05.

Results

MPL decreases cell viability and proliferation
of human ovarian cancer cells

As this is the first report on the effect of MPL (or
any other AAD) on the growth of cancer cell-
lines, the chemical structure of MPL is depicted
in Figure 1. On the same basis we initially
examined the effect of MPL on the growth of a
range of human cancer and non-cancerous
(normal) cells before deciding to investigate in
detail its effects on human ovarian cancer cell
lines. The cell lines were chosen in a way to rep-
resent a wide variety of cancers. The ovarian
cancer cell lines (OVCAR-3, A2780, SKOV-3 and
IGROV-1) were selected on the basis of their dif-
ferent molecular characteristics and clinical
behaviour. In these cells, addition of MPL to
media bathing the cells led to concentration-
dependent reduction of cell viability, while mini-
mally affecting the normal cells and in particu-
lar the HOSE cells. As presented in Figures 2
and 3, MPL treatment profoundly impaired the
survival capacity of cancer cells. Trypan blue
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exclusion assay was used to quantitatively
determine the effect of MPL on cell viability.
The above listed 4 ovarian cancer cell lines
together with normal (non-malignant) human
cells (HOSE, CHO, HEK and HUVEC) were all
examined for their response to MPL (Figure 3).
As demonstrated by the IC_ values, clear differ-
ence between the effects of MPL on cancer
versus normal non-malignant cells was found.
The treatment of cancer cells with MPL result-
ed in concentration-dependent reduction of
cell viability, whereas the viability of normal
cells was either hardly affected (HOSE) or far
less (CHO) affected by MPL. Comparison of the
IC,, values demonstrates that HOSE cells are
almost 10 fold less sensitive to MPL than
human epithelial ovarian cancer cells such as
OVCAR-3 (74.8 £ 7.7 uM for HOSE compared to
7.2 + 0.2 uM for OVCAR-3). Based on these
results, we next examined the effect of MPL on
cell proliferation. Treatment of cells with MPL
suppressed proliferation of all 4 ovarian cancer
cell-lines used in this study (Figure 4). The
inhibitory effect of MPL on proliferation was
concentration-dependent with IC_ values rang-
ing from 4.4 + 0.27 yM to 31.18 + 0.76 uM. It
is evident from these results that the ovarian
cancer cell lines are quite sensitive to the anti-

Am J Cancer Res 2014;4(5):545-557
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Figure 5. MPL effects on the colony formation activity of ovarian cancer cells. Following incubation of OVCAR-3 and
A2780 cells with MPL (0, 5, 10, 25 pmol/L) for 72 h, cells were washed and then transferred to agar plates, cultured
with RPMI growth medium (drug free) and incubated under standard conditions for 14 days. Cells were then fixed
with 100% methanol and stained with 0.1% crystal violet. Colonies (Cluster of cells greater than 50) were counted
manually. Number of colonies counted for different experimental groups (MPL treated) is expressed as percentage
of the control.* = p < 0.05; ** = p < 0.01 and ***=p < 0.001 as compared to control (vehicle treated) group using
Student t-test.
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Figure 6. MPL-antiproliferative effect is not mediated through acetylcholine nicotinic receptor. Pre-treatment (30
min) of OVCAR-3 cells with nicotinic agonist (nicotine, carbachol) or nicotinic antagonists (atropine, mecamylamine,
tubocurarine or a-Bungarotoxin) at the indicated concentrations did not change the antiproliferative effects of MPL
under the cell culture conditions. Proliferation was assessed using SRB assay. Each concentration was tested in
replicates of 8 and each experiment was repeated twice. Data represent mean + SEM from two independent experi-
ments combined.

proliferative effects of MPL whereas, normal mally affected (p < IC,, value for MPL in HOSE
cells and in particular the HOSE cells are mini- compared to OVCAR-3 using student’s t-test).
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Figure 7. MPL effects on cell cycle progression of human ovarian cancer cells. OVCAR-3 and A2780 cells treated with either MPL or the vehicle (control group) for 48
h were harvested, washed, digested and stained with propidium iodide and analysed by flow cytometry. Distribution of cells in the various phases of the cell cycle
(G1, S and G2/M) are presented as percentage, with values (mean + SEM) representing mean of two independent experiments.
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Figure 8. MPL modulates expression of the G1 cell cycle regulatory proteins. A. Western blot of lysates prepared
from cells treated with MPL (O, 5, 10, 25 umol/L for 48 h) were analysed for the expression of cyclin D1, CDK4,
cyclin E2, cyclin A, CDK2, p27%*and p53 proteins. The house-keeping gene (GAPDH) was used to confirm similar
protein loading and blot transfer. B. Thymidine incorporation in MPL (0, 5, 10, 25, 50 and 100 pmol/L) treated cells.
The y axis presents the actual counts per minute (CPM). These values are mean + SEM) of two independent experi-
ments. C. Immunoblot analysis for the detection of PARP-1 and cleaved PARP-1 in cells treated for the indicated
period of time (24-72 h) with MPL (0O, 5, 10, 25 ymol/L).

Whereas the IC_  value (10.5 + 0.4 uM) for
A2780 with wild-type p53 was quite similar to
that for p53 mutant OVCAR-3. The highly che-
moresistant p53 null SKOV-3 cells with an IC,
value of 31.2 + 0.7 uM were found to be the
least sensitive of the ovarian cancer cells to
MPL which is some 5 to 7 fold higher than val-
ues for the other cells.

MPL inhibits colony formation

In order to assess the effect of MPL on the
reproductive integrity of cell lines to establish
colonies, we next investigated the clonogenic
activity of MPL treated cells (OVCAR-3 and
A2780). Following 72 h exposure to varying
concentrations of MPL (O, 5, 10 and 25 uM),
cells seeded in agar plates were then incubat-
ed with drug free media and left for 2 weeks in
an incubator at 37°C. It was found that MPL
exposure leads to profound suppression of col-
ony formation by these cells. Higher concentra-
tions of MPL (> 10 uM) led to almost complete
loss (p < 0.001 versus control) of their clono-
genic capacity (Figure 5).
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Antiproliferative activity of MPL is independent
of acetylcholine signaling

The nematicidal effect of MPL has been linked
to its interaction with the nicotinic subtype
MPTL-1 nematode receptor. To determine if the
MPL antiproliferative effects are also mediated
via acetylcholine receptors, cells were pre-
treated with a range of cholinergic/anticholiner-
gic agents. On this basis, cells were initially
treated with nicotine and the stable long acting
synthetic nicotinic agonist carbachol. Compared
to control vehicle treated cells, these nicotinic
receptor agonists did not exert an effect of their
own nor did they alter the extent of MPL antip-
roliferative activity (Figure 6). Activity at nema-
tode nicotinic acetylcholine receptors (NAChRs)
has been considered to account for a major
part of the mechanism of action of several clas-
sical anthelmintic agents [16]. To extend these
findings, in the next series of experiments, cells
were pre-treated with cholinergic receptor an-
tagonists ranging from the broad cholinergic
antagonist atropine and then followed by the
more nicotinic selective mecamylamine, tubo-

Am J Cancer Res 2014;4(5):545-557



Anticancer effects of monepantel in ovarian cancer

curarine and progressed to finally using the
highly selective irreversible nAChR7a antago-
nist a-bungarotoxin [17]. The antagonist con-
centrations used were selected from literature
where a positive receptor mediated effect had
been reported. It is evident from our results
that unlike the nematicidal effects, the antipro-
liferative activity of MPL in cancer cells is not
mediated through the nicotinic signalling path-
way. This notion is further supported by the
findingthatthe nematode inactive R-enantiomer
of MPL demonstrated equipotent antiprolifera-
tive activity in cancer cells (data not shown).

MPL induces cell cycle arrest through down
regulating the expression of cyclins and cyclin-
dependent kinases

To find out the mechanism/s through which
MPL inhibits growth of cancer cells, using flow
cytometry (FACS) we next examined the effects
of MPL on cell cycle progression, using the
same concentrations as above (0, 5, 10 and 25
uM). It was found that MPL interferes with the
cell cycle progression resulting in higher num-
ber of cells in the G1 phase in time and concen-
tration-dependent manner (Figure 7). Accumu-
lation of cells in the G1 phase was accompa-
nied by sharp decline of percentage of cells in
the S phase. In OVCAR-3 cells the percentage
of cells in the G1 phase significantly (p < 0.05)
increased from 65.8 + 6.5 (control) to 87.7 +
2.2 (MPL 25 pM). Consistent with this, the per-
centage of cells in the S phase declined from
8.3+ 1.9 in vehicle treated cellsto 2.5 + 0.5 in
25 uM MPL treated cells (p < 0.05). The effects
of various MPL concentrations on the cell cycle
and percentage of cells in each phase are also
summarized in Figure 7. As the treatment of
these cells with MPL induces G1 arrest, we next
assessed the effect of MPL on cell cycle regula-
tory molecules notably cyclins D1, A and E2
together with their associated cyclin-depen-
dent kinases CDK2 and CDK4 and the CDK
inhibitors p27%** and p53 (Figure 8A).

MPL inhibits thymidine incorporation

Impairment of the cell cycle machinery leading
to cell cycle arrest at G1 inevitably leads to
reduced DNA synthesis which in turn attenu-
ates cellular thymidine incorporation. Besides
this, cyclins, their kinases together with their
inducers and inhibitors are all known to regu-
late thymidine incorporation which is an essen-
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tial process for the cell proliferation machinery
to operate. To determine the effect of MPL on
DNA synthesis in these cells, we measured thy-
midine incorporation. As depicted in Figure 8B,
MPL treatment conferred profound reduction in
3H-thymidine incorporation as judged by redu-
ced counts per minute (CPM) produced by the
scintillation counter. Under the influence of 25
UM MPL, CPM was reduced by 75.6% in OVCAR-
3 and 84.2% in A2780 cells (in both cases p <
0.001 when compared to vehicle treated cells).
The results confirm the above findings on MPL-
induced cell cycle arrest and inhibition of prolif-
eration in ovarian cancer cell lines.

MPL induces PARP-1 cleavage

PARP help cells to maintain their viability and
hence cleavage of PARP facilitates cellular dis-
assembly and serves as marker of cell death
[18]. Therefore to determine if the MPL-induced
loss of viability, proliferation and clonogenic ac-
tivity is accompanied by cleavage of PARP-1,
using western blot analysis we examined lys-
ates of MPL-treated cells for the expression of
cleaved PARP-1 after 24, 48 and 72 h of drug
treatment. Under cell culture conditions, MPL
induced cleavage of PARP in both OVCAR-3 and
A2780 cells. This observation is in line with the
above presented data showing inhibition of cell
proliferation and colony formation activity tog-
ether with suppression of thymidine uptake by
these cells. MPL-induced PARP-1 cleavage was
more evident in A2780 than in OVCAR-3 cells.
Whereas in the former, cleaved PARP-1 was
clearly detectable at 24 h, in OVCAR-3 cells,
cleaved PARP-1 was only detected in 25 yM
MPL treated cells in 48 and 72 h samples
(Figure 8C). PARP-1 participates in DNA repair,
genomic integrity, and cell death [19].

Discussion

Findings from this study reveal for the first time
the anticancer properties of monepantel. As an
anthelmintic, MPL has been shown to be a safe
agent with high selectivity towards nematodes
where it is thought to act as an agonist on an
acetylcholine nicotinic receptor related struc-
ture designated ACR-23/MPTL-1 [3, 6]. Here we
present the first report to show that the novel
AAD compound, MPL significantly inhibits via-
bility, proliferation and colony formation of
ovarian cancer cell lines under in vitro cell cul-
ture conditions. To find out if the MPL effect is
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selective towards malignant cells, a number of
normal cells including HOSE, CHO, HUVEC and
HEK were also treated with MPL. Comparisons
of the IC,, values indicate that, MPL is some x
10 more toxic to the ovarian cancer cells than it
is to the normal human epithelial cells (HOSE).
These results are consistent with literature
showing the exceptional safety of MPL in ani-
mals [20]. Subsequent experiments revealed
the robust G1 cell cycle arrest in cancer cells by
MPL. Inhibition of cellular thymidine incorpora-
tion followed by the cleavage of PARP-1 con-
firmed that MPL inhibits growth and prolifera-
tion of cancer cells. At this stage, these obser-
vations can perhaps be best explained by the
effect of MPL on the cell cycle where progres-
sion from the G1 phase is halted. Cancer is one
of several diseases considered to be a cell
cycle related phenomenon. In the normal cell,
the transition from one phase to another occurs
in an orderly fashion well regulated by various
proteins. The cell cycle is tightly controlled at
specific points by CDKs, which play a crucial
role in cell cycle progression. Of the various
CDKs identified so far, CDK2 and CDK4 seem
essential for entry in G1 and G1-S transition
[24]. For activation, the CDKs require different
cyclins at different phases of the cycle. For the
G1 transition and progression of the cell cycle,
cyclins A, D and E are required [22]. Cyclins A
and E bind to CDK2 while cyclin D1 binds to
CDK4 and CDK6 [23]. As evidenced by incre-
ased percentage of cells in the G1 phase acc-
ompanied by the sharp decline of cells present
in the S phase, it is quite obvious that in these
epithelial ovarian cancer cells, MPL induces
cell cycle arrest at the G1 phase. This is con-
firmed by depressed expression of essential
cell cycle regulatory proteins cyclin D1 and
cyclin A and their CDKs, CDK4 and CDK2
respectively. However the cyclin E2 results are
not so obvious. Whereas in OVCAR-3 cells there
was no detectable change in E2 expression
with increasing MPL concentrations, in A2780
cells which normally express low levels of E2, a
profound increase in cyclin E2 expression is
seen at the highest MPL concentration used
(25 uM). This basically reveals the very complex
nature of the interaction between the cell cycle
regulatory apparatus. Based on previous repo-
rts on the interaction of the cyclins and their
kinases in ovarian cancer, it seems that while
both D1 and E2 cyclins act as positive regula-
tors, suppression of cyclin D1 expression drives
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the cell to produce more of the downstream
cyclin E2 to compensate for the D1 loss.
However, it has been shown that, suppression
of cyclin D1 can still cause G1 cell cycle arrest.
Bowe and colleagues have shown that in mice
with growing mammary tumors, cyclin D1 defi-
ciency is compensated by cyclin E2 expression
[24]. More recently, Masamha and Benbrook
have elegantly demonstrated that in ovarian
cancer cells irrespective of p53 status, loss of
D1 and increased cyclin E2 expression still
cause cell cycle arrest at the G1 phase. Thus
suggesting that in ovarian cancer cells, attenu-
ation of cyclin D1 availability is sufficient to
induce G1 cell cycle arrest [25]. Additionally,
consistent with the inhibition of cell prolifera-
tion, cyclin A levels, which positively correlate
with cell proliferation [26] were reduced in MPL
treated cells. The cell cycle progression is nega-
tively regulated by CDK inhibitors such as
p27%Pt Thus, increased cellular CDK inhibitor
levels contribute towards G1 cell cycle arrest
[27]. In MPL treated cells up-regulation of
p27%rl was observed.

Blocking progression of cancer cells through
both the G1 and the G2-M phases of the cell
cycle represents a major area for oncology drug
development. Drugs targeting the G2-M phase
of the cell cycle have been in common practice
as highly effective anticancer agents for dec-
ades. These drugs which also include the tax-
anes, the vinca alkaloids and the epothilones
bind to and interfere with the microtubule dyn-
amics [microtubule disrupting agents (MDAs)].
The MDAs arrest the cell cycle progression at
the G2-M phase [28]. However, mutations even-
tually lead to development of resistance to
these drugs thus rendering them in-effective.
Novel drugs which target the G1 phase of the
cycle may therefore end up being used concom-
itantly with the MDAs to defer development of
resistance or alternatively be employed as a
treatment option in MDA-resistant patients. Ad-
ditionally, the frequent loss of G1 regulation in
human cancers has turned several compo-
nents of the G1 phase machinery to potential
drug targets. Drugs inhibiting the cyclins and in
particular those reducing cyclin D1 levels and
activity or the CDKs are therefore highly sought.
Cyclin D1 over-expression in many tumors is
believed to shorten the G1 phase and to be
closely linked to cell cycle progression where it
binds and activates its catalytic partner CDK4
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leading to out of control cell proliferation [29].
Cell cycle arrest accordingly causes a reduction
in lower thymidine uptake and DNA synthesis.
Depending on various other factors, events
associated with cell cycle arrest can lead to
cleavage of PARP. PARP expression is frequent-
ly up regulated in ovarian serous carcinomas
and may serve as a marker of aggressive
behaviour with prognostic value [30]. It is well
established that, PARP help cells to maintain
their viability and hence cleavage of PARP facili-
tates cellular disassembly and serves as mark-
er of cells undergoing cell death as its cleavage
prevents survival [24]. Our results show that
MPL exerts time and concentration-dependent
cleavage of PARP-1. Western blot analysis of
MPL-treated cells suggests that the A2780
cells are probably more sensitive to the MPL-
induced PARP cleavage than OVCAR-3 cells.
This may be partly related to the wild-type p53
status of A2780 cells compared to mutated
expression of p53 in OVCAR-3 cells. PARP-1
regulates the stability of the wild type p53 pro-
tein [31]. Furthermore, p53 can regulate both
necrotic and apoptotic cell death. Therefore,
mutations or deletions in this tumor-suppres-
sor protein may be selected by cancer cells to
provide not only their resistance to apoptosis
but also to necrosis, and explain resistance to
chemotherapy and radiation even when it Kills
via non-apoptotic mechanisms [32]. These res-
ults provide adequate explanation for the MPL-
induced inhibition of cell proliferation and tu-
mor growth. However, the mechanism through
which MPL precisely affects the cell cycle regu-
latory machine remains to be elucidated thro-
ugh further studies. The anthelmintic activity of
MPL has been related to its effects on the nem-
atode nAChR a-subunit analogue that holds
resemblance to the second transmembrane
domain of NAChRa7 subunit and studies on C.
elegans indicate that a choline-activated ion
channel which is known to be partially perme-
able to Ca?* might be involved in the MPL medi-
ated nematicidal activity [33, 34]. Here in our
study, we found that neither acetylcholine nico-
tinic receptor antagonist (including the selec-
tive o7-nAChRs antagonist, o-bungarotoxin
[35]), nor calcium channel blockers (data not
shown) have the capacity to prevent the antip-
roliferative efficacy of MPL in epithelial ovarian
cancer cells. These observations suggest that
at least in these cells, MPL-induced cytotoxicity
is not mediated via nAChRs and are rather the
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result of the drug’s interaction with the cell
cycle regulatory proteins.

In summary, we present the first report on the
anticancer capacity of an aminoacetonitrile der-
ivative (monepantel) in pre-clinical models of
ovarian cancer. We have shown that monepan-
tel modulates cell cycle regulatory proteins D1,
A and E2, reduces the expression of associated
cyclin-dependent kinases CDK2 and CDK4 ac-
companied by up-regulation of p27%*!culminat-
ing in G1 cell cycle arrest and cleavage of PARP-
1. Further studies aimed at determining the
effect of monepantel on other types of cancers
is currently being extensively pursued.
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