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Abstract: We have recently shown that the novel anthelmintic drug monepantel (MPL) inhibits growth, proliferation
and colony formation, arrests the cell cycle and induces cleavage of PARP-1 in ovarian cancer cell lines. Here we
report on the mechanism behind the anticancer properties of MPL. The cytotoxic effect of MPL on ovarian cancer
cells (OVCAR-3 and A2780) was investigated employing a panel of tests used for the detection of apoptosis and au-
tophagy. Apoptosis and autophagy were defined by caspase activity, DNA-laddering, Annexin-V and acridine orange
(AO) staining. Autophagy markers such as LC3B, SQSTM1/p62 and mammalian target of rapamycin (mTOR) path-
way related proteins were assessed by western blotting and ELISA techniques. MPL did not activate caspases 3 or
8, nor did it alter the percentage of Annexin V positive stained cells. Failure to cause DNA laddering and the inability
of zZVAD-fmk to block the MPL antiproliferative effects led to the ruling out of apoptosis as the mechanism behind
MPL-induced cell death. On the other hand, accumulation of acidic vacuoles with distinct chromatin morphology
and an increase in punctuate localization of green fluorescent protein-LC3B, and MPL-induced changes in the ex-
pression of SQSTM1/p62 were all indicative of MPL-induced autophagy. Consistent with this, we found inhibition of
mTOR phosphorylation leading to suppression of the mTOR/p70S6K signalling pathway. Our findings provide the
first evidence to show that MPL triggers autophagy through the deactivation of mMTOR/p70S6K signalling pathway.
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Introduction

Monepantel [(1S)-1-Cyano-2-(5-cyano-2-trifluo-
romethyl-phenoxy)-1-methyl-ethyl]-4-trifluoro-
methylsulfanyl-benzamide] (MPL) was recently
introduced in veterinary practice for the treat-
ment of nematode infections in farm animals
[1, 2]. As a nematicide, MPL affects ligand-gat-
ed ion channels thus interfering with signal
transduction at neuromuscular synapse and
causing dysregulation in muscle contraction
and eventual paralysis [1, 3]. Interestingly,
results from the toxicology studies conducted
in various rodents and farm animals have
shown that the drug is well tolerated in these
animal species [1]. The level of safety seen in
farm animals has added weight to the theory
that MPL may have a completely novel mode of

action involving a specific type of nicotinic ace-
tylcholine receptor (nNAChR) that is exclusively
expressed in certain nematodes. So far, three
nAChR related genes have been identified as
the primary targets of MPL [4]. Interestingly, all
these three genes encode for the proteins rep-
resenting the DEG-3 subfamily of nAChR sub-
units that are currently thought to be only pres-
ent in MPL-sensitive nematodes [5, 6]. MPL has
been shown to modulate DEG-3/DES-2 and
ACR-23 channels, encoding nAChR a-subunit
with resemblance to that of a7 subunit in sec-
ond transmembrane domain [3]. We have
recently shown for the first time that MPL exerts
anticancer effects in a wide variety of cancer
cells (Submitted article). In particular we found
that, under cell culture conditions, MPL inhibits
growth, proliferation and colony formation of
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ovarian cancer cell lines in time and concentra-
tion-dependent manner. Further studies reve-
aled that, MPL interferes with the cell cycle pro-
gression and arrests cells in the G1 phase of
the cell cycle. In line with this, we observed acti-
vation of PARP-1 by MPL, suggesting that the
MPL-induced cell death may be an apoptotic
mediated process. Additionally, we found that
the anticancer effects of MPL are not nAChR
dependent thus suggesting the involvement of
other molecular pathways. These observations
prompted the design of the current study where
we looked at the mechanisms behind the anti-
cancer activity of MPL. Interestingly, we found
that MPL does not induce apoptosis but rather
causes persistent autophagy through the deac-
tivation of the mTOR/p70S6K signalling path-
way.

Materials and methods
Chemicals and antibodies

Unless otherwise stated, all drugs and chemi-
cals used in this study were obtained from
Sigma-Aldrich (Australian subsidiary, Sydney).
Monepantel was kindly gifted by Novartis,
Basel, Switzerland or purchased from a con-
tract manufacturer. MPL was initially made up
in 100% ethanol and then diluted with media to
provide the desired final concentration and
final ethanol concentration of 1% (V/V). The pri-
mary antibodies were throughout this study:
rabbit polyclonal or monoclonal antibodies spe-
cific for caspase-3 (#9662S), caspase-8
(#4790S), LC3B (#2775S), SQSTM1/p62
(D5E2) (#8025S), P-mTOR (Ser2448) (#29715S),
mTOR (7C10) (#2983S), P-Raptor (Ser792)
(#2083S), P-p70S6K (Thr389) (#9205S),
p70S6K (49D7) (#2708S), P-AE-BP1 (Thr37/46)
(236B4) (#2855S), 4E-BP1 (53H11) (#96445S),
and secondary antibody; anti-rabbit 1gG, HRP-
linked (#7074) (dilution: 1/1000) (These were
purchased from Cell signalling Technology,
Sydney, Australia), whereas mouse Monoclonal
anti-GAPDH (dilution: 1/35,000-1/70,000) was
obtained from Sigma-Aldrich, Sydney, Australia,
the secondary antibody was goat anti mouse
IgG conjugated with horseradish peroxidise
(dilution: 1/500-1/5000) (Santa Cruz Biotech-
nology, Sydney, Australia).

Cell lines and media
The human ovarian cancer cell lines OVCAR-3

(PIK3CA gene status; wild [7]) and A2780
(PIK3CA gene status; mutant [8]) used in this
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study, were purchased from American Type Cul-
ture Collection (ATCC, Manassas, VA) and main-
tained in RPMI 1640 medium with 2 mM I-glu-
tamine, 2 g/L sodium bicarbonate, 4.5 g/L glu-
cose, 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 ovarian surface
epithelial (HOSEpiC) in OEpiCM (SienCell, CA,
USA). The culture media used were all supple-
mented with 10% fetal bovine serum and 1%
penicillin-streptomycin mixture (Invitrogen, CA,
USA).

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 10% prote-
ase inhibitor cocktail (Sigma, St. Louis, MO).
Lysates were cleared by centrifugation at
13,000 x g for 30 min and protein concentra-
tions were determined using Bio-red protein
assay. Equivalent amounts of whole cell ex-
tracts were resolved by SDS-polyacrylamide gel
electrophoresis and transferred onto a polyvi-
nylidene difluoride membrane (Millipore Corp-
oration, MA, USA). The membranes were then
probed with specific antibodies. Immune-com-
plexes were detected using horseradish peroxi-
dase conjugated with either anti-mouse or anti-
rabbit followed by chemiluminescence detec-
tion (Perkin Elmer Cetus, Foster City, CA, USA).
To demonstrate equal protein loading, blots
were stripped and re-probed with a specific
antibody recognizing GAPDH.

Caspase activity assay

Caspase-3 and -8 colorimetric assay kits were
used according to the manufacturer’s instruc-
tions (Bio scientific, R&D Systems, Gymea,
NSW, Australia). Briefly, after treatment the
cells with indicated concentration of MPL (O, 10
and 25 pM) for 48 and 72 h, cells were har-
vested, centrifuged at 250 g for 10 min. The
cell pellet lysed by the addition of the lyses buf-
fer, then incubated on ice for 10 min followed
by centrifugation at 10,000 g for 5 min. The
supernatant was used to start the enzymatic
reaction in 96 well plates based on manufac-
turer protocol. Each concentration was tested
in replications of 4 and each experiment was
repeated twice.
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Cell proliferation assay

The effect of MPL with or without other agents
on cell proliferation was assessed using the
sulforhodamine B (SRB) assay [9]. Briefly, cells
were seeded in 96-well plates (2500 cells/well)
overnight followed by treatment with desired
concentrations of MPL. After 72 h cells were
fixed with 200 pl of 0.1% TCA, washed with tap
water and stained with 100 pl of 0.4% (w/Vv)
SRB dissolved in 1% acetic acid. Unbound dye
was removed by five washes with 1% acetic
acid before air drying. Bound SRB was solubi-
lized with 100 pl of 10 mM Tris base (pH 10.5)
and the absorbance read at 570 nm. Each con-
centration was tested in replications of 8 and
each experiment was repeated twice. Data rep-
resent mean = SEM from two independent
experiments combined.

Annexin V/7-AAD staining

To determine the type of cell death induced by
MPL, at indicated time points (24, 48 and 72 h)
cells treated with MPL (O, 10 and 25 uM),
washed twice in phosphate-buffered saline and
then stained with Annexin V-FITC and 7-AAD
(7-Aminoactinomycin D), according to the man-
ufacturer’s instructions (BD Biosciences, Syd-
ney, Australia). Then, samples were analysed by
fluorescence-activated cell scanner (FACScan)
flow cytometer (BD FACSCanto ll). Data repre-
sent mean +* SEM from three independent
experiments combined.

Analysis of inter-nucleosomal DNA fragmenta-
tion (DNA ladder)

Genomic DNA was isolated from cells using
apoptotic DNA ladder kit (Millipore), subjected
to electrophoresis through a 1.5% agarose gel
in Tris-borate EDTA buffer, and stained with
SYBR® Safe DNA gel stain (Invitrogen, Life tech-
nology, Sydney, Australia). Briefly, 2 x 10° cells
seeded in 75 ml, medium size flasks and
allowed to adhere overnight. Following treat-
ment with MPL for 48 h, cells were trypsinized
and counted. The pellet of 5-10 x 105 cells was
processed according to the manufacturer pro-
tocol. A representative from three independent
experiments has been shown.

Morphology

To find out the effect of MPL on cell morpholo-
gy, cells treated with MPL (O, 10 and 25 uM)
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stained with giemsa. Briefly, cells (10* cells/
well) seeded in six-well plates allowed to adhere
overnight on cover sleeps followed by treat-
ment with MPL. Cells fixed with methanol for 10
min. then stained with giemsa (10% in PBS) for
15 min. following by washing with tap water.
Cell images captured using Zeiss, AxioCam,
AxioSkop microscope, (West Germany) with
40x and 100x oil immersion lenses. A repre-
sentative image from two independent experi-
ments has been shown.

Quantification of acidic vesicular organelles
(AVO) by acridine orange (AQ) staining

AO is a fluorescent molecule used either to
identify apoptotic cell death or autophagy. It
can interact with DNA emitting green fluores-
cence or accumulate in acidic organelles in wh-
ich it becomes protonated forming aggregates
that emit bright red fluorescence [10]. Briefly,
cells were treated with indicated concentra-
tions of MPL (O, 5, 10 and 25 uM) for indicated
time points followed by staining with 1 yM acri-
dine orange for 15 min. Cells were then washed,
re-suspended in PBS and subjected to FACS
analysis. The green (510-530 nm, FL-1) and red
(650 nm, FL-3) fluorescence of AO with blue
(488 nm) excitation, was determined over
10,000 events and measured on a FACScan
cytofluorimeter using the Cell Quest software
(Becton Dickinson, San Jose’, CA, USA). Pres-
ented results are as the mean + SEM of dupli-
cate samples from two experiments (P<0.05).

Immuno-fluorescence, confocal scanning mi-
croscopy

After incubation with indicated concentration
of MPL (0, 10 and 25 pM), cells were fixed in 4%
paraformaldehyde prepared in phosphate-buff-
ered saline (PBS), Permeabilized with ice-cold
100% methanol, and immuno-stained with indi-
cated antibodies and related secondary. Fluo-
rescence images were obtained using Olymp-
uslX71 laser scanning microscopy with 60x oil
immersion lenses and Zeiss, Vert.A1, AxioCam,
MRm with 40x lenses. A microscopic image has
been represented from two independent exper-
iments.

Enzyme-linked immunosorbent assay (ELISA)
for p70S6K and phosphorylated form

To quantify the endogenous levels of p70S6K
and its phosphorylated form, PathScan® intra-
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Figure 1. MPL inhibits apoptosis through down regulating caspases. A. Western blot of lysates prepared from OV-
CAR-3 and A2780 cells treated with MPL (0, 5, 10, 25 uM for 48 and 72 h) were analysed for the expression of
caspase-3 and caspase-8 proteins. The house-keeping gene (GAPDH) was used to confirm similar protein loading
and blot transfer. A representative from three independent experiments has been shown. B. The impact of MPL (O,
10 and 25 uM) on caspase-3 and -8 activities was assessed in MPL-treated OVCAR-3 cells for the indicated time
points (48-72 h). Each concentration was tested in replications of 4 and each experiment was repeated twice. For
statistical comparisons, each drug treated group was compared with the control group using Student’s t-test. C. Cell
viability estimated by SRB assay in OVCAR-3 and A2780 cell lines after treatment with MPL (O, 10, 25 yM) 30 min.
after pan-caspase inhibitor z-VAD-fmk (5 uM) up to 72 h. Each concentration was tested in replications of 8 and
each experiment was repeated twice. Data represent mean + SEM from two independent experiments combined.
D. Cells treated with MPL (0, 10 and 25 uM) for the indicated time points (24, 48 and 72 h), stained with Annexin-
V/7-AAD and cell death rates analysed by FACS. Experiment repeated twice for each concentration and time points.
Data represent mean + SEM from two independent experiments combined. E. DNA ladders were detected on 1.5%
of agarose gel after OVCAR-3 and A2780 cells were treated with 25 yM MPL for 48 h. A representative from three
independent experiments is shown.

cellular p70S6 Kinase (#7038) and P-p70S6
Kinase (Thr389) (#7063) sandwich ELISA kits
was used according to the manufacturer’s
instructions (Cell Signaling Technology, Sydney,
Australia). Briefly, following treatment with 10
MM MPL, cells were harvested, washed with
ice-cold PBS, lysed, and then incubated on ice
for 5 min. Lysed cells were scrapped and soni-
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cated on ice followed by 10 min microcentri-
fuge at 4°C. The lysate was added to well in
quadruplicate and incubated for 2 h at room
temperature. Following washing with “wash
buffer 1X”, the detection antibody cocktail was
added to each well and incubated for 1 h at
room temperature. The HRP-linked streptavidin
was then added to each well for another 30 min
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at room temperature. Following last washes,
TMB substrate was added to each well for 10
min and the process terminated by adding stop
solution. Absorbance was read at 450 nm.
Data represent mean + SEM from three inde-
pendent experiments combined (P<0.05).

Statistical analysis

All statistical analyses were done with Graph
Pad Prism software version 6.0. Data are pre-
sented as mean = SEM. The student t-test was
used to compare two independent groups’
means. Statistical significance was established
at the P<0.05.

Results
MPL inhibits apoptosis

We have previously shown the inhibitory effect
of MPL on different human tumour cell lines
and observed that ovarian cancer cell lines are
highly sensitive to MPL with IC_, values of 7.2 +
0.2 uM (OVCAR-3) and 10.5 + 0.4 uyM (A2780)
[30]. Our previous results showed MPL suscep-
tibility was associated with induction of cleaved
PARP-1, a molecule that is vital in DNA repair,
genomic integrity, and cell death (apoptosis or
necroptosis) [11]. We therefore looked for the
presence of MPL-induced active caspase-3 and
caspase-8, which are apoptosis indicators.
Western blot analysis was used to assess the
levels of cleavage of procaspase-3 and procas-
pase-8 to active forms. MPL treated cell lines
failed to show active caspase-3 and -8 (Figure
1A). Quantitative analysis of those caspases
activities by colorimetric assay confirmed that
MPL treatment has led to significant reduction
of both caspases in OVCAR-3 cell line. The per-
centage of reduction of caspase-3 was 23.1 +
0.4 (P=0.005) and 31.42 + 1.68 (P=0.018)
after 72 h treatment with 10 and 25 yM MPL,
respectively. Similarly, the percentage reduc-
tion of caspase-8 after 72 h treatment with 10
UM MPL was 12.9 + 4.9 and with 25 yM MPL
was 41 + 2.6, P=0.017 (Figure 1B).

For further proof, cells were pre-treated with
the pan-caspase inhibitor z-VAD-fmk and the
effect on cell death induced by MPL (O, 10 and
25 pM) was assessed, using SRB assay. As
seen in Figure 1C, addition of z-VAD-fmk did not
block the antiproliferative effect of MPL, indi-
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cating that the MPL-induced cell death is not
caspase-dependent.

Interestingly, we observed a concentration-
dependent increase in the extent of Annexin-
V*/7-AAD* labelling (Late apoptosis or necrosis)
after 48 and 72 h of treatment with 10 and 25
UM MPL. After 72 h treatment with 25 yM MPL
the percentage of dead cells (Annexin-V*/7-
AAD*) compared with control increased from
0.95 + 0.05 to 21.25 + 2.15, P=0.0136 (22
fold increase) in OVCAR-3. 10 uM MPL had no
significant changes. In A2780 cells, compared
with control 10 yM MPL led to a 4.5 fold
increase in the percentage of dead cells (from
3.1+0.3%to 14.2 + 1.7%, P=0.0068) and with
higher concentration of MPL (= 25 uM) peaked
to 7.6 fold after 72 h treatment (From 3.05 *
0.55% to 23.4 + 1.6%, P=0.0046) (Figure 1D).
The percentage increase of Annexin-V* alone
(indicator of early apoptosis) in both cell lines
was not significant (Data not shown). Treatment
with MPL also failed to cause DNA fragmenta-
tion (Figure 1E). Put together, these data sug-
gest that MPL-induced cell death mediated
through inhibition of caspases activation and a
non-apoptotic process.

MPL induces accumulation of acidic vacuoles

To determine the anticancer effect of MPL, we
next examined other cellular responses associ-
ated with cell death under MPL treatment and
in particular autophagy. Figure 2A shows repre-
sentative examples of both treated and untreat-
ed cell lines. After 72 h treatment with 10 and
25 uM MPL, significant elevation in the number
of visible vacuoles in malignant cells was
observed, while the normal cells (HOSE) were
minimally affected. Compared with the control
group, the ultrastructure of giemsa stained
OVCAR-3 and A2780 cells treated with MPL up
to 72 h showed morphological changes in
whole cytoplasm and membrane, including loss
of plasma membrane integrity and obvious vac-
uole formation. The vacuolization was much
less pronounced in MPL-treated normal human
ovarian surface epithelial cells (HOSE) with no
sign of changes in membrane integrity or cell
death. This dramatic vacuolization of the cyto-
plasm without apparent loss of nuclear materi-
al is consistent with the described macrostruc-
ture of autophagy [12]. Having seen that MPL
induces vacuole formation, we next performed
FACS analysis of AO stained acidic vacuoles on

Am J Cancer Res 2014;4(5):558-571
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Figure 2. MPL induces accumulation of acidic vacuoles. A. Human ovarian cancer cell lines (OVCAR-3 and A2780)
and Normal human ovarian surface epithelial (HOSE) were grown in six-well tissue culture plates under standard cell
culture conditions in the presence of MPL (0, 10, 25 uM) for 72 h. Cells were then stained with giemsa, washed and
photographed under Leica DM IRB light microscopy (magnification 100x) with oil immersion lenses. A representa-
tive from two independent experiments has been shown. B. The percentage of bright red fluorescence (FL3)-positive
cells was evaluated by AO staining and FACS analysis in OVCAR-3 and A2780 cells untreated or treated with MPL (O,
5, 10, 25 uM) at different time points (48 and 72 h). Results are the mean + SEM of duplicate samples from one
experiment and repeated three with similar results experiments.
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Figure 3. MPL induces autophagy. A. Human ovarian cancer cell lines (OVCAR-3 and A2780) were grown in six-well
tissue culture plates under standard cell culture conditions in the presence of MPL (O, 10, 25 uM) for 48 h. Cells
were washed, fixed and incubated with primary antibodies in 1% BSA followed by related secondary antibodies
in 1% BSA. Fluorescence images were observed and collected under Olympus IX71 laser scanning microscopy,
maghnification 60x with oil immersion lenses. A representative from two independent experiments has been shown.
B. Western blot of lysates prepared from OVCAR-3 and A2780 cells treated with MPL (0, 5, 10 and 25 yM) for the
indicated period of time (48-72 h), were analysed for detection of autophagy markers (LC3B and SQSTM1/p62). The
house-keeping gene (GAPDH) was used to confirm similar protein loading and blot transfer. A representative from

three independent experiments has been shown.

MPL treated cells. Based on the work of Paglin
[10], we used the red to green ratio as an indi-
cator of acidic vacuolar organelle (AVO) accu-
mulation and therefore autophagic progres-
sion. Quantification of AVO’s showed a concen-
tration-dependent increase of AVO’s in both
OVCAR-3 and A2780 cells (Figure 2B). Treatm-
ent with 25 yM MPL up to 72 h, led to 12 fold
increase vs. control and the percentage of the
bright red fluorescence intensity (y-axis)
increased from 0.15 + 0.05 to 1.8 + 0.3,
P=0.32 in OVCAR-3 cells. In A2780 the per-
centage of increase was from 0.3 + 0.1 to
13.55 + 0.26, P=0.0004 (45 fold increase).
These data suggest that treatment with indi-
cated concentration of MPL leads to enlarge-
ment of the endosomal/lysosomal system and
induction of AVOs in ovarian cancer cells.
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To determine the possible autophagic nature of
the MPL-induced compartments, we next eval-
uated the effect of MPL on the intracellular
localization of microtubule-associated protein
1 light chain 3 beta (LC3B), a specific marker of
autophagosomes [13]. Autophagy is associat-
ed with LC3B-I being modified to a membrane-
bound form, LC3B-II, which is relocated to the
autophagosomal membranes during the pro-
cess of autophagy [14, 15]. As shown in Figure
3A, representative fluorescence micrographs
show a punctate pattern of LC3B-Il. After 48 h
treatment with MPL (O, 10 and 25 pM), a
marked elevation in the number of cells with
visibly increased punctate fluorescence, par-
ticularly in the peri-nuclear region of the cyto-

Am J Cancer Res 2014;4(5):558-571
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Figure 4. Inhibition of MPL-induced autophagy enhanced cell death. A. OVCAR-3 and A2780 cells pre-treated with
3- methyl adenine (3-MA, class Il PI3K inhibitor, 0.5 mM), Wortmannin (selective and irreversible inhibitor of PI3K,
100 nM) and chloroquine (CQ, lysosomal inhibitors, 2.5 uM), 30 min. prior to treatment with indicated concentra-
tions of MPL under the cell culture conditions. Proliferation was assessed using SRB assay. Each concentration was
tested in replications of 8 and each experiment was repeated 3 times. Data represent mean + SEM from all three
experiments combined. B. Cells were grown in six-well tissue culture plates under standard cell culture conditions,
pre-treated (30 min) with 3-MA (0.5 mM) and CQ (2.5 uM) followed by addition of MPL (O, 10, 25 uM) for 72 h. Cells
were then stained with Giemsa (10% in PBS), washed and photographed under Leica DM IRB light microscope (mag-
nification 40x). Black arrows show vacuoles. A representative from two independent experiments has been shown.

plasm was observed. This suggests that MPL
induces autophagosome formation in these
cancer cell lines.

To further verify that MPL does induce autoph-
agy, we assessed the effect of MPL on the con-
version of the cytoplasmic form of LC3B-I pro-
tein (18 kDa) to the pre-autophagosomal and
autophagosomal membrane-bound form of
LC3B-II (16 kDa). As shown in Figure 3B, incr-
easing concentrations of MPL induced accumu-
lation of both the unprocessed LC3B-I, and the
processed form (LC3B-II). Imnmunoblot analysis
revealed that MPL causes a time and concen-
tration-dependent increase in the levels of
LC3B-II proteins. Of note, in A2780 cells after
48 and 72 h treatment with 10 yM MPL, there
was a clear increase in both forms of LC3B
expression but the LC3B-I was significantly
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decreased with higher concentration of MPL (>
25 uM). Furthermore, MPL-induced autophagy
was accompanied by enhanced accumulation
of SQSTM1/p62 (Figure 3B).

These results imply that MPL-induced autopha-
gy in OVCAR-3 and A2780 cell lines is SQSTM1/
p62 dependent.

Inhibition of MPL-induced autophagy en-
hanced cell death

Our results so far suggest that MPL induces
autophagy. The induction of autophagy in res-
ponse to metabolic and therapeutic stresses
can have a pro-death or a pro-survival role,
which contributes to the anticancer efficacy. To
evaluate whether MPL-induced autophagy pro-
motes cell death or survival, we applied phar-
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Figure 5. mTOR inhibitors sensitize ovarian cells to MPL-induced cell death. A. Cells pre-treated with 50 nM ra-
pamycin (Rap. mTOR inhibitor, autophagy inducer) and 1 nM everolimus (Eve., RODO01, mTOR inhibitor, autophagy
inducer), 30 min. prior to treatment with MPL (10 uM) under the cell culture conditions. Each concentration was
tested in replications of 8 and each experiment was repeated 3 times. Data represent mean + SEM from three in-
dependent experiments combined. B. Cells were grown in six-well tissue culture plates under standard cell culture
conditions, pre-treated (30 min) with rapamycin and everolimus followed by MPL (O and 10 uM) for 72 h. Cells were
then stained with giemsa (10% in PBS), washed and photographed under Leica DM IRB light microscope (maghnifi-
cation 40x). Black arrows show vacuoles. A representative from three independent experiments has been shown.

macologic inhibition of autophagy. 3-methylad- (cell proliferation dropped from 66.4 + 2.26%

enine (3-MA) and wortmannin are known auto-
phagy blockers at an early stage based on their
inhibitory effect on class Ill PI3K activity [16].
While, 3-MA has transient and short period of
time effect, wortmannin another early stage
autophagy inhibitor, has persistent effects [17].

Figure 4A shows that in A2780 pre-treatment
with 3-MA potentiated MPL-induced cell death
compared with MPL or 3-MA treatment alone
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to 49.6 + 3.9% (P=0.001) with 10 uM MPL and
from 28 + 3.5% to 24 + 3.3% observed with
higher concentration, 25 uM MPL). These data
are consistent with the morphological changes.
Figure 4B presents pre-treatment with 3-MA
resulted in amplified accumulation of autopha-
gic marker (vacuoles) and dead bodies.

3-MA in combination with 10 yM MPL led to an
increase in OVCAR-3 cell survival, from 33 +

Am J Cancer Res 2014;4(5):558-571
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1.3% to 51 + 1.9% (P<0.0001). However, in the
presence of 3-MA higher concentration of MPL
(25 uM) cell death increased (percentage of
cell proliferation decreased from 18 + 1.4 to
12.7 £+ 0.2, P=0.0048). Pre-treatment with
wortmannin has no additional effect on 25 uyM
MPL, but reduced the percentage of cell prolif-
eration from 55.41 + 2.01 to 46.73 + 2.12,
P=0.0086, with 10 uM MPL in OVCAR-3 (Figure
4A).

To distinguish whether the accumulation of
autophagosomes are caused by increased pro-
duction or alternatively through reduced clear-
ance due to disruption of the autophagic flux,
we examined MPL-stimulated autophagosome
formation in the presence and absence of chlo-
roquine (CQ). CQ is a specific inhibitor of the
lysosomal proton pump that disrupts the aut-
ophagic flux by preventing the fusion of auto-
phagosomes with lysosomes [18]. Pre-treatm-
ent with CQ did not influence MPL-induced cyto-
toxicity, suggesting that MPL-induced accumu-
lation of autophagosomes were probably con-
sequence of increased production rather than
clearance (Figure 4A and 4B).

mTOR inhibitors sensitize ovarian cancer cells
to MPL-induced cell death

To investigate whether promotion of the autoph-
agic pathway has an influence on MPL induced
cell death, rapamycin and everolimus, potent
inhibitors of mTOR which has been shown to
enhance autophagy [19], were used in our
study. Co-treatment with rapamycin and evero-
limus suppressed A2780 cell proliferation fur-
ther (the percentage of suppression in combi-
nation with rapamycin went down from 61.66 +
1.31033.72 + 2.8 (P<0.0001) and with everoli-
mus, from 73.50 + 7.1t0 52.21 + 3.5, P=0.044).
These data are in the same line as morphologi-
cal evidence of accumulation of big vacuoles as
shown in Figure 5B. However, in OVCAR-3 the
combination of MPL with mTOR inhibitors had
no suppressive effect on cell proliferation com-
pared with either treatment alone (Figure 5A).

MPL suppresses the mTOR/p70S6K signalling
pathway

The mTOR/p70S6K signalling pathway is one of
the well-established pathways negatively invol-
ves in the regulation of autophagy. mTOR asso-
ciates with tumorigenesis and often activates
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in numerous types of tumors [20]. Therefore,
we examined the effect of MPL on this pathway.
To investigate whether mTOR was affected by
MPL, we determined its cellular staining pat-
tern using immuno-fluorescence confocal mic-
roscopy. Treated cells with MPL (O, 10 and 25
uM) after 4 h exhibited a markedly reduced
level of punctate staining indicating the sup-
pression of phosphorylated mTOR at Ser2448,
which is consistent with western blot results
(Figure 6A and 6B). MPL also decreased the
expression of phosphorylated Raptor at Ser792,
which is one of the mTORC1 complex mem-
bers.

If the mTOR is inhibited in these cell lines, then
down-stream signalling molecules, p70S6K
and 4E-BP1 are also likely to be affected. We
therefore examined the expression of p70S6K
and 4E-BP1 after treatment with MPL. As sho-
wn in Figure 6B, the expression of mTOR target
proteins, 4E-BP1 and p70S6K, were highly
reduced in a time-dependent manner. Quanti-
fication of P-p70S6K revealed that in both cell
lines inhibitory effects started after 1 h treat-
ment with MPL. Percentage of inhibition in
OVCAR-3 was 60.6 + 0.54, P<0.0001 and in
A2780, 56.38 + 0.73, P=0.0007. Maximum
inhibition was after 4 h of treatment. Compare
to control, phosphorylation of p70S6K sup-
pressed by 33.87 £ 0.5%, P<0.0001 and 56.38
+ 0.73%, P<0.0001 in OVCAR-3 and A2780,
respectively (Figure 6C). MPL-treatment for up
to 24 h resulted in complete inhibition of phos-
phorylated 4E-BP1 Thr37/46 in A2780, but it
was partial inhibition in OVCAR-3 cells (Figure
6B).

These data confirm that suppression of the
MTOR/p70S6K signalling pathway is involved in
MPL-induced autophagy.

Discussion

This study provides the first experimental evi-
dence for the induction of autophagy by MPL in
human ovarian cancer cells. Here, we have
found that MPL-induced toxicity is manifested
with features of autophagy (presented with
deformation of cytoplasmic content and exten-
sive vacuole formation) exerted through inhibi-
tion of mMTOR/p70S6K signalling pathway.
Several independent pieces of evidence sup-
port this conclusion.
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Figure 6. MPL induces autophagy through suppression of the mTOR/p70S6K signalling pathway. A. OVCAR-3 and
A2780 were grown in six-well tissue culture plates under standard cell culture conditions in the presence of MPL (O,
10 and 25 uM) for 4 h. Cells were washed, fixed and incubated with primary antibodies in 1% BSA followed by related
secondary antibodies in 1% BSA. Fluorescence images were observed and collected under Zeiss, Vert.A1, AxioCam,
MRm (magnification 40x). A representative from two independent experiments has been shown. B. Western blot of
lysates prepared from OVCAR-3 and A2780 cells treated with 10 uM MPL for the indicated period of time (1, 4 and
24 h), were analysed for detection of mTOR, P70S6K, 4EBP1 and related phosphorylated proteins and p-Raptor.
The house-keeping gene (GAPDH) was used to confirm similar protein loading and blot transfer. A representative
from three independent experiments has been shown. C. ELISA technique was performed to quantify the level of
Phospho-p70S6K at Thr389 and p70S6K in OVCAR-3 and A2780 cells after treatment (1, 4 and 24 h) with 10 uM
MPL. Each concentration was tested in quadruplicate and each experiment was repeated 2 times. Data represent
mean = SEM from 2 independent experiments combined. D. The proposed mechanism of MPL-induced autophagy
through inhibition of mTOR/p70S6K signalling pathway.

Consequent to our recent described data on
MPL-induced cleavage of PARP-1 and cell dea-
th, and the association of this marker with
apoptosis (Submitted article), we anticipated
that MPL may act as an apoptogenic agent.
Published literature is divided as to whether
PARP-1 cleavage is an event that precedes
apoptotic cell death or is a marker of another
distinct mechanism of cell death [21]. Our
results however, did not show caspase-3 or
caspase-8 activation in MPL-treated cells.
Apoptotic features such as morphological
changes in favour of apoptosis, increased level
of Annexin-V* or DNA fragmentation, were not
detected. Additionally, MPL-induced antiprolif-
erative effect was not prevented by pre-treat-
ment with the pan-caspase inhibitor z-VAD-fmk,
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thus further confirming the induction of cell
death is independent of the caspase-mediated
apoptotic pathways. These results collectively
suggest that cell death induced by MPL in ovar-
ian cancer cell lines is not an apoptotic medi-
ated event.

Instead, we conclusively found that cells treat-
ed with MPL undergo autophagy. Through LC3B
localization studies, we were able to find that
MPL treated cells present with typical autopha-
gic morphology and biochemical signature. The
autophagic effect of MPL was evident through
drug induced expression of SQSTM1/p62
together with the conversion of LC3B-I to LC3B-
Il in a time and concentration dependent man-
ner. SQSTM1/p62 protein interacts with LC3B-
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Il [14, 22] and is degraded in autophagolyso-
somes. Therefore, its reduction indicates incr-
eased autophagic degradation, whereas an
increase of SQSTM1/p62 indicates incomplete
autophagy [23]. On this line of thought, through
accumulation of SQSTM1/p62 and LC3B-Il, 10
UM MPL induces incomplete and non-produc-
tive autophagy while, higher concentration of
MPL (25 uM) triggers active and complete
autophagy (elevated LC3B-Il along with degra-
dation of other marker). The concept of “autoph-
agic cell death” is commonly accepted based
on the presence of autophagic features in dying
cells and cell survival via suppression of au-
tophagy [24, 25]. Additionally, because autoph-
agy may play a role as a cell survival pathway in
response to therapeutic agents the induction of
autophagy may work in favour of cancer cells
[26]. Cell rescue experiments in which OVCAR-3
and A2780 cells were pre-treated with autoph-
agy inhibitors like 3-MA resulted in decreasing
cell viability compared with cells treated with
MPL alone. Similar results were obtained in
OVCAR-3 from experiments using wortmannin,
an agent that inhibits the autophagic process
at early stage [17]. The potentiated cell death
through pre-treatment with autophagy inhibi-
tors in cells treated with MPL indicates that
other mechanisms of cell death may also be
involved in MPL-induced cytotoxicity. Moreover,
the specific end stage autophagy inhibitor, CQ
targeting lysosomal proton pump did not influ-
ence the antiproliferative effect of MPL or the
drug-induced morphologically changes.

The role of the mTOR, an atypical protein kinase
as a positive regulator of protein synthesis, cell
growth and proliferation has been well estab-
lished. mTOR/p70S6K signalling is also known
for its ability to halt and regulate cellular cata-
bolic processes such as autophagy and it is fre-
quently dysregulated in cancer and metabolic
disorders [27, 28]. Consistent with this, here we
have described the negative effect of MPL on
the mTOR/p70S6K pathway. Combined use of
mTOR inhibitors (rapamycin and everolimus)
and MPL resulted in further suppression cell
viability, suggesting that the inhibition of mTOR
signalling may play a role in MPL-induced
autophagy. We found that MPL markedly inhib-
its mTOR phosphorylation at Ser2448, which
then prevents activation of the mTOR signal-
ling. On this basis, inhibition of p70S6K and
4E-BP1 may be directly resulting from their
upstream, inhibition of MTOR by MPL. Thus, the
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pharmacologic significance of MPL-induced
inhibition of MTOR leads to vacuole formation
and autophagy. This is justified by the solid evi-
dence showing inhibition of apoptosis followed
by the induction of autophagy. Additionally and
in line with that, our results have shown that
MPL induced inhibition of protein synthesis and
the arrest of cell cycle. Together these observa-
tions explain inhibition of growth and prolifera-
tion seen in MPL-treated cells.

It is well established that induction of autopha-
gy can provide therapeutic benefits and the
modulators of autophagy may provide novel
therapeutic tools and may ultimately lead to
new therapeutic strategies in cancer. Current
data suggest that depending on the context,
there are various types of antineoplastic thera-
pies which act through induction of autophagy.
Anticancer agents (doxorubicin, temozolomide,
etoposide), histone deacetylase inhibitors, ima-
tinib and anti-estrogen hormonal therapy have
been shown to induce autophagy [29].

In conclusion, our studies provide the general
mechanism behind the MPL-induced autopha-
gy in ovarian cancer cells. Drug-induced auto-
phagy is increasingly becoming a therapeutic
strategy in the management of cancer patients.
We provide proof-of-concept that MPL induces
autophagy by suppressing mTOR/p70S6K path-
way (Figure 6D). Studies to further explore the
anticancer properties of MPL are currently in
progress.
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