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INTRODUCTION
Epithelial ovarian cancer (EOC) is the

most lethal gynecological malignancy in
the world (1). EOC is a heterogeneous
disease that spreads rapidly if untreated
(2). EOC usually presents as a late-stage
disease due to a lack of symptoms to di-
agnose the cancer at an early stage (3).
As EOC usually presents as a late-stage
disease, the treatment protocol com-
monly used is cytoreduction and debulk-
ing of the tumor by surgery followed by

platinum-based chemotherapy along
with paclitaxel (4). Even though the sur-
gical protocols as well as the treatment
for EOC have improved tremendously
over the last decade (4), 50% of the pa-
tients that present with late-stage disease
will eventually relapse or die (5). There-
fore, there is an urgent need to improve
the overall survival of patients diag-
nosed with EOC.

Mammalian target of rapamycin
(mTOR) is a serine-threonine kinase that

controls cell survival and growth and is
often found to be dysregulated in many
diseases (6,7,8). mTOR functions by
forming two different protein complexes;
mTORC1 and mTORC2 (9). mTORC1 is
rapamycin sensitive and is dependent
upon changes in oxygen levels, stimula-
tion by growth factors and changes in
nutrients status (10). A critical function of
mTORC1 is to regulate protein synthesis
via a number of substrates, including
p70S6 kinase, the inhibitory eIF4E-
 binding proteins (4E-BPs) and the eIF4G
initiation factors (11,12). mTORC2 is ra-
pamycin resistant and is not dependent
on nutrients and is responsible for cancer
cells growth and proliferation even in ex-
treme conditions such as lack of nutri-
ents and energy (9). The functionality of
the mTORC2 complex is facilitated
mainly by activation of AKT at site
Ser473. Once AKT is activated, it leads to
cell survival, proliferation and growth
(12,13,14). It is an accepted fact that AKT
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is found to be constitutively activated in
a variety of cancers (15,16,17), therefore,
for efficient treatment of cancer, it is very
important that both mTOR complexes
are targeted simultaneously to achieve
an anticancer effect (13).

Clinical trials using newer generation
mTOR inhibitors have shown the effi-
cacy and utility of targeting mTOR path-
ways for the management of various
cancers (18,19,20). These trials have
paved the way for using mTOR in-
hibitors for the treatment of advanced
stage renal cell carcinoma and breast
cancer (21,22). Even though there has
been success in treating advanced stage
cancers with mTOR inhibitors, most of
the first generation mTOR inhibitors
have the propensity to target the
mTORC1 complex and it has been
shown that by not targeting the
mTORC2 complex, resistance against
these inhibitors quickly develops via ac-
tivation of AKT at phosphorylation site
Ser473 (23,24,25). Torin2, a second gener-
ation mTOR inhibitor, has the ability to
target and inhibit both the mTOR com-
plexes efficiently and therefore has an
edge over other first generation in-
hibitors in effectively inhibiting mTOR
activity and inducing apoptosis in can-
cer cells (26,27,28).

Platinum resistance is a major obstacle
in the treatment of ovarian cancer. Even
though most ovarian cancers respond to
initial platinum-based chemotherapy,
more than 50% of these cancers eventu-
ally relapse. Relapse in ovarian cancer
cases can be classified in three groups:
“platinum refractory” if the cancer re-
lapses within a month of treatment or if
the disease progresses despite platinum-
based therapy; “platinum resistant” if the
cancer relapses within 6 months of treat-
ment; and “platinum sensitive” if the
cancer relapses after 6 months of initial
treatment (29). There are several reasons
for cancer cells to develop resistance to
platinum-based chemotherapy (30,31).
Constitutive activation of the pro-sur-
vival protein AKT also can confer resist-
ance to platinum-based chemotherapy
(32).

In this study, we have investigated the
activation of the mTOR proteins
mTORC1 and mTORC2 and their clinical
and molecular associations in a cohort of
epithelial ovarian cancer samples. Next,
we investigated the effect of Torin2 treat-
ment on a panel of EOC cell lines to
identify whether this second-generation
mTOR inhibitor is able to inactivate the
mTOR pathway as well as to induce apo-
ptosis. Finally, we investigated the com-
bined effects of Torin2 and cisplatin in
vitro and in vivo to evaluate whether
Torin2 can potentiate the anticancer ef-
fect of cisplatin in EOC cells as they un-
dergo apoptosis.

MATERIALS AND METHODS

Patient Selection and Tissue
Microarray (TMA) Construction

One hundred fifty-six patients with
ovarian carcinoma diagnosed between
1991 and 2007 were selected from the
files of the King Faisal Specialist Hospital
and Research Center. All samples were
analyzed in a tissue microarray (TMA)
format. TMA construction was per-
formed as described earlier (33,34). The
Institutional Review Board of the King
Faisal Specialist Hospital and Research
Center approved the study. The histolog-
ical subtype of each tumor sample was
determined by accepted criteria (35). The
histological subtypes of tumors were as
follows: serous, 125 (80.1%); endometroid,
22 (14.1%); clear cell, 4 (2.6%); and undif-
ferentiated/mixed epithelial, 5 (3.2%).
The median age of patients was 56 years
(range 19 to 86 years). The majority of
patients underwent primary surgical
staging or cytoreduction and those unfit
for primary surgery underwent primary
neoadjuvant chemotherapy followed by
interval debulking surgery. FIGO stage at
diagnosis was stage I–II in 8 patients
(5.1%), stage III–IV in 137 (87.8%), and
unknown in 11(6.1%). The median fol-
low-up time was 14.9 months (range, 2 to
130 months). PFS was computed from
date of surgery for patients who under-
went primary cytoreduction and from
date of diagnosis by biopsy or cytology

in those who underwent primary neoad-
juvant chemotherapy.

Immunohistochemistry (IHC)
TMA slides were processed and

stained manually. The streptavidin-biotin
peroxidase technique with diaminobenzi-
dine as chromogen was applied. For anti-
gen retrieval, Dako Target Retrieval Solu-
tion (pH 9.0; catalog number S2368) was
used, and the slides were boiled in a
pressure cooker (Pascal pressure cooker,
Dako Cytomation, model S2800). Details
of primary antibodies used are given in
Supplementary Table 1. Endogenous per-
oxidase activity was quenched using 3%
hydrogen peroxidase. Endogenous biotin
was blocked and all slides were counter-
stained with hematoxylin, dehydrated,
cleared, and cover slipped with pre-
mount. For negative control, primary an-
tibody was omitted and replaced by non-
reacting antibody of the same species.
Only fresh cut TMA slides were stained
to minimize the influence of slide aging
and to maximize repeatability and repro-
ducibility of the experiment.

Each TMA spot was assigned an inten-
sity score from 0–3 (I0, I1, I2, I3) and the
proportion of the tumor staining for that
intensity was recorded as 5% increments
from a range of 0–100 (P0, P1–3). A final
H score (range 0–300) was obtained by
adding the sum of scores obtained for
each intensity and proportion of area
stained (H score = I1XP1 + I2XP2 +
I3XP3). X-tile plots were constructed for
assessment of biomarker and optimiza-
tion of cutoff points based on outcome.
The X-tile plots allowed determination of
an optimal cutpoint while correcting for
the use of minimum P statistics. By using
the X-tile program, an optimal cutpoint
for p-mTOR (Ser2481) was 150. Tumors
with an H-score ≥150 were categorized
as high expression tumors and those
with an H-score of <150 were catego-
rized as low expression. Similarly, cutoff
values for each marker p-mTOR
(Ser2448), p-AKT, p70s6, p-4EBP1 and
Bcl-Xl was calculated and tumors were
grouped into two groups as high and
low expression (Table 1).
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Cell Culture
EOC cell lines OVSAHO and OVISE

were Japanese Collection of Research
Bioresources products and MDAH2774
and OVCAR were American Type Cul-
ture Collection (ATCC) products. Cells
were grown in RPMI 1640 medium sup-
plemented with 20% (vol/vol) fetal
bovine serum (FBS), 100 U/mL penicillin
and 100 U/mL streptomycin at 37°C in
humidified atmosphere containing 5%
CO2. All in vitro experiments were per-
formed in media supplemented with 
5% FBS.

Reagents and Antibodies
Torin2 was a Tocris Bioscience product.

zVAD-fmk was a Calbiochem product.
Antibodies against p-mTOR (Ser2448),
p-mTOR (Ser2481), p-p70 S6 Kinase
(Ser389), p70S6 Kinase, p-4E-BP1
(Thr37/46), Bcl-Xl, GAPDH, Cytochrome
c and PARP, were Cell Signaling Tech-
nologies products as were mTOR and
scrambled siRNA. Antibodies against
caspase-9, caspase-3, p-AKT and Bax
were Santa Cruz Biotechnology products.
Bax clone 6A7 and cisplatin were Sigma-
Aldrich products. Survivin, cIAP1 and
cIAP2 antibodies were R&D Systems
products. β-actin and XIAP antibodies
were Abcam products. Annexin V was a
Molecular Probes product.

Cell Lysis and Immunoblotting
EOC cells were treated with and with-

out Torin2 for the indicated time period
following which cells were lysed and im-
munoblotted using different antibodies
as described in the figure legends. The
immunoblots were developed and visu-
alized using an enhanced chemilumines-
cence (ECL) system (Amersham) as de-
scribed previously (15).

Cell Growth Studies by 
3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT)
Assay

To determine cell viability of EOC cells
following treatment with Torin2 and cis-
platin, 104 cells were treated and incu-
bated in 96-well plates in a final volume

of 0.2 mL for 48 h. Inhibition of cell via-
bility was determined by MTT cell via-
bility assays as described earlier (16).
Replicates of six wells for each dosage
including vehicle control were analyzed
for each experiment. Statistical signifi-
cance was p < 0.05.

Live Dead Assay
Live/Dead viability/cytotoxicity kit

(Invitrogen) was used to determine cell
death in EOC cells following treatment
with Torin2. Cells (1 × 106) were treated
with the indicated doses of Torin2 for
48 h following which they were washed

with PBS and stained with 50 μmol/L
calcein AM and 8 μmol/L ethidium ho-
modimer for 30 min in the dark at 37°C.
Cell death was determined by the num-
ber of green-stained cells (Live cells) as
compared with red-stained cells (Dead
cells) visualized by an Olympus fluores-
cent microscope using a long pass filter.

Cell Cycle and Apoptosis Analysis by
Flow Cytometry

Following treatment, cells were washed
in phosphate buffer saline (PBS) and
stained with hypotonic propidium iodide
(PI) buffer and analyzed by flow cytome-

Table 1. Clinicopathological correlation of p-mTOR Ser2448 (mTORC1) expression in EOC.

Total >180 ≤180

Epithelial group N % N % N % P value

Total number of cases 146a 55 37.7 91 62.3
Age
≤50 years 60 41.1 21 35.0 39 65.0 0.5773
>50 years 86 58.9 34 39.5 52 60.5

Tumor grade
Stage I–II 8 5.8 4 50.0 4 50.0 0.4484
Stage III–IV 129 94.2 47 36.4 82 63.6

Histopathology
Clear cell 4 2.7 3 75.0 1 25.0 0.2191
Endometriod 21 14.4 5 23.8 16 76.2
Serous 117 80.1 45 38.5 72 61.5
Undifferentiated 4 2.7 2 50.0 2 50.0

Histologic grade
Well-differentiated 25 17.1 14 56.0 11 44.0 0.0717
Moderately differentiated 78 53.4 29 37.2 49 62.8
Poorly differentiated 43 29.4 12 27.9 31 72.1

p-MTOR ser2481
>150 62 44.6 34 54.8 28 45.2 <0.0001
≤150 77 55.4 17 22.1 60 77.9

p-P70S6
>30 67 53.6 36 53.7 31 46.3 <0.0001
≤30 58 46.4 11 19.0 47 81.0

p-AKT (473)
>110 68 51.1 32 47.1 36 52.9 0.0205
≤110 65 48.9 18 27.7 47 72.3

Bcl-Xl
>180 115 82.1 39 33.9 76 66.1 0.0945
≤180 25 17.9 13 52.0 12 48.0

p-4E-BP1
>25 89 69.5 35 39.3 54 60.7 0.5172
≤25 39 30.5 13 33.3 26 66.7

PFS-Median (months) 11.1 17.7 0.1505

aOut of 156 TMA spots, IHC results were available for only 146 cases. Data was not
available (NA) for some cases as follows: Tumor Grade (NA = 09), p-MTOR ser 2481 (NA =
07), p-7056 (NA = 21), p-AKT-473 (NA = 13), BcL-XL (NA = 06) & p-4E-BP-1 (NA = 18).
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try for cell cycle fractions. For detection of
apoptosis, cells were washed with PBS
and incubated with fluorescein-conju-
gated annexin V/PI at room temperature
for 30 min in the dark using an apoptosis
detection kit (Molecular Probes). Follow-
ing incubation, cells were analyzed for
apoptosis by flow cytometry.

Assay for Cytochrome c Release
Cytochrome c release from mitochon-

dria was assayed as described earlier
(15). Twenty μg of proteins from cytoso-
lic and mitochondrial fractions of each
samples were analyzed by immunoblot-
ting using an anti-cytochrome c antibody.

Measurement of Mitochondrial
Membrane Potential

EOC cells (1 × 106) were treated with
indicated doses of Torin2 for 48 h. Cells
were washed twice with PBS and resus-
pended in mitochondrial incubation
buffer (Alexis Corp.). Cells were then
stained with 10 μmol/L JC1 (5,5′,6,6’-
teterachloro-1,1’,3,3′-tetraethylbenzimi-
dazolylcarbocyanine iodide) and incu-
bated at 37°C in the dark for 30 min.
Cells were washed with PBS and resus-
pended in 500 μl of mitochondrial incu-
bation buffer and mitochondrial mem-
brane potential (% of green and red
aggregates) was measured by flow cy-
tometry as described earlier (15).

Estimation of Combination Doses
using Calcusyn Software

To determine the subtoxic doses of
Torin2 and cisplatin that would induce a
synergistic apoptotic response, we treated
MDAH2774 and OVSAHO cells with var-
ious combinations of the two drugs for 
48 h. Apoptosis and cell viability assays
were performed and the results were plot-
ted using the Chou and Talalay method
on Calcusyn software (36). The data calcu-
lated the combination doses of Torin2 and
cisplatin that would induce a synergistic
apoptotic response in both the cell lines.

Gene Silencing using siRNA
For siRNA knockdown studies, mTOR

siRNA and scrambled control siRNA

were transfected using lipofectamine
2000 (Invitrogen) for 6 h. After incuba-
tion, the siRNA complex was removed
and fresh media containing 20% fetal
bovine serum was added for 48 h. Cells
were harvested and lysed and im-
munoblotted using specific antibodies.

Animals and Xenograft Study
Six-week-old female nude mice were

obtained from Jackson Laboratories and
maintained in a pathogen-free animal fa-
cility for at least 1 wk before use. All an-
imal studies were done in accordance
with institutional guidelines. For the
xenograft study, female mice were inoc-
ulated subcutaneously in the right ab-
dominal quadrant with 10 million
MDAH2774 cells in 200 μL PBS. After 
1 wk, the animals were randomly di-
vided into five groups (n = 4): The first
group received 10% dimethyl sulfoxide
(DMSO) and two groups received 
2 mg/kg and 10 mg/kg of Torin2, re-
spectively. The remaining two group re-
ceived either 3 mg/kg cisplatin alone or
a combination of 3 mg/kg cisplatin + 
2 mg/kg of Torin2 per body weight in-
traperitoneally. Mice were injected with
these drugs twice weekly. The body
weight and tumor volume of each
mouse also was monitored weekly. The
tumor volume was measured as de-
scribed previously (37). After 5 wks of
treatment, mice were euthanized and 
individual tumors were weighed and
then snap frozen in liquid nitrogen for
storage.

Statistical Analysis
All Statistical analysis was performed

using the Statview JMP software (ver-
sion 10.0). Fisher exact chi-square (χ2)
test was used to assess associations be-
tween categorical variables. Kaplan-
Meier survival analyses were carried out
for PFS using the log-rank test for differ-
ences between groups. Results were con-
sidered statistically significant when 
p from a two-tailed test was <0.05.

All supplementary materials are available
online at www.molmed.org.

RESULTS

mTORC1 and mTORC2 Activation
Status in EOC Samples and
Association with Clinical and
Molecular Markers

Initially, we investigated the activation
of mTORC1 and mTORC2 in a cohort of
EOC samples from Saudi Arabia by im-
munohistochemistry in a tissue microar-
ray format. The activation of mTORC1
and mTORC2 was determined by evalu-
ation of phosphorylation status of
mTOR1 (Ser2448) and mTOR2 (Ser2481),
respectively (Figure 1A). We found that
37.7% (55/146) EOC samples had activa-
tion of mTORC1 while 45.0% (63/140)
had activation of mTORC2 (Tables 1 and
2). Interestingly, mTORC1 and mTORC2
were significantly associated with each
other (p < 0.0001). mTORC1 was signifi-
cantly associated with p-P70S6 and p-
AKT; on the other hand, mTORC2 was
also found to be significantly associated
with p-P70S6, p-AKT and p-4E-BP1. EOC
patients with a high expression of p-
mTORC2 (Ser2481) had a poor PFS of
13.2 months as compared with 18.1
months with a low expression of
mTORC2, which was statistically signifi-
cant (p = 0.0188) (Table 2, Figure 1B).

Targeting of mTOR Signaling Pathway
Using Torin2 Inhibits Cell Viability and
Induces Apoptosis in EOC Cell Lines

Clinically, our data identified a group
of EOC samples that had constitutive ac-
tivation of the mTOR signaling complex.
Keeping this in mind, we first sought to
determine the presence of mTORC1 and
mTORC2 activity in our panel of EOC
cell lines. Our data showed that both
mTOR complexes, mTORC1 and
mTORC2, were constitutively activated
in our panel of EOC cell lines. Next, 
we serum starved our EOC cells for 
36 h and compared activation of
mTORC1 and mTORC2 with EOC cells
grown in 20% FBS. As shown in Supple-
mentary Figure 1A, there was no differ-
ence between activation of mTORC1 and
mTORC2 in serum-starved EOC cells as
compared with cells grown in 20%
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serum. This data clearly indicates that
there is constitutive activation of
mTORC1 and mTORC2 in our panel of
EOC cell lines. We also examined activa-
tion of mTORC1 and mTORC2 in five
normal ovarian epitheliums by immuno-
histochemistry and peripheral blood
mononuclear cells (PBMNC) from five
healthy female donors by immunoblot-
ting. There was minimal-to-no activation
found in normal ovarian epithelium
(data not shown) by IHC and activation
of these complexes in normal PBMNCs
was not detected by immunoblotting
(Supplementary Figure 1B). For in vitro
experiments, we investigated whether
Torin2, a second-generation inhibitor of
mTOR, could inhibit cell viability in these
cell lines. All four EOC cell lines were

treated with increasing doses of Torin2
for 48 h and the cells were analyzed for
cell viability by MTT assay. As shown in
Figure 2A, all the EOC cells had inhibi-
tion of cell viability following Torin2
treatment in a dose-dependent manner
that reached significance from doses of
100 nmol/L and onwards for OVISE and
OVSAHO and from 200 nmol/L for
MDAH2774 and OVCAR. From these
data, we estimated the working dose of
Torin2 to be 200 and 400 nmol/L and
continued using these doses for the rest
of the experiments. Next, we determined
whether Torin2 treatment could lead to
cell cycle arrest in these cell lines. EOC cell
were treated with 200 and 400 nmol/L
Torin2 for 48 h and cells were analyzed
by flow cytometry for cell cycle fractions.

As shown in Figure 2B, there was increase
in the subG1 (Apo) fraction in cells treated
with 200 nmol/L and 400 nmol/L Torin2.
We confirmed cell death in these cells by
staining the cells with calcein AM and
ethidium homodimer and visualizing the
cells under a microscope. Cells that were
not treated were stained green (depicting
live cells) while cells that were treated
with 200 and 400 nmol/L Torin2 stained
red (depicting dead cells) (Figure 2C). Fi-
nally, apoptosis was confirmed by dual
staining with annexin V/PI and analyzed
by flow cytometry following treatment
with 200 and 400 nmol/L Torin2 for 48 h.
As shown in Figure 2D, there was an in-
crease in apoptosis in cells treated with
Torin2 as compared with control. To con-
firm specificity of Torin2 against
mTORC1 and mTORC2, we also treated
three PBMNCs from healthy female
donors with 200 and 400 nmol/L Torin2
for 48 h. PBMNCs from healthy donors
did not undergo apoptosis as detected by
annexin V/PI dual staining and im-
munoblotting of caspase-3 (Supplemen-
tary Figures 2A and B).

Torin2 Inactivates mTORC1, mTORC2
and Their Downstream Targets in EOC
Cells

Once we established that Torin2 treat-
ment of EOC cells induced apoptosis, we
wanted to investigate whether Torin2
treatment was inducing apoptosis via in-
activation of mTORC1 and mTORC2 and
their downstream targets. Therefore, we
treated MDAH2774, OVCAR and
OVSAHO cell lines with 200 and
400 nmol/L Torin2 for 48 h and, follow-
ing treatment, cells were immunoblotted
with antibodies that were involved in
this pathway. We found that Torin2 treat-
ment inactivated mTORC1 and mTORC2
in EOC cell lines as shown in Figure 3A.
In addition, Torin2 treatment also de-
phosphorylated the downstream targets,
P70S6 and 4E-BP1, at doses of 200 and
400 nmol/L in these cell lines (Figure 3A).
These data were confirmed by targeting
MDAH2774 and OVSAHO cell lines with
siRNA targeted against mTOR, clearly
indicating specificity of Torin2 in de-

Figure 1. (A) Immunohistochemical analysis of p-mTORSer2481, p-mTOR Ser2448, p-AKT
and p-4EBP1 expression in epithelial ovarian carcinoma. TMA spots showing overexpres-
sion of (i) p-mTOR (ser2481), (iii) p-mTOR (Ser2448), (v) p-AKT and (vii) p-4EBP1. In contrast,
different TMA spots showing reduced/absent expression of (ii) p-mTOR (Ser2481), 
(iv) p-mTOR (Ser2448), (vi) p-AKT and (viii) p-4EBP1. 20 × magnification on Olympus BX-51
microscope (Olympus America) with inset showing 40 × magnifications of the same TMA
spot. (B) Kaplan-Meier survival curve in EOC patients showing poor survival in p-mTOR
Ser2481 overexpressed cases compared with those with reduced expression (p = 0.0188).



R E S E A R C H  A R T I C L E

M O L  M E D  2 1 : 4 6 6 - 4 7 8 ,  2 0 1 5  |  H U S S A I N  E T  A L .  |  4 7 1

phosphorylating proteins involved in the
mTOR pathway (Figure 3B). AKT is
closely associated with the mTOR path-
way and cross-talk between the mTOR
and PI3-kinase/AKT pathways has been
shown in various cancers (38,39). In our
cohort of clinical samples, a significant
association between activation of
mTORC1 and mTORC2 with AKT was
detected. Therefore, we were interested
in determining whether Torin2 treatment
could also inactivate AKT and its down-
stream targets in EOC cells. As shown in
Figure 3C, Torin2 treatment led to de-
phosphorylation of AKT at Ser473 in all

the cell lines examined. In addition,
Torin2 inactivated the downstream tar-
gets of AKT (FOXO1, GSK3 and Bad) in
EOC cell lines (Figure 3C). Specificity of
Torin2 in inactivating AKT and its down-
stream targets also was confirmed by
siRNA knockdown studies that showed
similar results (Figure 3D).

Inhibition of mTOR Signaling Pathway
Leads to Activation of Intrinsic
Apoptotic Pathway in EOC Cells

For the intrinsic apoptotic pathway to
be activated, the downstream target of
AKT (Bad) has to be dephosphorylated

to allow the apoptotic signal to reach the
mitochondria via causing conforma-
tional changes in the Bax protein by ex-
posing the epitope that is required for
homodimerization (40). We found that
Torin2 inactivated Bad in EOC cell lines,
thereby allowing the apoptotic signal to
reach the mitochondria via causing con-
formational changes and upregulation of
the Bax protein (41). Our data showed
that there was upregulation and confor-
mational change in the Bax protein start-
ing at 8 h of Torin2 treatment that
peaked in 24 h in the OVSAHO cell line
using the Bax 6A7 antibody that only
detects the N-terminal of Bax required
for conformational change (Figure 4A).
Once the Bax protein is dimerized, it
leads to changes in the mitochondrial
membrane potential, allowing release of
cytochrome c into cytosole. To determine
whether these events take place in EOC
cells treated with Torin2, we treated all
four cell lines with 200 and 400 nmol/L
Torin2 for 48 h and then examined the
cells for changes in mitochondrial mem-
brane potential by flow cytometry using
JC1 dye. Most of the untreated cells
stained red suggesting an intact mito-
chondria while there was an increase in
green-stained cells treated with Torin2
clearly indicating a damaged mitochon-
dria (Figure 4B). This led to a release of
cytochrome c from mitochondria into cy-
tosole as detected by immunoblotting on
mitochondrial-free cytosolic extracts
after treatment with Torin2 (Figure 4C).

Inhibitor of apoptosis proteins (IAP)
plays an important role in inhibiting 
apoptosis via interfering with the
proapoptotic proteins and rendering
them ineffective. Therefore, for efficient
apoptosis to occur, IAP needs to be
downregulated. To determine whether
Torin2-induced apoptosis occurred via
inhibition of IAP, we treated EOC cells
with 200 and 400 nmol/L Torin2 for 48 h.
Cells were lysed and immunoblotted
with antibodies against XIAP, cIAP1 and
survivin. As shown in Figure 4D, Torin2
treatment downregulated expression of
these proteins indicating that downregu-
lation of IAPs is coincident with activa-

Table 2. Clinicopathological correlation of p-mTORC Ser2481 (mTORC2) expression in EOC

Total >150 ≤150

Epithelial group N % N % N % P value

Total number of cases 140a 63 45.0 77 55.0
Age
≤50 years 59 42.1 27 45.8 32 54.2 0.8770
>50 years 81 57.9 36 44.4 45 55.6

Tumor Grade
Stage I-II 8 6.1 3 37.5 5 62.5 0.6886
Stage III-IV 123 93.9 55 44.7 68 55.3

Histopathology
Clear cell 4 2.9 2 50.0 2 50.0 0.2357
Endometriod 20 14.3 5 25.0 15 75.0
Serous 113 80.7 55 48.7 58 51.3
Undifferentiated 3 2.1 1 33.3 2 66.7

Histologic Grade
Well-differentiated 25 17.9 9 36.0 16 64.0 0.3397
Moderately Differentiated 74 52.9 32 43.2 42 56.8
Poorly Differentiated 41 29.3 22 53.7 19 46.3

p-mTOR ser2448
>180 51 36.7 34 66.7 17 33.3 <0.0001
≤180 88 63.3 28 31.8 60 68.2

p70S6
>30 66 53.2 40 60.6 26 39.4 0.0035
≤30 58 46.8 20 34.5 38 65.5

pAKT (473)
>110 68 52.3 37 54.4 31 45.6 0.0298
≤110 62 47.7 22 35.5 40 64.5

Bcl-Xl
>180 114 83.2 54 47.4 60 52.6 0.1304
≤180 23 16.8 7 30.4 16 69.6

p-4E-BP1
>25 86 69.96 44 51.2 42 48.8 0.0119
≤25 37 30.04 10 27.1 27 72.9

PFS-Median (months) 13.2 18.1 0.0188

aOut of 156 TMA spots, IHC results were available for only 140 cases. Data was not
available (NA) for some cases as follows: Tumor Grade (NA = 09), p-MTOR ser 2448 (NA =
01), p-7056 (NA = 16), p-AKT-473 (NA = 10), BcL-XL (NA = 03) & p-4E-BP-1 (NA = 17)
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tion of mitochondrial apoptotic pathway
secondary to Torin2 treatment for induc-
tion of apoptosis in EOC cells.

Torin2 Treatment Led to Caspase-
Dependent Apoptosis in EOC Cells

Caspases are critical and vital proteins
for apoptosis to occur and can activate

and cleave once the mitochondrial pro-
tein cytochrome c is released in cytosole.
To determine whether Torin2 treatment
can cleave caspases-9 and -3, we treated
EOC cells with 200 and 400 nmol/L
Torin2 for 48 h and immunoblotted the
proteins with antibodies against cas-
pases-9 and -3. As shown in Figure 4E,

there was cleavage of caspases-9 and -3
in all cell lines treated with Torin2. PARP
cleavage is necessary for the cells to un-
dergo apoptosis and is cleaved once 
caspase-3 is activated. Our data showed
that there was efficient cleavage of PARP
following Torin2 treatment in all EOC
cell lines. To confirm the role of caspases

Figure 2. Torin2 treatment inhibits cell viability and induces apoptosis in EOC cells. (A) Torin2 treatment ThiostreptonTh inhibits cell viability in
a dose-dependent manner in EOC cells. MDAH2774, OVCAR, OVSAHO and OVISE cells were incubated with 0, 50, 100, 200, 400 and 
800 nmol/L Torin2 for 48 h. Cell viability assays were performed using MTT as described in Materials and Methods. The graph displays the
mean ± SD (standard deviation) of three independent experiments with replicates of six wells for all the doses and vehicle control for
each experiment, *p < 0.01, statistically significant (Student t test). (B) Torin2 increases Apo fraction of cells in EOC cell lines. EOC cells were
treated with 200 nmol/L and 400 nmol/L Torin2 for 48 h. Thereafter, the cells were washed, fixed and stained with propidium iodide (PI), and
analyzed for cell cycle fractions by flow cytometry as described in Materials and Methods. There was an increase in Apo fractions (also
known as sub-G1 population) in cells treated with 200 nmol/L and 400 nmol/L Torin2 for 48 h. The bar graph is an average of three indepen-
dent experiments. (C) Torin2 treatment causes cell death in EOC cells. EOC cells (1 × 106) were treated with 200 nmol/L and 400 nmol/L
Torin2 for 48 h. Following incubation, cells were resuspended in 1 ml PBS containing 50 μmol/L calcein AM and 8 μmol/L ethidium homod-
imer and cells were incubated in the dark for 20 min. Fifty μl of suspension was transferred on slides and visualized under an Olympus fluo-
rescent microscope using a longpass filter and cell death was measured as described in Materials and Methods. (D) Torin2-induced apo-
ptosis detected by annexin V/PI dual staining. EOC cells were treated with 200 nmol/L and 400 nmol/L Torin2 for 48 h and cells were
subsequently stained with flourescein-conjugated annexin-V and PI and apoptotic cells were analyzed by flow cytometry. The bar graph is
an average of four independent experiments performed on different days. *p < 0.01, statistically significant (Student t test).
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in Torin2-induced apoptosis, we pre-
treated EOC cells with a universal in-
hibitor of caspases, zVAD-fmk, for 2 h
followed by Torin2 treatment. As shown
in Figure 4F, zVAD-fmk pretreatment in-
hibited Torin2-induced cleavage of cas-
pase-3 and PARP as well as inhibited
apoptosis (data not shown), confirming
the role of caspases in Torin2-induced
apoptosis in EOC cells.

Torin2 Potentiates Anticancer Effect of
Cisplatin in EOC Cells to Induce
Efficient Apoptosis

Platinum resistance is a major obstacle
in the treatment of EOC as platinum-
based regimens are used as a first line of
treatment for ovarian cancer (29). To
identify newer regimens where small
molecular inhibitors used in conjunction
with platinum drugs can synergize EOC

cells to undergo apoptosis, we used mul-
tiple combinations of Torin2 and cis-
platin to determine the appropriate dose
required to induce a synergistic apop-
totic response in EOC cells. Using Cal-
cusyn software and the Chou and Ta-
lalay methodology (36), we found that
50 nmol/L Torin2 and 10 μmol/L cis-
platin in combination had a combination
index of 0.218 and 0.140 in MDAH2774
and OVSAHO cell lines, indicating a
strong synergistic response (Supplemen-
tary Figure 3 and Supplementary Table
2). Using these doses, we treated
MDAH2774 and OVSAHO cell lines for
48 h and found that there was significant
inhibition of cell viability in both cell
lines (Figure 5A). In addition, this com-
bination dose was able to induce apo-
ptosis in both cell lines treated (Figures
5B,C). Finally, combination treatment of
EOC cell lines with suboptimal doses of
Torin2 and cisplatin downregulated ex-
pression of antiapoptotic proteins Bcl-Xl
and XIAP and cleaved caspases-9, -3 and
PARP (Figure 5D). These data clearly in-
dicate that Torin2 has the ability to po-
tentiate the effect of cisplatin to induce
apoptosis in EOC cells.

Inactivation of mTOR Activity by Torin2
Suppresses EOC Xenograft Alone or in
Combination with Cisplatin at
Suboptimal Doses

Our in vitro data showed that Torin2
treatment alone could inhibit cell viabil-
ity via induction of apoptosis at doses
of 200 and 400 nmol/L. In addition, 
we found that Torin2 at a dose of 
50 nmol/L and cisplatin at 10 μmol/L
could synergistically induce apoptosis
in EOC cells. To confirm this data in
vivo, xenografts were generated in fe-
male nude mice using the MDAH2774
cell line. Once tumors were developed,
they were divided into different groups.
The first set of experiments was con-
ducted using two doses of Torin2, 
2 mg/kg and 10 mg/kg body weight.
As shown in Supplementary Figures 4A
and B, there was a decrease in tumor
volume and weight in animals treated
with 10 mg/kg body weight. Naked eye

Figure 3. Torin2 treatment inactivates mTOR and AKT survival pathway in EOC cells. (A) After
treating with 200 nmol/L and 400 nmol/L Torin2 for 48 h, MDAH2774, OVCAR and OVSAHO
cells were lysed and immunoblotted with antibodies against p-mTOR Ser2448, p-mTOR
Ser2481, p-4E-BP1 Thr46, p-P70S6 Thr389 and GAPDH as indicated. (B) MDAH2774 and
OVSAHO were transfected with either scrambled siRNA (100 nmol/L) or mTOR siRNA 
(50 and 100 nmol/L) with lipofectamine as described in Materials and Methods. After 48 h
of transfection, cells were lysed and equal amounts of proteins were separated by SDS-
PAGE, transferred to immobilon membrane, and immunoblotted with antibodies against
p-mTOR Ser2448, p-mTOR Ser2481, p-4E-BP1 and β-actin as indicated. (C) EOC cells were
treated with 200 nmol/L and 400 nmol/L Torin2 for 48 h. After treatment, cells were lysed
and immunoblotted with antibodies against p-AKT, p-FOXO1, p-GSK3 and p-Bad. GAPDH
was used for equal loading. (D) MDAH2774 and OVSAHO were transfected with either
scrambled siRNA (100 nmol/L) or mTOR siRNA (50 and 100 nmol/L) with lipofectamine as
described in Materials and Methods. After 48 h of transfection, cells were lysed and equal
amounts of proteins were separated by SDS-PAGE, transferred to immobilon membrane,
and immunoblotted with antibodies against p-AKT, p-GSK3 and β-actin as indicated.
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Figure 4. Torin2 activates the mitochondrial apoptotic pathway and induces caspase-dependent apoptosis in EOC cells. (A) OVSAHO
cells were treated with 400 nmol/L Torin2 for indicated time points. Following treatment, cells were lysed and immunoprecipitated with
Bax monoclonal antibody (clone 6A7) and probed with polyclonal Bax antibody (Sc493). Cell lysate of the same experiment was
probed with polyclonal Bax antibody to ensure equal loading. (B) EOC cell lines were treated with 200 nmol/L and 400 nmol/L Torin2 for
48 h. Following incubation, cells were washed twice with PBS and stained with 10 μmol/L JC1 dye in 500 μl mitochondrial incubation
buffer and incubated at 37°C in the dark for 30 min. After the incubation, cells were washed in PBS and resuspended in mitochondrial in-
cubation buffer and change in mitochondrial membrane potential was detected by flow cytometry. (C) Torin2 treatment causes release
of cytochrome c from mitochondria into cytosole. OVSAHO cells were treated with 200 nmol/L and 400 nmol/L Torin2 for 48 h. Mitochon-
drial free cytosolic fractions were isolated and immunoblotted with antibodies against cytochrome c and β-actin. (D) Torin2 treatment
downregulates expression of IAPs in EOC cells. MDAH2774, OVCAR and OVSAHO cells were treated with 200 and 400 nmol/L Torin2 for 
48 h. Following treatment, cells were lysed and immunoblotted with antibodies against XIAP, cIAP1, survivin and GAPDH. (E) Activation of
caspases induced by Torin2 treatment in EOC cells. MDAH2774, OVCAR and OVSAHO cells were treated with and without 200 and 
400 nmol/L for 48 h. Cells were lysed and proteins were immunoblotted with antibodies against caspase-9, caspase-3, cleaved caspase-3,
PARP, and β-actin. (F) zVAD/fmk pretreatment abrogates Torin2-induced caspase-3 and PARP cleavage in EOC cells. MDAH2774, OVCAR
and OVSAHO cells were pretreated with 80 μM z-VAD/fmk for 2 h and subsequently treated with 400 nmol/L Torin2 for 48 h. Following
treatment, cells were lysed and 10 μg proteins were separated by SDS-PAGE, transferred to PVDF membrane, and immunoblotted with
antibodies against caspase-3, cleaved caspase-3, PARP, and β-actin.
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observation of animals also clearly
showed response to 10 mg/kg Torin2
treatment (Supplementary Figure 4C).
This response of Torin2 was elicited by

inactivation of mTORC1, mTORC2,
P70S6, 4E-BP1 and AKT as well as
downregulation of Bcl-Xl and cleavage
of caspase-3 (Supplementary Figure 4D).

In the next set of experiments, we used
suboptimal doses of Torin2 (2 mg/kg)
and cisplatin (3 mg/kg) either alone or
in combination. As shown in Figures 6A

Figure 5. Cotreatment with Torin2 and cisplatin inhibit cell viability and induce caspase-dependent apoptosis in EOC cells. (A) MDAH2774
and OVSAHO cells were treated with either 50 nmol/L Torin2 in the presence and absence of 10 μmol/L cisplatin for 48 h. Following treat-
ment, cells were analyzed for cell viability by MTT assay as described in Materials and Methods. Bar graph displays the mean ± SD (stan-
dard deviation) of three independent experiments, *p < 0.05, statistically significant (Student t test). (B and C) MDAH2774 and OVSAHO
cells were treated with either 50 nmol/L Torin2 in the presence and absence of 10 μmol/L cisplatin for 48 h. Following treatment, cells
were stained with fluorescent-conjugated annexin V/PI and apoptosis was analyzed by flow cytometry. Figure 5C is a bar graph with an
average of three independent experiments. (D) EOC cells were treated with either 50 nmol/L Torin2 in the presence and absence of 
10 μmol/L cisplatin for 48 h. Following treatment, cells were lysed and equal amounts of proteins were immunoblotted with antibodies
against Bcl-Xl, XIAP, caspase-9, caspase-3, PARP and β-actin.
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and B, there was a significant decrease
in tumor volume and weight in animals
treated with the combination of Torin2

and cisplatin as compared with treat-
ment alone. In addition, naked eye ob-
servation also showed regression of

tumor in combination-treated animals
(Figure 6C). Finally, we assessed expres-
sion of proteins that are involved in

Figure 6. Inhibition of EOC-cell tumor xenografts growth by cotreatment with Torin2 and cisplatin. Nude female mice at 6 wks of age
were injected subcutaneously with ten million MDAH2774 cells. After one week, the animals were divided into four groups, the first group
received DMSO (vehicle) alone while the other three groups received Torin2 (2 mg/kg), cisplatin (3 mg/kg) and combination of both, in-
jected twice weekly, intraperitoneally. After 5 wks of treatment, mice were euthanized and tumors were collected. (A) The volume of
each tumor was measured every week. The average (n = 5) tumor volume in each group of mice was calculated, *p < 0.05 statistical sig-
nificance. (B) After 5 wks of treatment, mice were euthanized and mean tumor weight (± SD) was calculated in each group. *p < 0.05
statistical significance. (C) Representative tumor images of each group of mice after necropsy. Inset picture showing 10× magnification.
(D) Whole-xenograft homogenates from mice injected with MDAH2774 cells were immunoblotted with antibodies against p-mTOR
Ser2448, p-mTOR Ser2481, p-P70S6, p-4E-BP1, p-AKT, Bcl-Xl, caspase 3 and β-actin.
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mTOR signaling complex and found
that there was inactivation of mTORC1,
mTORC2, P70S6, 4E-BP1 and AKT in
xenografts treated with a combination
of Torin2 and cisplatin at suboptimal
doses. Inactivation of these proteins also
was associated with a downregulation
of Bcl-Xl and caspase-3 in these
xenografts (Figure 6D). These data re-
assert our findings that Torin2 has the
ability to potentiate the anticancer effect
of cisplatin in vivo.

DISCUSSION
The mTOR/PI3-kinase/AKT pathway

is a well-characterized and researched
survival pathway that plays an impor-
tant role in cell survival and prolifera-
tion. This pathway has been found to be
dysregulated in a variety of cancers
(38,42,43). However, clinical characteriza-
tion of the mTOR signaling pathway has
not been fully elucidated on epithelial
ovarian cancer from the Middle Eastern
region. Therefore, in this study, we ana-
lyzed the activation of mTORC1 (2448)
and mTORC2 (2481) in a cohort of 156
clinical samples of EOC of Middle East-
ern origin by IHC. Our data showed that
37.7% and 45% of EOC cases had activa-
tion of mTORC1 and mTORC2, respec-
tively. These data indicate that the mTOR
pathway may be playing an important
role in the pathogenesis in a subgroup of
EOC that has activated mTOR com-
plexes. The two complexes of mTOR
have distinct functions, where mTORC1
is associated with translational activity of
cells while mTORC2 is associated with
cell survival. Interestingly, mTORC2-acti-
vated EOC clinical samples had a poor
PFS of 13.2 months as compared with
18.1 months with low activity that was
statistically significant (p = 0.0188) even
when other aggressive clinical parame-
ters such as old age, grade and stage
were not associated with mTORC2. This
data clearly suggests that targeting this
pathway may be beneficial for the man-
agement of EOC.

Currently, there are several analogues
of rapamycin that are being used either
in clinical trials or in treatment regimens

of various cancers to target the mTOR
signaling pathway (13,44). Even though
these experimental inhibitors have
shown positive results, it has been found
that cancer cells quickly develop resist-
ance to these agents as they are only ef-
fective against the mTORC1 and have
limited or no effect on mTORC2
(23,45,46). Torin2 has an advantage over
other mTOR inhibitors as it can target
both the mTOR complexes, mTORC1 and
mTORC2, thereby effectively inhibiting
the mTOR pathway completely (47). Our
data indicated that Torin2 inhibits cell vi-
ability and induces apoptosis in EOC
cells via inactivation of mTORC1 and
mTORC2 and their downstream targets.
By inactivating these proteins, Torin2 not
only inhibits translation of proteins but
also induces apoptosis in EOC via inacti-
vating AKT and its downstream targets,
FOXO1, GSK3 and Bad. Once Bad is 
dephosphorylated, the mitochondrial
apoptotic pathway is activated, ulti-
mately leading to apoptosis.

The end point of apoptosis occurs
when the expression of proteins of two
families, caspases and inhibitor of apo-
ptosis (IAPs), are altered. IAPs act
against induction of apoptosis via inter-
fering with the activation and cleavage
of the proapoptotic caspases family of
proteins (48,49) . Therefore, for efficient
apoptosis to occur, IAPs need to be
downregulated, allowing the apoptotic
signal to activate and cleave the involved
caspases. Our data shows that the IAPs,
XIAP, cIAP1 and survivin, are downreg-
ulated secondary to Torin2 treatment,
leading to activation and cleavage of cas-
pases, caspase-9 and caspase-3, ulti-
mately leading to apoptosis in EOC cells.

In vivo experiments are usually con-
ducted to confirm the in vitro results of a
study. In vivo experiments also are im-
portant because, in addition to confirm-
ing in vitro results, they give an insight
on toxicity that may be associated with
inhibitors. Our in vivo data showed that
Torin2 treatment alone caused regres-
sion of EOC xenografts via inactivation
of mTORC1 and mTORC2 and their
downstream targets. Additionally, our

data showed that doses of Torin2 up to
10 mg/kg did not cause weight loss or
lack of activity in mice (data not shown).

Our data also showed that Torin2 at a
suboptimal dose also sensitized EOC
cells to cisplatin-induced apoptosis.
These experiments were conducted be-
cause one of the major drawbacks of
treating EOC with chemotherapy is the
development of resistance to platinum-
based drugs (30,31). Unfortunately, plat-
inum resistance of EOC cells usually dic-
tate the response to treatment and more
than 50% of EOC cases ultimately die of
the disease or relapse due to this ac-
quired resistance (50). This combina-
tional effect of Torin2 and cisplatin is not
only beneficial in inducing apoptosis in
EOC cells, it also decreased the dose of
cisplatin required to treat these cells,
thereby decreasing the level of toxicity
associated with cisplatin. Finally, we
found that cotreatment with Torin2 and
cisplatin at suboptimal doses was not
only effective in vitro on EOC cells: even
in vivo experiments confirmed that this
mode of treatment efficiently regressed
EOC xenograft tumors in nude mice.

CONCLUSION
Our study demonstrates that constitu-

tive activation of the mTOR signaling
complex can be targeted for therapeutic
intervention using Torin2 in EOC cells.
We provide ample evidence regarding
the efficiency of using newer second-gen-
eration mTOR inhibitors for successful
inhibition of cell growth and induction of
apoptosis in vitro and in vivo. Addition-
ally, inhibition of the mTOR signaling
complex via Torin2 treatment potentiates
EOC cells to platinum-based chemother-
apy. Findings of this study highlight the
importance of targeting the mTOR sig-
naling pathway using second-generation
inhibitors as a potential therapeutic in-
tervention for the management of EOC.
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