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Abstract

The identification of novel therapeutic strategies is an impor-
tant urgent requirement for the clinical management of ovarian
cancer, which remains the leading cause of death from gyneco-
logic cancer. Several studies have shown that the antiapoptotic
proteins Bcl-xL andMcl-1, aswell as the proapoptotic protein Bim,
are key elements to be modulated to kill ovarian cancer cells.
Pharmacologic inhibition of Bcl-xL is possible by using BH3-
mimetic molecules like ABT-737. However, inhibition of Mcl-1
and/or promotion of its BH3-only partners (including Bim,
Puma, and Noxa) remains a challenge that may be achieved by
modulating the signaling pathways upstream. This study sought
whether AZD8055-induced mTOR inhibition and/or trametinib-
inducedMEK inhibition couldmodulateMcl-1 and its partners to
decrease the Mcl-1/BH3-only ratio and thus sensitize various
ovarian cancer cell lines to ABT-737. AZD8055 treatment inhib-

ited Mcl-1 and increased Puma expression but did not induce
massive apoptosis in combination with ABT-737. In contrast,
trametinib, which decreased the Mcl-1/BH3-only protein ratio by
upregulating Puma and dephosphorylated active Bim, sensitized
IGROV1-R10 andOVCAR3 cells to ABT-737. Adding AZD8055 to
trametinib further reduced the Mcl-1/BH3-only protein ratio and
triggered apoptosis without ABT-737 in IGROV1-R10 cells. More-
over, the AZD8055/trametinib association highly sensitized all
cell lines including SKOV3 toABT-737, the induceddephosphory-
latedBimbeing crucial in this sensitization. Finally, the three-drug
combination was also very efficient when replacing AZD8055 by
the pan-Akt inhibitorMK-2206. This study thus proposes original
multitargeted strategies andmay have important implications for
the design of novel approaches for ovarian cancer treatment. Mol
Cancer Ther; 16(1); 102–15. �2016 AACR.

Introduction
Epithelial ovarian cancer remains the leading cause of death

from gynecologic malignancies and the fifth most frequent cause
of cancer-related death amongwomen in theUnited States (1). As
ovarian cancer is an asymptomatic disease, the majority of
patients are diagnosed late. The standard treatment consists of
cytoreductive surgery followed by platinum/taxane-based che-
motherapy (2). Although the patients are initially quite sensitive
to this first-line therapy, most of them relapse and develop
chemoresistance, which explains why the 5-year survival rate of
patients with advanced ovarian cancer is below 30%. Therefore,

novel therapeutic strategies are urgently needed to improve the
clinical management of these cancers.

Impairment of apoptosis is a hallmark of cancer and plays a
key role in tumor progression and resistance to anticancer
therapy (3). It is frequently ascribed to an alteration of the
balance between pro- and antiapoptotic members of the Bcl-2
family, mainly due to an upregulation of the antiapoptotic
members. The latter counteract the death signals induced by
oncogenic stress in cancer cells which are thus termed as being
"primed for death" (4). In ovarian cancers, we previously
showed that Bcl-xL and Mcl-1 antiapoptotic proteins cooperate
to protect resistant cells from apoptosis as their concomitant
inhibition results in massive apoptotic cell death (5–7). More-
over, there is growing evidence to suggest that their BH3-only
proapoptotic partner Bim is a crucial actor in induced cell death
(8–10). These observations open up several therapeutic oppor-
tunities as they suggest that ovarian cancer cell apoptosis can be
triggered by inhibiting Bcl-xL and Mcl-1 and/or by promoting
their BH3-only partners, especially Bim. Reducing the [Bcl-xL
and Mcl-1]/BH3-only protein ratio could thus allow BH3-only
proteins to overwhelm the sequestration capacities of their
antiapoptotic partners, resulting in the release and/or activa-
tion of the proapoptotic multidomain proteins and induction
of apoptosis.

The antiapoptotic proteins can be targeted by disrupting
their interactions with their proapoptotic partners by using
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BH3-mimetic molecules (11). ABT-737, one of the most potent
BH3-mimetic compounds, binds with high affinity to the hydro-
phobic groove of Bcl-2, Bcl-xL, and Bcl-w and antagonizes their
antiapoptotic function (12). It induces apoptosis in several
cellular models (12–14) and sensitizes ovarian cancer cells to
platinum compounds (7). Its orally available form, ABT-263
(navitoclax), is currently undergoing phase II clinical evaluation
as a single agent in various tumor types, including ovarian tumors
(http://www.clinicaltrials.gov NCT02591095). However, ABT-
737 is unable to inhibit the activity of Mcl-1 and the latter is
reported to be involved in resistance to ABT-737–induced apo-
ptosis in ovarian cancer cells (7) as well as in numerous other
cancer types (11). Moreover, an ex vivo study of human ovarian
tumors showed that a high expression level of both Mcl-1 and
P-ERK or a low expression level of Bim are predictive of a poor
response to ABT-737 (10). Therefore, identifying strategies that
inhibit Mcl-1 and/or promote Bim represents a major challenge
for sensitizing ovarian cancer cells to ABT-737 and its derivatives.

The expression of both Mcl-1 and its BH3-only partners
(including Bim, Puma, and Noxa) is regulated in a coordinated
manner by survival signaling pathways, in particular the PI3K/
Akt/mTOR and MAPK/ERK pathways, which are known to be
deregulated in around half of high-grade serous ovarian tumors
(15, 16). Akt promotesMcl-1 transcription through the activation
of CREB transcription factor (17) and mTORC1 promotes Mcl-1
translation by phosphorylation of 4E-BP1 (18). Akt pathway also
increases the stability of Mcl-1 through the inhibition of its
phosphorylation by GSK3, which is responsible for its proteaso-
mal degradation (19). The MAPK/ERK pathway has also been
described to regulate Mcl-1 transcription positively, especially
through Elk-1 (20). Moreover, ERK contributes to Mcl-1 stability
by phosphorylation (21). Concerning the proapoptotic partners
of Mcl-1, Akt can repress the transcription of Bim, Puma, andNoxa
through FOXO3a inhibition (22–24) and the transcription of
Puma and Noxa through p53 inhibition (25). The expression of
these three genes can also be downregulated by the MAPK/ERK
pathway, as ERK was reported to induce FOXO3a degradation
(26). Finally, ERK leads to Bim proteasomal degradation as a
consequence of the phosphorylation on its S69 residue (27).
Therefore, targeting the PI3K/Akt/mTOR and/orMAPK/ERKpath-
ways might disrupt the imbalance between Mcl-1 and its proa-
poptotic partners and could constitute a pertinent strategy to
sensitize ovarian cancer cells to ABT-737. In agreement, we
previously showed that the dual PI3K/mTOR inhibitor BEZ235
triggered ovarian cancer cell death in combination with ABT-737,
provided that Bim was induced (9).

AZD8055 is a new ATP-competitive mTOR kinase inhibitor
that was developed to overcome the limitations of the first
generation of allosteric mTORC1 inhibitors (rapamycin and its
analogues) as anticancer agents. AZD8055 potently and selec-
tively inhibits mTOR by directly targeting its catalytic site,
which results in the blockade of the activity of both mTORC1
and mTORC2 complexes (28). It displays antitumoral activity
by inhibiting proliferation and/or inducing cell death in var-
ious cancer cell models (28, 29), including ovarian clear cell
carcinoma (30). Its close analogue AZD2014, which appears
less potent than AZD8055 in vitro but displays better pharma-
cokinetic properties (31), is currently being assessed, alone or
in combination, in phase II clinical trials in solid tumors,
including ovarian carcinomas (http://www.clinicaltrials.gov
NCT02208375).

Trametinib (GSK1120212) is a selective allosteric inhibitor of
MEK1/2 that exerts a cytostatic and/or cytotoxic effect in various
cancer models in particular with B-Raf or Rasmutations (32, 33).
It is thefirstMEK inhibitor that has been approved by the FDA and
the European Medicines Agency (EMA) and has been used since
2013 to treat metastatic melanoma with B-Raf mutations. More-
over, a phase II/III study assessing its efficacy as a single agent in
low-grade serous ovarian cancers has been initiated (http://www.
clinicaltrials.gov NCT02101788).

The aim of this study was to determine whether AZD8055-
induced inhibition of mTOR and/or trametinib-induced inhibi-
tion of MEK could modulate Mcl-1 and its BH3-only partners to
reduce the Mcl-1/BH3-only protein ratio and thus sensitize ovar-
ian cancer cells displaying various cellular contexts to ABT-737.

Materials and Methods
Cell culture and treatment

The human platinum-resistant ovarian carcinoma cell lines
IGROV1-R10, OVCAR3, and SKOV3were used. IGROV1-R10was
established as described previously (34) from the IGROV1 cell
line, kindly provided byDr. Jean B�enard (Institut Gustave Roussy,
Villejuif, France) and OVCAR3 and SKOV3 were obtained from
the ATCC. The cell lines were authenticated in April 2016 by
Microsynth who compared their STR profiles with the ATCC
database. They were grown in RPMI1640 medium þ Glutamax
(Gibco) supplemented with 10% FBS (Gibco) and 33 mmol/L
sodium bicarbonate (Gibco) and were maintained in a 5% CO2

humidified atmosphere at 37�C.
ThemTORC1/2 inhibitor AZD8055, the pan-Akt inhibitorMK-

2206, the dual PI3K/mTOR inhibitor BEZ235, theMEK1/2 inhib-
itor trametinib (GSK1120212), and the BH3-mimetic molecule
ABT-737were purchased from SelleckChem. Stock solutions were
prepared in DMSO and stored according to the manufacturer's
instructions. A total of 5� 105 IGROV1-R10 andOVCAR3 cells or
3.5 � 105 SKOV3 cells were plated in 25-cm2

flasks. Twenty-four
hours later, cells were treated for 24 hours with one of the PI3K/
Akt/mTOR pathway inhibitors and/or with trametinib and ABT-
737 was then added for an additional 24 hours.

siRNA synthesis and transfection
Bim siRNA, denoted si-Bim (siRNA antisense sequence: 50-

uaacagucguaagauaacctt-30) and Puma siRNA, denoted si-Puma
(siRNA antisense sequence: 50-uauacaguaucuuacaggctt-30), were
chemically synthesized by Eurogentec and were received as
annealed oligonucleotides. Control siRNA (ON-TARGETplus
Non-targeting siRNA #1, denoted si-Ctrl) was purchased from
Dharmacon GE Healthcare Life Sciences. A total of 3.5 � 105

IGROV1-R10 and OVCAR3 cells or 2.5 � 105 SKOV3 cells were
plated in 25-cm2

flasks and transfected 24 hours later. Briefly, the
transfecting INTERFERin reagent (Polyplus Transfection) was
added to siRNA diluted in Opti-MEM Reduced Serum Medium
(Gibco). Complexeswere allowed to form for 10minutes at room
temperature before application to cells to reach a final concen-
tration of 20 nmol/L for IGROV1-R10 and SKOV3 cells and
5 nmol/L for OVCAR3 cells. Twenty-four hours after transfection,
cells were treated according to the protocol described above.

Analysis of cell proliferation and viability
Cell proliferation and viability was analyzed by studying the

cell morphology bymicroscopy, the number of viable cells by the
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Trypan blue exclusion method, and the cellular DNA content by
flowcytometry. To performflowcytometry analysis, detached and
adherent cells were pooled, washed with 1� PBS and fixed with
70% ethanol. Cells were then centrifuged at 4,000 rpm for 5
minutes and incubated for 30minutes at 37�C in PBS to allow the
release of low-molecular weight DNA characteristic of apoptotic
cells. Cells were then centrifuged at 4,000 rpm for 5 minutes and
cell pelletswere incubatedwithRNase andpropidium iodide (Life
Technologies). Samples were thereafter analyzed using a Gallios
flow cytometer (Beckman Coulter) and the cell cycle distribution
and sub-G1 fraction were determined using Gallios software
(Beckman Coulter).

Extraction of proteins and Western blot analysis
Proteins were extracted and Western blots were performed as

described previously (9). P-Akt (S473; #4060), P-Akt (T308;
#13038), Akt (#9272), P-GSK3b (S9; #9336), GSK3b
(#12456), P-4E-BP1 (T70; #9455), 4E-BP1 (#9644), P-p70S6K
(T389; #9205), p70S6K (#9202), P-ERK1/2 (T202/Y204; #4370),
ERK1/2 (#9102), Mcl-1 (#5453), Bcl-xL (#2764), P-Bim (S69;
#4581), Bim (#2819), Puma (#12450), and caspase-3 (#9662)
antibodies were purchased fromCell Signaling Technology, Noxa
antibody (#114C307) from Calbiochem, Bcl-2 antibody
(#M0887) from DAKO, and a-tubulin antibody (#T6199) from
Sigma-Aldrich. Western blots shown are from one experiment
representative of at least three independent experiments and cell
lysates. Signals were quantified by pixel densitometry using the
ImageJ software.

Protein immunoprecipitation
Cell lysates were prepared in Lysis buffer [15 mmol/L HEPES,

50 mmol/L KCl, 10 mmol/L NaCl, 1 mmol/L MgCl2, 2.5%
glycerol, 0.5% laurylmaltoside, 5 mmol/L GDP, 1 mmol/L
microcystine, 1 mmol/L sodium orthovanadate and cOmplete
Protease Inhibitor Cocktail (Sigma-Aldrich)]. After 30 minutes
of preclearing with a 50% slurry of protein G-Sepharose (VWR),
proteins were immunoprecipitated overnight at 4�C with anti-
Bcl-xL antibody (#ab32370, Abcam) or anti-Mcl-1 antibody
(#559027, BD Biosciences) previously coupled with protein
G-Sepharose. Immunoprecipitates were recovered by centrifu-
gation, washed three times in Lysis buffer, and incubated 45
minutes at 37�C in Laemmli (Bio-Rad). The immunoprecipi-
tated proteins (recovered after centrifugation), as well as the
whole lysates, were separated by SDS-PAGE and the expression
of Bim, Puma, Mcl-1, and Bcl-xL proteins was analyzed as
described in the previous section.

Statistical analysis
The results are expressed as the mean � SD (error bars) of at

least three independent experiments. Samples were compared
using a one-sample Student t test. Differences were considered
statistically different if P < 0.05.

Results
AZD8055 reduces the Mcl-1/BH3-only protein ratio by
modulating Mcl-1 and Puma but does not efficiently sensitize
ovarian cancer cells to ABT-737

The effect of the dual mTORC1/2 inhibitor AZD8055 was
analyzed in IGROV1-R10, OVCAR3, and SKOV3 platinum-resis-
tant ovarian cancer cell lines. As shown by the phosphorylation
level of targets of mTORC1 [p70S6K (T389) and 4E-BP1 (T70)]
and mTORC2 [Akt (S473)], all these cell lines displayed consti-
tutive activation of the mTOR pathway and AZD8055 drastically
inhibited this activation (Fig. 1A). As reported elsewhere (35), this
inhibition was associated with an upregulation of Akt phosphor-
ylation on its T308 residue, maintaining it in an activated state, as
suggested by the high phosphorylation level of its direct target
GSK3b in response to treatment. A 48-hour treatment with
AZD8055 at optimal concentrations didnot trigger any apoptosis,
as suggested by the absence of caspase-3 cleavage (Fig. 1B).
However, it exerted a strong blockade in the G0–G1 phases,
resulting in a decrease in the number of viable cells (Fig. 1B;
Supplementary Fig. S1). AZD8055 therefore displayed a cytostatic
effect without inducing apoptosis in any of the tested cell lines.

We then explored the effect of AZD8055 on the expression of
anti- and proapoptotic proteins of the Bcl-2 family, the basal level
of which exhibited differences between the studied cell lines
(Supplementary Fig. S2). A 24-hour exposure to AZD8055 strong-
ly inhibited Mcl-1 expression in IGROV1-R10 and SKOV3 cells
but did not majorly modulate it in OVCAR3 cells (Fig. 1C). The
strong decrease in Mcl-1 protein expression was not associated
with a strong decrease in the expression of its mRNA (Supple-
mentary Fig. S3A). Moreover, AZD8055 treatment could reduce
the upregulation of Mcl-1 expression observed in response to the
proteasome inhibitor bortezomib (Supplementary Fig. S3B),
suggesting that the mechanism of action underlying AZD8055-
mediated Mcl-1 inhibition was different from promotion of its
proteasomal degradation. Bcl-xL and Bcl-2 protein expression
remained unchanged in response to treatment (Fig. 1C). Exposure
to AZD8055 upregulated Bim protein and mRNA expression in
the IGROV1-R10 cells (Fig. 1C; Supplementary Fig. S3A), but it
also increased the phosphorylation of Bim S69 residue in both
IGROV1-R10 and OVCAR3 cells, which was described to impede

Figure 1.
AZD8055 reduces the Mcl-1/BH3-only protein ratio by modulating Mcl-1 and Puma but does not efficiently sensitize ovarian cancer cells to ABT-737. The
effect of AZD8055 � ABT-737 treatment was investigated in IGROV1-R10 (left column), OVCAR3 (middle column), and SKOV3 (right column) ovarian
cancer cell lines. The effect of AZD8055 treatment on the activation of the PI3K/Akt/mTOR pathwaywas analyzed at 24 hours by studying the protein expression of
P-Akt (S473 and T308) and total Akt, P-GSK3b (S9), and total GSK3b, P-p70S6K (T389) and total p70S6K and P-4E-BP1 (T70) and total 4E-BP1 by
Western blot analysis (A). The effect of a 48-hour AZD8055 treatment on proliferation and apoptosis was investigated by analyzing the caspase-3 cleavage
obtained by Western blot analysis (top left), the distribution of the cells in the cell cycle phases studied by flow cytometry (right) and the number of viable cells
assessed by the Trypan blue exclusion test (bottom left, histograms represent the relative viable cell number in the treated cells normalized to that in control
cells;B). The effect of a 24-hour AZD8055 treatment on the expressionof proteins of theBcl-2 familywas investigatedbyWestern blot analysis. The expression levels
of Mcl-1, Bim, and Puma proteins were quantified using ImageJ software and normalized to that of a-tubulin. Histograms represent the relative protein
expression of the treated cells normalized to that in control cells (C). The three cell lines were treated with AZD8055 for 24 hours and ABT-737 (5 mmol/L) was then
added for an additional 24 hours. The effect of the treatment on apoptosis induction was analyzed at 48 hours by studying DNA content histograms (top)
and the percentage of sub-G1 events (middle) both obtained by flow cytometry, and by analyzing caspase-3 cleavage by Western blot analysis (bottom).
NS, P > 0.05; �� , P < 0.01; ��� , P < 0.001 (Student t test; D).

Tram/AZD8055 Sensitizes Ovarian Cancer Cells to ABT-737

www.aacrjournals.org Mol Cancer Ther; 16(1) January 2017 105

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/1/102/1852118/102.pdf by guest on 19 M
ay 2023



P�etigny-Lechartier et al.

Mol Cancer Ther; 16(1) January 2017 Molecular Cancer Therapeutics106

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/1/102/1852118/102.pdf by guest on 19 M
ay 2023



its activity (27, 36, 37). Bim phosphorylation upregulation was
correlated with an upregulation of ERK activation in response to
AZD8055 treatment (Supplementary Fig. S4). AZD8055 also
increased Puma mRNA and protein expression in all cell lines
(Fig. 1C; Supplementary Fig. S3A). In contrast, the protein expres-
sion of Noxa appeared to be downregulated in response to low
AZD8055 concentrations. To summarize, AZD8055 treatment led
to a reduction in theMcl-1/BH3-only protein ratio bymodulating
Mcl-1 in IGROV1-R10 and SKOV3 cell lines and Puma in all the
cell lines.

We next investigated whether combining the latter AZD8055-
mediated effects with inhibition of Bcl-xL activity using the BH3-
mimetic molecule ABT-737 would efficiently kill ovarian cancer
cells. As AZD8055-induced modulation of protein expression
occurs more slowly than ABT-737–induced inhibition of Bcl-xL
activity, cells were pretreated for 24 hours with AZD8055 so that
the protein ratio of Mcl-1/BH3-only partners was already reduced
whenABT-737was added. Twenty-four hours after the addition of
5 mmol/L ABT-737, the combined AZD8055/ABT-737 treatment
did not triggermassive apoptosis, as demonstrated by the absence
of massive cell detachment (Supplementary Fig. S1), the quite
modest sub-G1 fraction, and the very weak caspase-3 cleavage
(Fig. 1D).

Altogether, these results showed that although AZD8055 treat-
ment could modify Mcl-1 and Puma expression, it was not
sufficient to strongly sensitize ovarian cancer cells to ABT-737.

Trametinib reduces the Mcl-1/BH3-only protein ratio by
upregulating Puma and active Bim and sensitizes IGROV1-R10
and OVCAR3 cell lines to ABT-737

We explored the effects of the MEK1/2 inhibitor trametinib in
our three cell lines displaying constitutive ERK activation
and showed that this molecule decreased the phosphorylation
of ERK (T202/Y204) from concentrations to 10 nmol/L (Fig. 2A).
A 48-hour treatment with trametinib at optimal concentrations
did not induce any caspase-3 cleavage (Fig. 2B). In IGROV1-R10
and SKOV3 cells, trametinib elicited a blockade in the G0–G1

phases, leading to a decrease in the number of viable cells as
compared with the control cells, but it did not impact OVCAR3
cell proliferation (Fig. 2B; Supplementary Fig. S1).

The investigation of the effect of trametinib on the Bcl-2 family
protein expression first indicated that it did not greatly modulate
the expression of the antiapoptotic Mcl-1, Bcl-xL, and Bcl-2
proteins (Fig. 2C). In contrast, this molecule increased Bim
expression and more importantly, the induced Bim appeared to
be in its dephosphorylated active form, as shown by both the shift
of the corresponding band on the Western blot profiles and the

reduction in P-Bim (S69) expression. Puma expression was also
upregulated by trametinib. The increase in the expression of these
two proapoptotic proteins was associated with an increase in the
expression of their respective mRNAs (Supplementary Fig. S3A).
On the other hand, the protein expression ofNoxawas reduced by
the treatment (Fig. 2C).

To determine whether trametinib could sensitize cells to
ABT-737, we studied the combination of these two inhibitors
using a sequential treatment protocol, as described above
(Fig. 2D). In both IGROV1-R10 and OVCAR3 cells, the trame-
tinib/ABT-737 association interestingly elicited a massive apo-
ptosis, as demonstrated by the cell detachment (Supplementary
Fig. S1), the emergence of a high sub-G1 peak, and the cleavage
of caspase-3 (Fig. 2D). However, the analysis of all these
parameters in SKOV3 cells suggested that the dual treatment
was not very efficient in this cell line.

To conclude, trametinib-induced MEK inhibition downregu-
lated theMcl-1/BH3-only protein ratio by upregulating Puma and
active Bim and it was sufficient to sensitize IGROV1-R10 and
OVCAR3 cells to ABT-737.

The AZD8055/trametinib combination strongly reduces the
Mcl-1/BH3-only protein ratio by modulating Mcl-1, Bim, and
Puma and highly sensitizes all the ovarian cancer cell lines
studied to ABT-737

We then wondered whether the association of the effects of
AZD8055 and trametinib on Mcl-1, Bim, and Puma expression
could sensitize SKOV3 cells toABT-737.Wealso exploredwhether
the apoptotic effect of trametinib/ABT-737 observed in IGROV1-
R10 and OVCAR3 cells could be further improved by adding
AZD8055 to it. To address these questions, cells were pretreated
with AZD8055/trametinib for 24 hours and ABT-737 was then
added.

As compared with AZD8055 or trametinib alone, the simulta-
neous treatmentwith thesemolecules reduced the protein ratio of
Mcl-1/[Bim and Puma] more efficiently as it led to optimal Mcl-1
downregulation and both Puma and dephosphorylated Bim
upregulation (Fig. 3A). Noticeably, Bim protein induction was
stronger in response to AZD8055/trametinib than in response to
trametinib alone.

The AZD8055/trametinib combination did not induce signif-
icant apoptosis alone except in the IGROV1-R10 cells, which
exhibited cellular detachment (Fig. 3B), a rather high sub-G1 peak
(Fig. 3C, top and middle) and caspase-3 cleavage (Fig. 3C,
bottom). Interestingly, the AZD8055/trametinib combination
strongly sensitized all the three cell lines to ABT-737, as suggested
by the cell morphology (Fig. 3B), the proportion of events in the

Figure 2.
Trametinib reduces theMcl-1/BH3-only protein ratio by upregulating PumaandactiveBimand sensitizes IGROV1-R10 andOVCAR3 cell lines toABT-737. The effect of
trametinib � ABT-737 treatment was investigated in IGROV1-R10 (left column), OVCAR3 (middle column), and SKOV3 (right column) ovarian cancer
cell lines. The effect of trametinib treatment on activation of theMAPK/ERKpathwaywas analyzed at 24hours by studying theprotein expression of P-ERK1/2 (T202/
Y204) and total ERK1/2 by Western blot analysis (A). The effect of a 48-hour trametinib treatment on proliferation and apoptosis was investigated by
analyzing the caspase-3 cleavage obtained byWestern blot analysis (top left), the distribution of the cells in the cell cycle phases studied by flow cytometry (right)
and the number of viable cells assessed by the Trypan blue exclusion test (bottom left, histograms represent the relative viable cell number in the
treated cells normalized to that in control cells; B). The effect of a 24-hour trametinib treatment on the expression of proteins of the Bcl-2 family was investigated by
Western blot analysis. The expression levels of Mcl-1, Bim, and Puma proteins were quantified using ImageJ software and normalized to that of a-tubulin.
Histograms represent the relative protein expression of treated cells normalized to that of control cells (C). The three cell lines were treated with trametinib
for 24 hours and ABT-737 (5 mmol/L) was then added for an additional 24 hours. The effect of the treatment on apoptosis induction was analyzed at
48 hours by studying DNA content histograms (top) and the percentage of sub-G1 events (middle) both obtained by flow cytometry, and by analyzing
caspase-3 cleavage by Western blot analysis (bottom). ��, P < 0.01; ���, P < 0.001 (Student t test; D).
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Figure 3.

The AZD8055/trametinib combination strongly reduces the Mcl-1/BH3-only protein ratio by modulating Mcl-1, Bim, and Puma and highly sensitizes all the
ovarian cancer cell lines studied to ABT-737. IGROV1-R10 (left column), OVCAR3 (middle column), and SKOV3 (right column) ovarian cancer cell lines were
treated with AZD8055 � trametinib for 24 hours and ABT-737 (5 mmol/L) was then added. (Continued on the following page.)
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sub-G1 fraction (Fig. 3C, top and middle) and the caspase-3
cleavage (Fig. 3C, bottom). Immunoprecipitation analysis reveal-
ed that ABT-737 released BimandPuma fromBcl-xL sequestration
in all the cell lines, this release being correlated with an upregula-
tion of the Bim and Puma fraction interacting with Mcl-1
(Fig. 3D). The triple treatment elicited an even more intense
apoptosis than the trametinib/ABT-737 dual treatment (previ-
ously described as efficient in IGROV1-R10 and OVCAR3
cells, Fig. 2D). Indeed, the proportion of sub-G1 events and the
caspase-3 cleavage observed in response to each of these treat-
ments displayed significant differences (Fig. 3C). The same con-
clusion was drawn as far as the AZD8055/trametinib dual com-
bination is concerned in IGROV1-R10 cells (Fig. 3C). Moreover,
the cytotoxic effect of the AZD8055/trametinib/ABT-737 combi-
nation was still observed 3 and 6 days after the beginning of
the treatment (Supplementary Fig. S5).

Altogether, these results emphasized the interest of the three-
drug combination of AZD8055, trametinib, and ABT-737 to
eradicate ovarian cancer cells.

Bim, and in some cases, Puma, play a role in the apoptosis
induced by the trametinib/ABT-737 and AZD8055/trametinib/
ABT-737 combinations in ovarian cancer cells

To investigate the potential role of Bim and Puma induction in
the cell death mediated by trametinib/ABT-737 and AZD8055/
trametinib/ABT-737, we silenced their expression before exposing
cells to the combined treatments. We first checked that Bim and
Puma expressions were repressed 48 hours after siRNA transfec-
tion (Fig. 4A). In IGROV1-R10 cells, silencing Bim induced a
resistance to the apoptosis elicited by both the dual and triple
combinations, as shown by the lower cell detachment (Fig. 4B),
the increased number of viable cells (Fig. 4C), and the lower
caspase-3 cleavage (Fig. 4D) as compared with control siRNA–
transfected cells. On the contrary, such a resistance was not
observed when Puma was repressed. These results suggest that
Bim, but not Puma, was involved in the apoptotic response to the
combined treatments in IGROV1-R10 cells. In SKOV3 cells, both
Bim and Puma seemed to play a role in the apoptosis triggered by
the triple combination, as silencing each of them reduced the
intensity of this cell death (Fig. 4B–D). The same conclusion was
drawn in response to trametinib/ABT-737 in theOVCAR3 cell line
(Fig. 4B–D).However, in the latter, only the inhibitionof Bim, but
not that of Puma, induced an important resistance to the triple
treatment (Fig. 4B–D).

The pan-Akt inhibitor MK-2206 and the dual PI3K/mTOR
inhibitor BEZ235 also efficiently induce apoptosis in
combination with trametinib and ABT-737 in ovarian cancer
cells

Several inhibitors have been developed to target the PI3K/Akt/
mTOR pathway at different nodes. Some studies demonstrated

the anticancer potential of combining aPI3K inhibitorwithboth a
MEK inhibitor and navitoclax (38). To extend our results, we
compared the efficacy of AZD8055 with both the pan-Akt inhib-
itor MK-2206 (Supplementary Fig. S6) and the dual PI3K/mTOR
inhibitor BEZ235 (Supplementary Fig. S6) in the context of an
association with trametinib and ABT-737 in ovarian cancer cells.

We first checked that the tested inhibitors repressed the phos-
phorylation of their respective targets or of proteins directly
downstream them (Fig. 5A). As previously described, AZD8055
treatment inhibited the phosphorylation of Akt (S473), p70S6K
(T389), and 4E-BP1 (T70). MK-2206 treatment abrogated Akt
phosphorylation on both of S473 and T308 sites and inhibited
p70S6K phosphorylation (T389) but did not impact 4E-BP1
phosphorylation (T70). Finally, BEZ235 repressed the phosphor-
ylation of all the above cited proteins. The association of each of
the three PI3K/Akt/mTOR pathway inhibitors with trametinib
efficiently decreased the Mcl-1/[Bim and Puma] protein ratio by
inhibiting Mcl-1 (IGROV1-R10 and SKOV3 cells) and inducing
active Bim and Puma expression (Fig. 5B). Moreover, in the
presence of ABT-737, each association induced a drastic reduction
in the number of viable cells (Fig. 5C) and a strong apoptosis, as
testified by the high proportion of sub-G1 events (Fig. 5D) and the
caspase-3 cleavage (Fig. 5E). AZD8055-mediated inhibition of
mTOR proved to be as potent as BEZ235-mediated inhibition of
both mTOR and PI3K to induce apoptosis in combination with
trametinib and ABT-737 (Fig. 5D and E). The MK-2206/trameti-
nib/ABT-737 combination appeared to be very slightly less cyto-
toxic than the other two (Fig. 5C–E).

Collectively, these results suggest that when combined with
inhibition of MEK and Bcl-xL, targeting either Akt or both PI3K
and mTOR is also efficient to kill ovarian cancer cells.

Discussion
The development of innovative strategies represents a crucial

challenge to improve the currently very low survival rate of
patients with advanced ovarian cancer. Several studies have
shown that the antiapoptotic proteins Bcl-xL and Mcl-1, as well
as the proapoptotic protein Bim, are key elements for therapeutic
intervention to kill ovarian cancer cells (5–10). In this context, the
objective of the current work was to evaluate whether AZD8055-
induced mTOR inhibition and/or trametinib-induced MEK inhi-
bition could disrupt the imbalance between Mcl-1 and its proa-
poptotic partners, including Bim, and thus sensitize platinum-
refractory ovarian cancer cell lines to the potent Bcl-xL inhibitor
ABT-737.

Toour knowledge, our study is thefirst to investigate the impact
ofmTOR inhibition on Bcl-2 family protein expression in ovarian
cancer cells. It shows that AZD8055-induced mTOR inhibition
decreases Mcl-1 expression by more than half in two of three
ovarian cancer cell lines, which is consistent with results obtained
in other cancer cell types (39–42). This decrease may be ascribed

(Continued.) The effect of a 24-hour treatment with AZD8055 � trametinib on the protein expression of Mcl-1, P-Bim (S69), Bim, and Puma was investigated by
Western blot analysis (A). The effect of the dual and triple combinations on apoptosis induction was investigated 24 hours after ABT-737 addition by
studying the cell morphology (B), the DNA content histograms (top) and the percentage of sub-G1 events (middle) both obtained by flow cytometry, and the
caspase-3 cleavage analyzed by Western blot analysis (bottom; C). The effect of the different treatments on the sequestration of Bim and Puma by Bcl-xL
and Mcl-1 was investigated 15 hours (IGROV1-R10 and OVCAR3 cell lines) or 24 hours (SKOV3 cell line) after ABT-737 addition by realizing an immunoprecipitation
using anti-Bcl-xL or anti-Mcl-1 antibody. The protein expression level of Bim and Puma in the immunoprecipitated lysates (IP) and in the whole lysates was
analyzed by Western blot analysis (D). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 (Student t test).
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to translational rather than transcriptional or post-translational
mechanisms. Indeed, AZD8055 treatment drastically abrogated
the phosphorylation of 4E-BP1, which is known to foster Mcl-1

translation (18), whereas it did not efficiently inhibit Mcl-1
mRNA expression and it could partly counteract the upregulation
of Mcl-1 expression observed in response to proteasome
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Figure 4.

Bim and in some cases, Puma, play a role in the apoptosis induced by the trametinib/ABT-737 and AZD8055/trametinib/ABT-737 combinations in ovarian
cancer cells. IGROV1-R10 (left column),OVCAR3 (middle column), andSKOV3 (right column) ovarian cancer cellswere transfectedwith control (si-Ctrl), Bim (si-Bim),
or Puma (si-Puma) siRNAs at a concentration of 20 nmol/L (IGROV1-R10 and SKOV3) or 5 nmol/L (OVCAR3). Twenty-four hours later, the cells were
treated with trametinib or with AZD8055/trametinib for 24 hours. ABT-737 was then added. The concentrations of the different molecules used were the
same as those presented in Fig. 3. The efficiency of Bim and Puma silencing was monitored by Western blot analysis 48 hours after transfection (A). The
effect of the transfection and treatment on the induction of apoptosis was investigated 5 hours after ABT-737 addition (for IGROV1-R10 treated with
AZD8055/trametinib/ABT-737 combination) or 24 hours after ABT-737 addition (for all the other conditions and cell lines) by studying the cell morphology (B), the
number of viable cells assessed by the Trypan blue exclusion test (histograms represent the relative viable cell number in the treated cells transfected with
si-Bim or si-Puma normalized to that in treated cells transfected with si-Ctrl; C), and the caspase-3 cleavage analyzed by Western blot analysis (D).
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The pan-Akt inhibitorMK-2206 and the dual PI3K/mTOR inhibitor BEZ235 also efficiently induce apoptosis in combinationwith trametinib andABT-737 in ovarian cancer
cells. IGROV1-R10 (left column), OVCAR3 (middle column), and SKOV3 (right column) ovarian cancer cells were treated with AZD8055 � trametinib, MK-2206 �
trametinib, or BEZ235� trametinib for 24 hours andABT-737was then added for an additional 24 hours. The concentrations ofAZD8055, trametinib, andABT-737were
the same as those presented in Fig. 3. The effect of AZD8055, MK-2206, or BEZ235 treatment on PI3K/Akt/mTOR pathway activation was analyzed at 24 hours
by studying the protein expression of P-Akt (S473 and T308) and total Akt, P-p70S6K (T389) and total p70S6K and P-4E-BP1 (T70) and total 4E-BP1 byWestern blot
analysis (A). The effect of the combination ofAZD8055,MK-2206, or BEZ235with trametinib on the protein expressionofMcl-1, Bim, and Pumawas analyzed at 24hours
by Western blot analysis (B). The effect of the combination of AZD8055, MK-2206, or BEZ235 with trametinib and ABT-737 on proliferation and apoptosis was
investigated at 48 hours by studying the number of viable cells assessed by the Trypan blue exclusion test (histograms represent the relative viable cell number in
the treated cells normalized to that in control cells;C), the percentage of sub-G1 events obtained by flowcytometry (D) and the caspase-3 cleavage analyzedbyWestern
blot analysis. The cropped control lanes were from the same gels as the rest of the lanes (E). NS, P > 0.05; � , P < 0.05; �� , P < 0.01, Student t test.
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inhibition. On the contrary, AZD8055 treatment upregulated
Puma expression in all the cancer cell lines studied and Bim
expression in IGROV1-R10 cells, both at mRNA and protein
levels. However, basal Bimwas phosphorylated on its S69 residue
in all the cell lines and this phosphorylation was reinforced by
AZD8055 treatment in the two cell lines displaying the highest
Bim levels. This was probably a direct consequence of the increase
in ERK activation observed in response to mTOR inhibition,
which evidenced a cell-dependent compensatory mechanism
between themTORandMEKpathways. BimS69phosphorylation
results in the inhibition of Bim proapoptotic activity, as this
phosphorylation has been reported to dissociate Bim from
Mcl-1 and Bcl-xL (36), to disrupt its interaction with Bax (37),
or to promote its ubiquitination and subsequent proteasomal
degradation (27).

AZD8055 has been shown to sensitize cancer cells to ABT-737
or to ABT-263 in models of K-Ras- or B-Raf–mutant colorectal
cancer (40), small-cell lung cancer (39), and rhabdomyosarcoma
(41), and AZD8055-induced Mcl-1 repression played a crucial
role in this sensitization. However, the combination of AZD8055
and ABT-737 did not induce any strong apoptosis in our ovarian
cancer cell lines, in spite of an efficient Mcl-1 inhibition. Our
previous results highlighted the importance of considering the
ratio between Mcl-1 and its BH3-only partners rather than the
expression of each of them alone when developing ABT-737–
sensitizing strategies (9). In addition, the ratioof basal Bim toMcl-
1 mRNA expression was reported to predict ABT-263 sensitivity
more effectively than the expression of each biomarker alone in a
panel of more than 500 cancer cell lines (39). We therefore
hypothesized that the AZD8055-induced modulation of both
Mcl-1 and Puma was not sufficient to efficiently sensitize ovarian
cancer cells to ABT-737 and that theMcl-1/BH3-only protein ratio
had to be further reduced, in particular by upregulating active Bim
protein.

MEK inhibition has been reported to induce Bim (9, 43–47)
and Puma expression (46) and/or to repress Mcl-1 expression
(46, 48) in various cancer cell types. We next investigated whether
MEK inhibition could be a relevant strategy to modulate these
proteins in ovarian cancer cells and to sensitize them to ABT-737.
To address this question, we chose the first MEK inhibitor that has
been approved by the FDAand the EMA: trametinib. The latter did
not majorly impact Mcl-1 expression in our cell lines. Neverthe-
less, it strongly decreased the Mcl-1/BH3-only protein ratio by
upregulating both Puma and dephosphorylated active Bim
expression. This could result from the increase in their transcript
expression and also, regarding Bim, from the inhibition of its
proteasomal degradation as a consequence of its dephosphory-
lation. Trametinib did not induce apoptosis despite Bim and
Puma upregulation, probably because of their sequestration by
antiapoptotic proteins.

Interestingly, however, trametinib efficiently sensitized
IGROV1-R10 and OVCAR3 cells to ABT-737, suggesting that
trametinib-mediated upregulation of Bim and Puma primed
them for death by Bcl-xL inhibition. This study therefore provides
what we believe to be the first evidence of the efficacy of trame-
tinib/ABT-737 combination in ovarian cancer cells and converges
with other studies performed with different MEK inhibitors
in various B-Raf or K-Ras–mutant cancer cells (44–47) and in
hematologic cancer cells (43, 48, 49). It could have important
clinical repercussions for ovarian carcinoma treatment, especially
as trametinib/navitoclax combination is currently being assessed

in aphase I/II clinical trial for patients suffering fromvarious other
solid tumor types (http://www.clinicaltrials.gov NCT02079740).
The role played by trametinib-induced Bim and Puma in the
observed apoptosis seemed to be context-dependent: in IGROV1-
R10 cells, only Bim seemed to be involved in the response to
trametinib/ABT-737 treatment, whereas in OVCAR3 cells, both
Bim and Puma seemed to be implicated. Finally, it can be
hypothesized that in SKOV3 cells, Bim and Puma were not
sufficiently induced by MEK inhibition and remained for the
most part buffered by Mcl-1 after ABT-737 treatment, thereby
explaining the relative inefficacy of the ABT-737/trametinib
combination.

Furthermore, the association of AZD8055 and trametinib
was much more efficient in reducing the Mcl-1/BH3-only
protein ratio than each of these molecules alone, as it com-
bined the effects of both on Mcl-1, Bim, and Puma expression.
We therefore explored whether this association could sensitize
SKOV3 cells to ABT-737 and strengthen the trametinib-
induced sensitization observed in IGROV1-R10 and OVCAR3
cells. Unexpectedly, the inhibition of both mTOR and MAPK
signaling pathways induced apoptosis on its own in IGROV1-
R10 cells, whereas interrupting each of these signaling path-
ways independently did not trigger cell death in any of the
ovarian cancer cell lines tested. It can be hypothesized that in
AZD8055/trametinib-treated IGROV1-R10 cells, both the
upregulation of Bim and Puma expression and the reduction
of their sequestration by Mcl-1 increased the pool of free active
BH3-only proteins to a level sufficient to overwhelm the
sequestration capacities of Bcl-xL. This demonstrates that
Bcl-xL inhibition may not be necessary to induce ovarian
cancer cell apoptosis, provided that the Mcl-1/BH3-only ratio
is sufficiently reduced, which opens up new therapeutic
options. Moreover, and as hypothesized, our results originally
showed that the AZD8055/trametinib combination highly
sensitized all ovarian cancer cell lines to ABT-737. The apo-
ptotic response was even stronger than that described (i) after
trametinib/ABT-737 treatment in IGROV1-R10 and OVCAR3
cells, probably because of the lower Mcl-1/BH3-only protein
ratio, or (ii) after AZD8055/trametinib treatment in IGROV1-
R10 cells, because of the ABT-737–mediated release of Bim
and Puma from Bcl-xL sequestration. To our knowledge, the
interest of combining mTOR and MEK inhibition to sensitize
cancer cells to ABT-737 has not been demonstrated in solid
tumors to date. A recent study performed in acute myeloid
leukemia cells showed that cotargeting mTOR and MEK had
synergistic apoptotic effects and that addition of ABT-737
further enhanced this effect (42). In all our cell lines, the
AZD8055/trametinib-induced upregulation of Bim was critical
for the induction of apoptosis by the triple combination, as its
inhibition elicited resistance. This further designates Bim as
a crucial actor in the sensitization of ovarian cancer cells to
ABT-737. Puma upregulation also contributed to AZD8055/
trametinib/ABT-737–induced cell death in SKOV3 cells that
displayed a very low level of basal Bim.

To extend the targeted strategies relevant for ovarian cancer
therapy that these results herald, we finally investigated wheth-
er replacing AZD8055 by inhibitors targeting other nodes of
the PI3K/Akt/mTOR pathway could also efficiently kill ovarian
cancer cells in combination with trametinib and ABT-737.
Cotreatment with the dual PI3K/mTOR inhibitor BEZ235
and trametinib reduced the Mcl-1/BH3-only protein ratio and
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highly sensitized all cell lines to ABT-737, further validating the
results we previously obtained in SKOV3 cells with another
MEK inhibitor (9). However, the apoptotic effect observed
using the dual PI3K/mTOR inhibitor was no better than that
obtained with the mTOR inhibitor, suggesting that in such
combinations, PI3K inhibition is not mandatory when mTOR
is repressed. This implies that with similar efficacies, mTOR
inhibitors should be preferred to dual PI3K/mTOR inhibitors to
avoid the potential toxicity inherent to PI3K inhibition. Inter-
estingly, combining the pan-Akt inhibitor MK-2206 with tra-
metinib and ABT-737 also proved to be very efficient to trigger
ovarian cancer cell apoptosis. As Akt inhibitors are in clinical
development and are especially being tested in phase I/II
clinical trials in ovarian cancers (http://www.clinicaltrials.gov
NCT02208375 and NCT01283035), this triple treatment could
also be very promising. Finally, previous results from our team
demonstrated that targeting both PI3K/Akt/mTOR and MAPK/
ERK pathways by inhibiting the EGF receptor upstream pro-
duced efficient sensitization to ABT-737 in IGROV1-R10 and
OVCAR3 cells, but not in SKOV3 cells, probably because of
alterations downstream the receptor (8). Altogether, these
results suggest that the most relevant strategy to sensitize
ovarian cancer cells to ABT-737 via the inhibition of MAPK/
ERK and PI3K/Akt/mTOR pathways is to combine a MEK
inhibitor with an mTOR or an Akt inhibitor.

In conclusion, our results showed that AZD8055-mediated
mTOR inhibition could modulate Mcl-1 and Puma expression
but not sufficiently to induce massive ovarian cancer cell
apoptosis in combination with ABT-737. In contrast, trameti-
nib-mediated MEK inhibition, which allowed Puma and active
Bim expression induction, proved to be powerful for sensitizing
these cells to ABT-737. The efficacy of therapeutics targeting
signaling pathways is reported to be often limited by compen-
satory phenomena resulting from complex crosstalk and feed-
back mechanisms within and between these pathways. This is
particularly the case for the PI3K/Akt/mTOR and MAPK/ERK
pathways which assume a redundant function, thus emphasiz-
ing the need for multitargeting strategies (50). To overcome
resistance to ABT-737 by reducing the Mcl-1/BH3-only protein
ratio, our work also supports the concept that the most effective
strategy is to target both pathways simultaneously. In particu-
lar, it allowed us to propose the use of the AZD8055/trametinib
or MK-2206/trametinib combinations as original approaches
to sensitize ovarian cancer cell lines to ABT-737, with the

induced dephosphorylated Bim being of major importance.
This study may therefore open up a new pathway toward new
therapeutic opportunities for the clinical management of ovar-
ian carcinomas.
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