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Background: Rhabdomyosarcoma (RMS) frequently harbor aberrant PI3K/mTOR pathway activation and are resistant to
apoptosis.
Results: The mTOR inhibitor AZD8055 and the Bcl-2 inhibitor ABT-737 synergize to trigger apoptosis.
Conclusion: Cotreatment with AZD8055 and ABT-737 represents a new approach for apoptosis induction in RMS.
Significance: These findings have important implications for the development of novel treatment strategies for RMS.

The PI3K/mammalian Target of Rapamycin (mTOR) path-
way is often aberrantly activated in rhabdomyosarcoma (RMS)
and represents a promising therapeutic target. Recent evalua-
tion of AZD8055, an ATP-competitive mTOR inhibitor, by the
Preclinical Pediatric Testing Program showed in vivo antitumor
activity against childhood solid tumors, including RMS. There-
fore, in the present study,we searched forAZD8055-based com-
bination therapies. Here, we identify a new synergistic lethality
of AZD8055 together with ABT-737, a BH3mimetic that antag-
onizes Bcl-2, Bcl-xL, and Bcl-w but not Mcl-1. AZD8055 and
ABT-737 cooperate to induce apoptosis in alveolar and embry-
onal RMS cells in a highly synergistic fashion (combination
index < 0.2). Synergistic induction of apoptosis by AZD8055
and ABT-737 is confirmed on the molecular level, as AZD8055
and ABT-737 cooperate to trigger loss of mitochondrial mem-
brane potential, activation of caspases, and caspase-dependent
apoptosis that is blocked by the pan-caspase inhibitor Z-VAD-
fmk. Similar to AZD8055, the PI3K/mTOR inhibitor NVP-
BEZ235, the PI3K inhibitor NVP-BKM120 and Akt inhibitor
synergize with ABT-737 to trigger apoptosis, whereas no coop-
erativity is found for the mTOR complex 1 inhibitor RAD001.
Interestingly,molecular studies reveal a correlationbetween the
ability of different PI3K/mTOR inhibitors to potentiate ABT-
737-induced apoptosis and to suppress Mcl-1 protein levels.
Importantly, knockdown of Mcl-1 increases ABT-737-induced
apoptosis similar toAZD8055/ABT-737 cotreatment.This indi-
cates that AZD8055-mediated suppression of Mcl-1 protein
plays an important role in the synergistic drug interaction. By
identifying a novel synergistic interaction of AZD8055 and
ABT-737, our findings have important implications for the
development of molecular targeted therapies for RMS.

Rhabdomyosarcoma (RMS)2 is the most frequent pediatric
soft tissue sarcoma and can be classified into twomajor entities,
i.e. alveolar RMS and embryonal RMS, based on histological and
molecular features (1, 2). Despite aggressive therapies, including
surgery, chemotherapy, and radiation, patients with high-risk or
relapsed disease still have a poor prognosis (3). This highlights the
need for novel, more efficient treatment approaches.
There have been many efforts to elucidate the molecular

biology of sarcomas, and considerable progress has been made
to understand signaling networks that regulate cancer progres-
sion and treatment resistance (4–6). For example, the PI3K/
mTOR signaling pathway is often aberrantly activated in RMS,
which has been linked to reduced survival (7). Hence, this path-
way represents a promising target for therapeutic exploitation
in RMS.
mTOR forms the catalytic subunit of two structurally and

functionally distinct protein complexes, i.e. mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2), which are
defined by unique components, namely RAPTOR (regulatory-
associated protein ofmTOR) formTORC1 andRICTOR (rapa-
mycin-insensitive companion of mTOR) for mTORC2 (8).
mTOR complexes are regulated by various signals, including
growth factors, nutrients and cellular stress (9). mTORC1 pro-
motes translation, cell growth, and metabolism via the transla-
tional regulators eIF4E-binding protein 1 (4E-BP1) and S6 ribo-
somal protein (9, 10). mTORC2 phosphorylates and activates
several AGC kinases, including Akt, and is also involved in the
regulation of cell motility and invasion via actin cytoskeletal
organization (8).
The first generation of allosteric mTORC1 inhibitors com-

prises rapamycin (sirolimus) and its analogues (rapalogues),
including temsirolimus, everolimus (also known as RAD001),
and ridaforolimus (11). In clinical trials, rapalogues turned out
to have only limited success, which might be explained by loss

* This work was supported in part by a grant from the Deutsche Krebshilfe (to
S. F.).

□S This article contains supplemental Figs. 1–3.
1 To whom correspondence should be addressed: Inst. for Experimental Can-

cer Research in Pediatrics, Goethe-University Frankfurt, Komturstr. 3a,
60528 Frankfurt, Germany. Tel.: 49-69-67866557; Fax: 49-69-6786659157;
E-mail: simone.fulda@kgu.de.

2 The abbreviations used are: RMS, rhabdomyosarcoma; 4E-BP1, eIF4E-
binding protein 1; CI, combination index; mTOR, mammalian target of
rapamycin; mTORC1, mTOR complex 1; PARP, poly(ADP-ribose) polymer-
ase; PI, propidium iodide; Z-VAD-fmk, N-benzyloxycarbonyl-Val-Ala-Asp-
fluoromethylketone.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 49, pp. 35287–35296, December 6, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

DECEMBER 6, 2013 • VOLUME 288 • NUMBER 49 JOURNAL OF BIOLOGICAL CHEMISTRY 35287



of the S6K1-mediated negative feedback loop to IRS1 upon
mTORC1 inhibition, leading to increased Akt phosphorylation
(12) and/or by insufficient inhibition of downstream targets of
mTOR such as 4E-BP1 (13).More specifically, a phase II trial of
temsirolimus in children with solid tumors, including RMS,
showed prolonged stable disease but failed to meet the primary
objective efficacy threshold (14). By comparison, ATP-compet-
itive pan-mTOR inhibitors effectively inhibit bothmTORcom-
plexes including suppression of 4E-BP1 phosphorylation, as
they block mTOR kinase activity that is part of both mTORC1
and mTORC2 complexes (11). AZD8055, an ATP-competitive
mTOR inhibitor (15), has recently been evaluated by the Pre-
clinical PediatricTesting Program.AlthoughAZD8055 showed
some in vivo antitumor activity against childhood solid tumors,
includingRMS, it did not cause objective tumor regression (16),
suggesting that AZD8055-based combination therapies may be
required to potentiate the antitumor activity of AZD8055.
The efficacy of most anticancer therapies largely depends on

intact cell death pathways in cancer cells, for example apopto-
sis, which is one of the best characterized forms of programmed
cell death (17). Engagement of the extrinsic (death receptor) or
the intrinsic (mitochondrial) apoptosis pathways eventually
leads to activation of caspases as effector molecules (17). Signal
transduction to apoptosis is typically suppressed in human can-
cers, e.g. by aberrant activation of survival pathways such as the
PI3K/mTOR cascade (18). In addition, antiapoptotic proteins
such as Bcl-2, Bcl-xL, Bcl-w, andMcl-1 are frequently expressed
at high levels in human cancers, which contribute to evasion of
apoptosis and treatment resistance (19). In RMS samples, over-
expression of Bcl-2 and Mcl-1 was reported (20, 21). To neu-
tralize antiapoptotic Bcl-2 proteins small-molecule inhibitors
were developed that mimic the BH3-only proteins of the Bcl-2
family (19).Oneexample is theBH3mimeticABT-737 that antag-
onizes the anti apoptotic proteins Bcl-2, Bcl-xL, and Bcl-w simi-
larly to the BH3-only protein Bad and showed promising antitu-
mor activity, especially in Bcl-2-dependent cancers (22).
Searching for novel strategies to enhance the efficacy of

treatment options for RMS, in the present study, we investi-
gated the question whether the antitumor activity of AZD8055
against RMS can be enhanced in combination therapies using
either conventional chemotherapeutic drugs or molecular tar-
geted agents such as the BH3 mimetic ABT-737.

EXPERIMENTAL PROCEDURES

Cell Culture and Chemicals—RMS cell lines were obtained
from the American Type Culture Collection (Manassas, VA)
and maintained in Invitrogen GlutaMAXTM-I medium (Invit-
rogen), supplemented with 10% FCS (Biochrom, Berlin, Ger-
many), 1% penicillin/streptomycin (Invitrogen), and 1 mM

sodiumpyruvate (Invitrogen). ABT-737was kindly provided by
Abbott Laboratories (Abbott Park, IL) (22). AZD8055 was
obtained from Selleck Chemicals (Houston, TX),N-benzyloxy-
carbonyl-Val-Ala-Asp-fluoromethylketone (Z-VAD-fmk) from
Bachem (Heidelberg, Germany), and all other chemicals were
from Sigma (Deisenhofen, Germany) unless indicated otherwise.
Determination of Cell Death, Apoptosis, and Loss of Mito-

chondrial Membrane Potential—Cell death was determined by
analyzing plasma membrane permeability using propidium

iodide (PI) staining. Briefly, cells were washed in PBS and incu-
bated in PI solution (2 �g/ml PI in PBS) for 10min. After wash-
ing with PBS, PI uptake was determined by flow cytometry
(FACSCanto II, BD Biosciences). Apoptosis was determined by
analysis of DNA fragmentation of PI-stained nuclei and flow
cytometry as described previously (23). To determine mito-
chondrial transmembrane potential, cells were incubated with
1�M tetramethylrhodaminemethyl ester (Molecular Probes) at
37 °C and analyzed by flow cytometry.
Western Blot Analysis—Western blot analysis was performed

as described previously (23) using the following antibodies:
anti-4E-BP1, anti-Bid, anti-Bim, anti-caspase-3, anti-caspase-
9, anti-poly(ADP-ribose) polymerase (PARP), anti-phospho-
4E-BP1 (Thr-37/46), anti-phospho-Akt (Ser-473), anti-phos-
pho-S6, anti-S6, anti-phospho-GSK3, and anti-GSK3 fromCell
Signaling (Beverly, MA), anti-Akt, anti-Bcl-xL, anti-Bax, anti-
Bak, and anti-Bcl-2 from BD Biosciences; anti-caspase-8 and
anti-Noxa from Alexis (Grünberg, Germany), anti-Mcl-1 from
Stressgene (Victoria, BC), anti-�-actin from Sigma, and anti-�-
tubulin from Calbiochem (Darmstadt, Germany) were used as
loading controls. Goat anti-mouse IgG, donkey anti-goat IgG,
goat anti-rabbit IgG conjugated to horseradish peroxidase
(Santa Cruz Biotechnology) and goat anti-mouse IgG1 or goat
anti-mouse IgG2b (Southern Biotech, Birmingham, AL) conju-
gated to horseradish peroxidase were used as secondary anti-
bodies, and enhanced chemiluminescence was used for detec-
tion (AmershamBioscience). Alternatively, donkey anti-mouse
IgG, donkey anti-rabbit IgG, or donkey anti-goat IgG labeled
with IRDye infrared dyes were used for fluorescence detection
(LI-COR Biotechnology, Bad Homburg, Germany).
Gene Silencing—Stable knockdown of Mcl-1 was performed

by lentiviral shRNA vectors as described previously (24). Shortly,
HEK293T cells were transfected with 12.5 �g of pCMV-dR8.91
(gag-pol), 1 �g of pMD2.G (env), and 7.5 �g of pGIPZ-
shRNAmir vector using calcium phosphate transfection. All
pGIPZ-shRNAmir vectors were purchased from Thermo
Fisher Scientific (Dreieich, Germany) (non-silencing control,
RHS4346; shMcl-1_1, RHS4430-99159062 and shMcl-1_2,
RHS4430–98845167). Virus-containing supernatant was col-
lected, filtered, and used for spin transduction at 30 °C in the
presence of 8 �g/ml polybrene. Transduced cells were
selected with 1 �g/ml puromycin (Sigma). For transient
knockdown by siRNA, cells were reversely transfected with
15 nM SilencerSelect siRNA (Invitrogen) control siRNA
(4390843) or targeting siRNA (s8583, s8585, and s8584 for
Mcl-1 and s48409 and s48410 for Rictor) using Lipo-
fectamine 2000 (Invitrogen) and OptiMEM (Invitrogen).
Statistical Analysis—Statistical significance was assessed by

Student’s t test (two-tailed distribution, two-sample, unequal vari-
ance). Drug interactions were analyzed by the combination index
(CI)methodbased on that described byChou (25) usingCalcuSyn
software (Biosoft, Cambridge, UK). CI � 0.9 indicates synergism,
0.9-1.1 indicates additivity, and �1.1 indicates antagonism.

RESULTS

AZD8055 Synergizes with ABT-737 to Induce Apoptosis in
RMS Cells—To investigate whether the ATP-competitive
mTOR inhibitor AZD8055 enhances apoptosis sensitivity of
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RMS cells, we initially tested AZD8055 alone and in combina-
tion with anticancer agents. To this end, we used conventional
chemotherapeutic drugs that are currently included in clinical
protocols for the treatment of RMS, i.e. vincristine, doxorubi-
cin, and actinomycin D, or, alternatively, the BH3 mimetic
ABT-737 that antagonizes antiapoptotic Bcl-2 proteins. To
represent the two major histological subtypes of RMS, i.e.

embryonal RMS and alveolar RMS, we selected two embryonal
(RD and TE671) and two alveolar (RH30 and RMS13) RMS cell
lines. Interestingly, we found that AZD8055 significantly
increased ABT-737-induced cell death in all four RMS cell
lines, whereas treatment with AZD8055 alone exertedminimal
cytotoxicity (Fig. 1A). Calculation of CI revealed that the inter-
action of AZD8055 and ABT-737 is highly synergistic (Fig. 1B).

FIGURE 1. AZD8055 and ABT-737 cooperate to induce cell death in RMS cells. RMS cell lines were treated for 48 h with 1 �M AZD8055 and/or indicated
concentrations of ABT-737. Cell death was determined by PI staining and flow cytometry (A), and corresponding CI values are shown for 1 �M AZD8055 and 1
�M ABT-737 (B). In C, apoptosis was determined by analysis of DNA fragmentation of PI-stained nuclei. Mean � S.D. of three independent experiments
performed in triplicate are shown; *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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In addition to determining cell death by PI uptake (Fig. 1A), we
assessedDNA fragmentation as a typical biochemical feature of
apoptosis (Fig. 1C). Similarly, the addition of AZD8055 signifi-
cantly increased ABT-737-triggered DNA fragmentation com-
pared with treatment with ABT-737 alone (Fig. 1C). In contrast
to ABT-737, we found no cooperative effects of AZD8055
together with chemotherapeutics such as vincristine, doxoru-
bicin, or actinomycin D (supplemental Fig. 1). This set of
experiments shows that AZD8055 sensitizes RMS cells for
ABT-737-induced apoptosis, whereas AZD8055 did not alter
chemosensitivity to vincristine, doxorubicin, or actinomycinD.
AZD8055 and ABT-737 Cooperate to Trigger Caspase Acti-

vation, Mitochondrial Perturbations, and Caspase-dependent
Apoptosis—For further mechanistic studies aiming at identify-
ing the underlying molecular mechanisms of the synergistic
interaction of AZD8055 andABT737, we selected twoRMS cell
lines representing embryonal RMS (TE671) and alveolar RMS
(RMS13). In a first step, wemonitored activation of the caspase
cascade by Western blotting. Combination treatment with
AZD8055 and ABT-737 resulted in increased cleavage of
caspases into active cleavage fragments compared with treat-
ment with ABT-737 alone, i.e. cleavage of caspase-8 into p43/
p41/p18 fragments, cleavage of caspase-3 into p17/p12 frag-
ments and cleavage of caspase-9 into p37/p35 fragments, as
well as enhanced cleavage of PARP (Fig. 2A). To check whether
caspase activity is indeed required for the induction of cell
death, we treated cells in the presence of the pan-caspase inhib-
itor Z-VAD-fmk. Of note, the addition of Z-VAD-fmk signifi-
cantly reduced AZD8055/ABT-737-mediated DNA fragmen-
tation and cell death (Fig. 2, B and C), demonstrating that
caspase activity is required for apoptosis induction. Further-
more, we explored the involvement of the mitochondrial path-
way of apoptosis by assessing the mitochondrial membrane
potential. ABT-737 and AZD8055 cooperated to trigger loss of
mitochondrial membrane potential in a time-dependent man-
ner (Fig. 2D). Together, this set of experiments demonstrates
that AZD8055 and ABT-737 act in concert to trigger caspase
activation, mitochondrial perturbations, and caspase-depen-
dent apoptosis.
AZD8055 Inhibits Activation of the PI3K/mTOR Signaling

Pathway—To explore the effects of AZD8055 on PI3K/mTOR
signaling, we monitored the phosphorylation status of
upstream (Akt) and downstream (S6 and 4E-BP1) pathway
components by Western blot analysis. Treatment with
AZD8055 alone or in combination with ABT-737 profoundly
suppressed phosphorylation of Akt, S6, and 4E-BP1, whereas
treatment with ABT-737 alone had no effect on phosphoryla-
tion levels of these proteins (Fig. 3). These findings demonstrate
that AZD8055 is a potent inhibitor of upstream and down-
stream components of the PI3K/mTOR pathway.
Sensitization to ABT-737-induced Apoptosis by mTORC1/2

or PI3K Inhibition—Because AZD8055 blocks both upstream
(Akt) and downstream (S6 and 4E-BP1) elements of the PI3K/
mTOR pathway, we next asked whether inhibition of PI3K,
mTORC1, or mTORC2 is required for the synergistic interac-
tion with ABT-737. To address this question, we used distinct
inhibitors of the PI3K/mTOR cascade, including RAD001, an
allosteric inhibitor of mTORC1, NVP-BKM120, an inhibitor of

PI3K, and NVP-BEZ235, a dual PI3K/mTOR inhibitor that
inhibits PI3K and both mTORC1/2 complexes (33). Interest-
ingly, NVP-BEZ235 synergized with ABT-737 to induce DNA
fragmentation to a similar extent as AZD8055/ABT-737
cotreatment, as demonstrated by CI values (Fig. 4, A and B).
Consistently, NVP-BEZ235 profoundly suppressed phosphor-
ylation of Akt, S6, and 4E-BP1 in a comparable manner with
AZD8055 (Fig. 4C). By comparison, NVP-BKM120 was less
effective than AZD8055 or NVP-BEZ235 to potentiate ABT-
737-induced apoptosis, which was reflected by its decreased
ability to reduce phosphorylation of 4E-BP1 and Akt (Fig. 4,
A–C). RAD001 failed to act in concert with ABT-737 and even
increased phosphorylation of Akt, whereas it exerted little
inhibitory effects on 4E-BP1 phosphorylation (Fig. 4, A and C).
Also, knockdown of Rictor did not cooperate with ABT-737 to
trigger cell death, whereas the Akt inhibitor IV significantly
enhanced ABT-737-induced apoptosis (supplemental Fig. 2).
These findings suggest that inhibition of both mTORC com-
plexes, PI3K, or Akt is required for sensitization to ABT-737-
induced apoptosis.
AZD8055 and ABT-737 Cooperate to Down regulate Mcl-1—

To further investigate the underlying mechanisms of the syn-
ergistic interaction of AZD8055 and ABT-737, we determined
expression levels of pro- and antiapoptotic proteins. Interest-
ingly, treatment with AZD8055 alone or in combination with
ABT-737 decreased the expression of Mcl-1 protein (Fig. 5A).
Also, protein expression of Noxa was reduced upon treatment
with AZD8055 (Fig. 5A), indicating that in particular short-
lived proteins are affected by AZD8055-mediated inhibition of
4E-BP1 phosphorylation and subsequently of protein transla-
tion.Also, AZD8055 cooperatedwithABT-737 to trigger cleav-
age of Bid into truncated Bid, as evident by proteolytic turnover
of full-length Bid and the appearance of the cleavage product
truncated Bid (Fig. 5A).
To determine whether the potency of the different PI3K/

mTOR inhibitors to prime cells for ABT-737-induced apopto-
sis correlates with their ability to suppressMcl-1, wemonitored
Mcl-1 levels upon exposure to these inhibitors. AZD8055,
NVP-BEZ235, and BKM120, which all primed cells to ABT-
737-mediated apoptosis (Fig. 4A), also reduced Mcl-1 protein
expression (Fig. 5B). In contrast, RAD001 increasedMcl-1 pro-
tein levels (Fig. 5B), in line with its failure to potentiate apopto-
sis by ABT-737 (Fig. 4A). These findings suggest that down
regulation of Mcl-1 by different PI3K/mTOR inhibitors corre-
lates with their ability to enhance ABT-737-induced apoptosis.
Although glycogen synthase kinase (GSK) 3 has been impli-
cated in regulating Mcl-1 abundance (27), we did not observe
differential effects of PI3K/mTOR inhibitors on GSK3 phos-
phorylation status (supplemental Fig. 3), indicating that GSK3
is not the key mediator of Mcl-1 down regulation by PI3K/
mTOR inhibitors under these conditions.
Down regulation of Mcl-1 Sensitizes for ABT-737-induced

Cell Death—To further investigate the role ofMcl-1 in the syn-
ergistic induction of apoptosis by AZD8055/ABT-737, we used
an RNA interference-based approach to knock down Mcl-1.
Efficient silencing of Mcl-1 protein with two different shRNA
sequences was controlled byWestern blotting (Fig. 6A). Impor-
tantly, Mcl-1 knockdown significantly increased ABT-737-in-
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duced cell death to a similar extent as treatment of control
vector cells with the combination of ABT-737 and AZD8055
(Fig. 6B). Comparable results were obtained when cell death

was assessed by analysis of DNA fragmentation (Fig. 6C). To
confirm these results, we also monitored caspase cleavage in
Mcl-1 knockdown cells. Interestingly, Mcl-1 knockdown coop-

FIGURE 2. AZD8055 and ABT-737 cooperate to trigger caspase activation, mitochondrial perturbations and caspase-dependent apoptosis. TE671 and
RMS13 cells were treated for indicated times (A and D) or for 48 h (B and C) with 1 �M AZD8055 and/or 1 �M ABT-737 in the presence or absence of 50 �M

Z-VAD-fmk. In A, caspase activation and PARP cleavage were assessed by Western blotting; arrows indicate cleavage fragments, and an asterisk indicates
unspecific bands. In B, cell death was determined by PI staining and flow cytometry. In C, apoptosis was determined by analysis of DNA fragmentation of
PI-stained nuclei. In D, loss of mitochondrial membrane potential (MMP) was analyzed by flow cytometry using the dye tetramethylrhodamine methyl ester.
Mean � S.D. of three independent experiments performed in triplicate are shown (B–D); **, p � 0.01; ***, p � 0.001.
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erated with ABT-737 to trigger caspase-3, -8, and -9 cleavage to
an extent comparable with that of cotreatment of control vec-
tor cells with ABT-737 and AZD8055 (Fig. 6D). In addition, we
transiently silencedMcl-1 by siRNA (Fig. 6E). Similarly, knock-
down of Mcl-1 significantly enhanced ABT-737-triggered
DNA fragmentation (Fig. 6F). These findings demonstrate that
Mcl-1 is an important regulator of ABT-737-induced apoptosis
in RMS cells and indicate that AZD8055-stimulated down reg-
ulation of Mcl-1 contributes to AZD8055-mediated sensitiza-
tion to ABT-737.

DISCUSSION

Novel treatment strategies are needed to improve survival
rates of patients suffering from RMS. Rational approaches
include inhibition of the PI3K/mTOR pathway, as it is often
aberrantly activated in RMS (7). AZD8055 is an ATP-compet-
itive mTOR inhibitor that has recently demonstrated antitu-
mor activity in vivo against pediatric cancers, including RMS
(16). However, AZD8055 did not induce objective tumor
regression (16), suggesting that combinations of AZD8055,

FIGURE 3. Effect of AZD8055 on PI3K/mTOR pathway activation. TE671
and RMS13 cells were treated for indicated times with 1 �M AZD8055 (AZD)
and/or 1 �M ABT737 (ABT). Protein expression of phospho-Akt (Ser-473), Akt,
phospho-S6 ribosomal protein, S6 ribosomal protein, phospho-4E-BP1, and
4E-BP1 was analyzed by Western blotting.

FIGURE 4. Effect of PI3K/mTOR inhibitors on ABT-737-induced apoptosis. TE671 and RMS13 cells were treated for 48 h (A and B) or 6 h (C) with indicated
concentrations of ABT-737 and/or AZD8055, RAD001, NVP-BEZ235, or NVP-BKM120. In A, apoptosis was determined by analysis of DNA fragmentation of
PI-stained nuclei. Mean � S.E. of three independent experiments performed in triplicate are shown. In B, corresponding CI values are shown for combinations
affecting � 20% of the fraction (1 �M ABT-737 plus 1 �M AZD8055 or 1 �M NVP-BEZ235 or 1 �M NVP-BKM120). In C, protein expression of phospho-Akt (Ser-473),
Akt, phospho-S6 ribosomal protein, S6 ribosomal protein, phospho-4E-BP1, and 4E-BP1 was analyzed by Western blotting.
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together with additional anticancer agents, may be required to
potentiate its antitumor activity. In the present study, we
therefore searched for rational AZD8055-based combination
therapies.
Here, we identify a novel synergistic combination of AZD8055

togetherwith the BH3mimeticABT-737 to induce apoptosis in
RMS. This drug interaction is highly synergistic as demon-
strated by CI values (CI � 0.2) and occurs in both major histo-
logical subtypes of RMS, i.e. embryonal RMS and alveolar RMS.
By comparison, we found no additive or synergistic interaction
of AZD8055 with chemotherapeutic drugs that are commonly
used for the treatment of RMS such as actinomycin D, vincris-
tine, or doxorubicin. A possible explanation for this phenome-
non might be the AZD8055-mediated cell cycle arrest in G1
(data not shown), which may reduce the sensitivity to these
chemotherapeutics.
Mechanistically, AZD8055 and ABT-737 cooperate to trig-

ger caspase-dependent apoptosis, as shown by increased cleav-
age of caspase-3, -8, and -9 into active cleavage fragments, res-

cue of cell death by the pan-caspase inhibitor Z-VAD-fmk and
enhanced loss of mitochondrial membrane potential in
AZD8055/ABT-737 co-treated cells. In addition, we identify
the AZD8055-mediated suppression of Mcl-1 as an important
molecular event that contributes to the synergistic induction of
apoptosis by AZD8055/ABT-737. This conclusion is under-
scored by data showing that genetic silencing of Mcl-1 cooper-
ates with ABT-737 to trigger caspase activation and apoptosis
similar to treatment with AZD8055. In addition, the ability of
different PI3K/mTOR inhibitors to enhance ABT-737-induced
apoptosis correlates with their ability to suppress phosphory-
lation of 4E-BP1 and to down-regulate Mcl-1 expression. Con-
sistently, the 4E-BP1 pathway has recently been implicated to
control Mcl-1 protein translation (26). Inhibition of protein
synthesis by AZD8055 might also account for the observed
AZD8055-mediated down-regulation of Noxa protein levels.
Activation of GSK3� upon AZD8055-mediated inhibition of
Akt activity does not likely contribute to down regulation of
Mcl-1 protein levels because AZD8055 did not suppress

FIGURE 5. Down-regulation of Mcl-1 by mTORC1/2 or PI3K inhibition. A, TE671 and RMS13 cells were treated for indicated times with 1 �M AZD8055
and/or 1 �M ABT-737. Expression of pro- and antipoptotic proteins was analyzed by Western blotting. B, TE671 and RMS13 cells were treated for 6 h with
1 �M ABT-737 and/or 1 �M AZD8055 or 1 �M NVP-BEZ235 or 1 �M NVP-BKM120 or 1 �M RAD001. Expression of Mcl-1 protein was analyzed by Western
blotting.
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GSK3� phosphorylation. The identification of Mcl-1 as an
important mediator of the synergistic interaction of AZD8055/
ABT-737 is of special interest for RMS, as Mcl-1 is often up-
regulated in this malignancy (21). In addition, there is a ration-
ale to combine ABT-737 with drugs that down-regulate Mcl-1
levels, as ABT-737 inhibits Bcl-2, Bcl-xL, and Bcl-w, but not
Mcl-1 (22). Besides, down-regulation of Mcl-1 has previ-
ously been reported to enhance ABT-737-induced apoptosis
(28–30).
Because a variety of PI3K/Akt/mTOR inhibitors have already

been used in clinical trials for different tumor types (11), we
went on to determine the CI values of various inhibitors
together with ABT-737. As a result, we found strong potentia-
tion of ABT-737-induced apoptosis, when both mTORC
complexes (by AZD8055), PI3K-mTORC complexes (by NVP-
BEZ235), or Akt (by Akt inhibitor) were inhibited, whereas

inhibition of PI3K (by BKM120) proved to be less effective to
synergize with ABT-737. The failure of the allosteric mTORC1
inhibitor RAD001 to enhance ABT-737-mediated apoptosis
was associated with its inability to suppress 4E-BP1 phosphor-
ylation and Mcl-1 expression in parallel with enhanced phos-
phorylation of Akt. These findings are consistent with previ-
ous reports showing that 1) mTORC1 inhibition results in
increased Akt phosphorylation due to loss of the S6K1-me-
diated feedback inhibition of IRS1 (12) and that 2) allosteric
mTORC1 inhibitors such as RAD001 incompletely inhibit
phosphorylation of 4E-BP1 (13). By comparison, the allo-
steric mTORC1 inhibitor rapamycin has been reported to
cooperate with ABT-263, a second-generation analogue of
ABT-737, to induce apoptosis in lymphoma cells (31). In
addition, cotreatment of rapamycin and ABT-737 was
described to enhance the sensitivity of non-small cell lung

FIGURE 6. Down-regulation of Mcl-1 sensitizes for ABT-737-induced cell death. A–D, TE671 cells were stably transduced with two different shRNA
sequences against Mcl-1 or control shRNA. In A, Mcl-1 expression was determined by Western blot analysis. In B and C, cells were treated for 48 h with 1 �M

AZD8055 and/or 1 �M ABT-737, and cell death was determined by PI staining and flow cytometry (B) or apoptosis was determined by analysis of DNA
fragmentation of PI-stained nuclei (C). Mean � S.D. of three independent experiments performed in triplicate are shown; **, p � 0.01; ***, p � 0.001. In D, cells
were treated for 6 h with 1 �M AZD8055 and/or 1 �M ABT-737, and caspase activation was assessed by Western blotting; arrows indicate caspase cleavage
fragments. E and F, TE671 cells were transiently transfected with three distinct siRNA against Mcl-1 (siMcl-1_1, siMcl-1_2, siMcl-1_3), or control siRNA (siControl).
Mcl-1 expression was analyzed by Western blotting (E). Apoptosis was determined by analysis of DNA fragmentation of PI-stained nuclei and flow cytometry
(F). Mean � S.D. of three independent experiments performed in triplicate are shown; *, p � 0.05; ***, p � 0.001.
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carcinoma cells to radiation (32). Together, these data also
imply a context-dependent role of mTORC1 in the regula-
tion of ABT-737-mediated cell death.
The current work has important implications for the design

of novel approaches for the treatment of RMS. Signal transduc-
tion modulators including inhibitors of PI3K/Akt/mTOR sig-
naling and inhibitors of Bcl-2 proteins are currently tested in
early clinical trials (33, 34). Because hyperactivation of the
PI3K/Akt/mTOR pathway frequently occurs in RMS and bears
a poor prognosis (7), this pathway represents a promising ther-
apeutic target in RMS. By discovering a novel synergistic inter-
action of the second-generation mTOR inhibitor AZD8055
together with the BH3 mimetic ABT-737, our study lays the
ground for further studies to exploit these classes of inhibitors
for the treatment of RMS.
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