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The PI3K/Akt/mTOR axis in lung cancer is frequently activated and implicated in tumorigenesis. Specific
targeting of this pathway is therefore an attractive therapeutic approach for lung cancer. However, non-
small cell lung cancer cells are resistant to BEZ235, a dual inhibitor of PI3K and mTOR. Interestingly,
blockage of Stat3 with a selective inhibitor, S31-201, or siRNA dramatically sensitized the BEZ235-

Keywords: induced cell death, as evident from increased PARP cleavage. Furthermore, inhibition of Stat3 led to

A,kt enhancement of cell death induced by LY294002, a PI3K inhibitor. Treatment of cells with a combination

gfcl)]) of BEZ235 and S31-201 significantly induced the proapoptotic transcription factor, CHOP, and its targets,

mTOR Bim and DR4. Knockdown of CHOP or Bim suppressed cell death stimulated by the combination treat-

PI3K ment, implicating the involvement of these BEZ235/S31-201-induced factors in pronounced cell death.

Stat3 Moreover, the BEZ235/S31-201 combination enhanced TRAIL-induced cell death. Our results collectively
suggest that blockage of Stat3 presents an effective strategy to overcome resistance to PI3K/Akt/mTOR
inhibition.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The mammalian target of rapamycin (mTOR) is a downstream
mediator in the phosphatidylinositol 3-kinase (PI3K)/Akt signaling
pathway, and plays a critical role in regulating cell growth and pro-
liferation [1,2]. Since PI3K/AKT/mTOR signaling is deregulated in
many cancer types, including brain, prostate, breast, lung, and liver
tumors [3-6], mTOR is considered an attractive target for cancer
therapy. The first generation of mTOR inhibitors, rapalogs, have
been shown to be effective in a range of preclinical models [7].
However, the clinical success of rapalogs is limited to a few rare
cancers, such as mantle cell lymphoma, renal cell carcinoma and
TSC-related tumors [8]. The mechanisms proposed to account for
therapeutic resistance to rapalogs to date include feedback loops,
parallel signaling pathways, and limited drug targeting of mTOR
[8]. More recently, second generation mTOR-targeting agents, such
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as dual mTORC1/2 or mTOR/PI3K inhibitors, have been developed,
with several clinical trials currently in progress. NVP-BEZ235
(BEZ235) is an orally administered novel dual PI3K and mTOR ki-
nase inhibitor. This compound acts as a potent, reversible inhibitor
of both class I PI3K and mTOR kinase catalytic activities by compet-
ing for binding at their ATP binding sites [9]. BEZ235 is currently
under evaluation in phase I/II clinical trials. Preclinical studies have
shown that BEZ235 induces significant anti-proliferative effects in
both transgenic mice and non-small cell lung cancer (NSCLC) cell
lines [10]. However, BEZ235 is also reported to induce PI3K- and/
or MYC-dependent tumor resistance to PI3K-mTOR-targeted ther-
apy [11].

Aberrant activation of the signal transducer and activator of
transcription (Stat)3 occurs in the majority of cancer cell lines
and several primary tumors [12]. Constitutive Stat3 activity in-
duces specific target genes that stimulate cell proliferation, prevent
apoptosis, promote angiogenesis and facilitate tumor immune eva-
sion [13]. Thus, Stat3 presents an attractive molecular target for
the development of novel cancer therapeutics. In the present study,
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we showed that concurrent inhibition of PI3K/Akt/mTOR and Stat3
pathways promotes cell death to a greater extent in non-small cell
lung cancer cells. Moreover, this sensitization effect is induced
through upregulation of CHOP and its downstream target, Bim.
Accordingly, we propose that combined inhibition of the PI3K/
Akt/mTOR axis and Stat3 signaling represents a novel therapeutic
strategy for non-small cell lung cancer.

2. Materials and methods
2.1. Cell culture and reagents

A549 and H460 lung cancer cell lines were obtained from the
American Type Culture Collection (Manassas, VA, USA) and
cultured in RPMI1640 (Welgene, Daegu, Republic of Korea)
supplemented with 10% fetal bovine serum. BEZ235 and rapamycin
were purchased from LC Laboratories (Woburn, MA, USA), S31-201
from BioVision (Milpitas, CA, USA) and TRAIL from Enzo Life
Sciences (Farmingdale, NY, USA).

2.2. Evaluation of cell death

Cells were stained with Annexin V-FITC and propidium iodide
(PI) (BD Biosciences, San Jose, CA, USA) for the assessment of apop-
tosis, as described previously [14].

2.3. RNA isolation and RT-PCR

RNA isolation and RT-PCR were conducted as described earlier
[15]. The following primers were used: Bim (5-GGCCCCTA
CCTCCCTACA-3' and 5-GGGGTTTGTGTTGATTTGTCA-3’; 258 bp
product) [16], CHOP (5'-CAGACTGATCCAACTGCAG-3' and 5-GACT
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GGAATCTGGAGAGTG-3'; 280 bp product) [17], DR4 (5'-CTGAGC
AACGCAGACTCGCTGTCCAC-3' and 5'-TCCAAGGACACGGCAGAG
CCTGTGCCAT-3’; 506 bp product) [17], DR5 (5'-CGCTGCACCAG
GTGTGATTC-3' and 5'-GTCTCCTCCACAGCTGGGAC-3'; 248 bp prod-
uct) [17], and B-actin (5'-GGATTCCTATGTGGGCGACAG-3' and 5'-C
GCTCGGTGAGGATCTTCATG-3'; 438 bp product) [17]. PCR products
were subjected to electrophoresis on 1.5% agarose gels and visual-
ized with ethidium bromide.

2.4. siRNAs and transfections

Bim (sc-29802), CHOP (sc-35437), DR4 (sc-35218), Stat3
(sc-29493) and control (sc-37007) siRNAs were purchased from
Santa Cruz Biotechnology (San Jose, CA, USA). Transfection experi-
ments were performed with Lipofectamine™ 2000, according to
the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA).

2.5. Western blot analysis

Cell lysates were separated via SDS-PAGE and transferred to
PVDF membrane, followed by immunoblotting with specified pri-
mary and horseradish peroxidase-conjugated secondary antibod-
ies. Immunoreactive bands were visualized with SuperSignal
West Pico chemiluminescent substrates (Thermo Scientific Pierce,
Rockford, IL, USA). Antibodies specific for p-Akt at Ser473
(#9271), p-S6 at Ser240/244 (#4838), p-Stat3 at Ser727
(#9134), p-Stat3 at Tyr705 (#9145), and cleaved PARP (#9541)
were obtained from Cell Signaling Technology (Beverly, MA,
USA), while the B-actin antibody (#A5316) was purchased from
Sigma.
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Fig. 1. Effect of BEZ235 on lung cancer cell viability. H460 and A549 cells were treated with the indicated concentrations of BEZ235 for 24 h, and the indicated protein levels
estimated using Western blot analysis (A). The blot is representative of three independent experiments. Cell death was evaluated via flow cytometry after Annexin V and PI
staining (B). Data are presented as means of triplicate samples and error bars reflect SD. As a positive control, H460 and A549 cells were treated with 5 pM sorafenib and
50 ng/mL TRAIL for 24 h.
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3. Results

3.1. BEZ235 inhibits PI3K and mTOR activities, but does not induce cell
death

We initially examined the effects of BEZ235 on PI3K and mTOR
activities in non-small cell lung cancer cells. BEZ235 suppressed
both PI3K and mTOR activities in a dose-dependent manner, as evi-
dent from the decreased phosphorylation of Akt at Ser473 and S6
at Ser240/244 (Fig. 1A). However, assessment of apoptosis based
on Annexin V/PI positivity revealed no cell death in either H460
or A549 cells treated with BEZ235 (Fig. 1B). The data suggest that
the inhibitory activity of BEZ235 alone is insufficient for induction
of apoptosis in lung cancer cells. In view of the accumulating evi-
dence that Stat3 contributes to cancer progression and resistance
to chemotherapy [12,13], we further investigated the Stat3 phos-
phorylation level in BEZ235-treated cells. As shown in Fig. 1A,
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BEZ235 did not affect Stat3 phosphorylation at Tyr705 or Ser727
in H460 and A549 non small-cell lung cancer cells.

3.2. Combined treatment with a Stat3 inhibitor and BEZ235 induces
cell death

Next, we examined whether inhibition of Stat3 potentiates cell
sensitivity to BEZ235. S31-201 is a cell-permeable Stat3 inhibitor
that binds to the SH2 domain, preventing Stat3 phosphorylation,
dimerization, and DNA binding. Notably, co-treatment with
BEZ235 and S31-201 led to dramatic induction of apoptosis, while
either agent alone had no effect (Fig. 2A). The induction of cell
death was evidenced by microscopic images and PARP cleavage
(Fig. 2B and C).

To further establish the effects of Stat3 on BEZ235, we transfec-
ted cells with siRNA targeting Stat3, followed by BEZ235 treat-
ment. Stat3 siRNA induced considerable knockdown of Stat3
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Fig. 2. Combination treatment with a Stat3 inhibitor and BEZ235 induces cell death. (A-C) H460 and A549 cells were treated with 100 nM S31-201 and/or 300 nM BEZ235 for
24 h. (D and E) A549 cells were transfected with control or Stat3 siRNA for 16 h, followed by treatment with 300 nM BEZ235 for 24 h. Cell death was evaluated via flow
cytometry after Annexin V and PI staining (A and E). Data are presented as means of triplicate samples and error bars reflect SD. Cell morphology images were obtained under
a microscope (B). The indicated protein levels were estimated using Western blot analysis (C and D). The blot is representative of three independent experiments. CTL;

control.
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expression in A549 cells and consistently led to enhancement of
BEZ235-induced cell death and PARP cleavage (Fig. 2D and E).
Clearly, targeting of Stat3 activation effectively enhances cell sen-
sitivity to BEZ235 in non-small cell lung cancer.

3.3. Dual inhibition of PI3K and mTOR potentiates cell death induced
by the Stat3 inhibition

To elucidate the specific roles of PI3K and mTOR in cell death in-
duced by Stat3 inhibition, we treated cells with LY294002 (PI3K
inhibitor) and rapamycin (mTOR inhibitor) in H460 cells with S3I-
201. LY294002 suppressed Akt and S6 phosphorylation (Fig. 3A),
signifying inhibition of both PI3K and mTOR kinase at the same con-
centration. The combination of LY294002 and S31-201 significantly
enhanced cell death (Fig. 3B and C). Interestingly, however, co-
treatment with rapamycin and S31-201 led to only slight induction
of cell death (below 10%; Fig. 3D), although rapamycin inhibited
mTOR activity, as evident from S6 phosphorylation (Fig. 3A). Our
data suggest that Stat3 inhibition-potentiated cell death is medi-
ated via simultaneous blockage of mTOR and PI3K activities.

3.4. CHOP and its downstream target, Bim, are implicated in cell death
induced by BEZ235/531-201

To determine the mechanisms underlying induction of cell
death by the BEZ235 and S3I-201 combination, we examined
expression of CHOP and its downstream target genes, Bim and
DR4/5, using RT-PCR. As shown in Fig. 4A, expression levels of CHOP
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mRNA were markedly increased upon treatment with both S31-201
and BEZ235, compared to S31-201 or BEZ235 alone. To evaluate the
effects of CHOP upregulation in response to BEZ235/S31-201, its
expression was silenced with specific siRNA, followed by BEZ235/
S31-201 co-treatment in A549 cells. Knockdown of CHOP led to sig-
nificant reduction in the expression of downstream target genes,
Bim, and DR4 (Fig. 4B), and suppression of cell death and PARP
cleavage induced by BEZ235/S31-201 (Fig. 4C). Furthermore, knock-
down of Bim suppressed cell death induced by BEZ235/S31-201
(Fig. 4D). These results indicate that CHOP-dependent Bim upregu-
lation plays a role in cell death induced by BEZ235 and S31-201.
We further investigated whether upregulation of DR4 by BEZ235/
S31-201 sensitized cells to TRAIL-mediated cell death. As shown in
Fig.4E,BEZ235/S31-201 enhanced cell death to TRAIL, whereas TRAIL
alone did not induce cell death. To verify the effects of DR4 on cell
death by BEZ235/S31-201, its expression was silenced with specific
siRNA, followed by BEZ235/S31-201/TRAIL treatment in A549 cells.
As shown in Fig. 4F, DR4 siRNA led to considerable reduction in
DR4 mRNA expression and inhibition of cell death induced by
BEZ235/S31-201/TRAIL. These results suggest that combined
BEZ235/S31-201 treatment sensitizes cells to TRAIL-induced apopto-
sis to a greater extent in non-small cell lung cancer. Moreover, this
process is mediated via CHOP-dependent DR4 upregulation.

4. Discussion

Deregulation of PI3K/AKT/mTOR is considered to play a critical
role in cancer progression and oncogenesis [3-6]. mTOR is one of
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Fig. 3. The Stat3 inhibitor, S31-201, potentiates cell death induced by LY294002, but not rapamycin. (A) H460 cells were treated with the indicated concentration of
rapamycin or LY294002 for 24 h. (B and C) H460 cells were treated with 100 nM S31-201 and/or 5 pM LY294002 for 24 h. (D) H460 cells were treated with 100 nM S31-201
and/or 200 nM rapamycin for 24 h. The indicated protein levels were estimated using Western blot (A and C). Cell morphology images were obtained under a microscope (B).
Cell death was evaluated via flow cytometry after Annexin V and PI staining (C and D). Data are presented as means of triplicate samples, and error bars reflect SD. As a
positive control, H460 cells were treated with 5 uM sorafenib and 50 ng/mL TRAIL for 24 h.



506

;
;
;
;

'
'
+
+

'

'
+
+

H460 A549
C 50 -
& 40 A
<
T 30 - *
©
3 20 -
(@]
10 -
0 J
cleaved
PARP
e SR wEEe Y| o
- - + +  BEZ235/S31-201
- + - +  CHOP siRNA
E "% | mmHa60
[1A549
80 -
S
T 60 -
w
3
= 40 -
[
(@]
20 -
0 J
- + - + - + - + BEZ235
B _ ¥ + - - +  + 83201
Vehicle TRAIL

H.-0. Jin et al./Biochemical and Biophysical Research Communications 444 (2014) 502-508

BEZ235

S31-201 B - - + + BEZ235/S31-201
- + - + siCHOP
CHOP
CHOP
Bim
Bim
DR4
DR4
DR5
B-actin
B-actin
D 50 - o
+ Bim siRNA
Bim
40
X
= 30
©
3
= 20
[0}
(@]
10
0
- - + + BEZ235/S3I1-201
- + - + Bim siRNA
F 80 -

+ DR4 siRNA

DR4

B-actin

Cell death (%)

+ BEZ235/S31-201/TRAIL
+ DR4 siRNA

Fig. 4. Combination treatment with BEZ235 and S3I-201 leads to cell death via CHOP-induced Bim activity. (A) H460 and A549 cells were treated with 100 nM S31-201 and/or
300 nM BEZ235 for 24 h. (B and C) A549 cells were transfected with control or CHOP siRNA for 16 h, followed by treatment with 300 nM BEZ235 and 100 nM S31-201 for 24 h.
(D) A549 cells were transfected with control or Bim siRNA for 16 h, followed by treatment with 300 nM BEZ235 and 100 nM S31-201. (E) H460 and A549 cells were treated
with 50 ng/mL TRAIL or/and 300 nM BEZ235 or/and 100 nM S31-201 for 24 h. (F) A549 cells were transfected with control or DR4 siRNA for 16 h, followed by treatment with
300 nM BEZ235/100 nM S31-201/50 ng/mL TRAIL for 24 h. Cell death was evaluated via flow cytometry after Annexin V and PI staining (C-F). Data are presented as means of

triplicate samples, and error bars reflect SD. The indicated protein levels were estimated

using Western blot (C). The blot is representative of two independent experiments.

The indicated mRNA levels were estimated using RT-PCR analysis (A, B, D and F). *p < 0.05 versus the BEZ235/S31-201-treated group. *p < 0.05 versus the BEZ235/S31-201/

TRAIL-treated group.

the most promising targets for cancer therapy identified to date.
However, in past clinical trials, the mTOR inhibitor, rapamycin,
and its analogs (CCI-779, RAD001, AP23573) failed to achieve a sig-
nificant therapeutic effect [8]. mTOR inhibitors enhance PI3K/AKT
activity, and therefore promote resistance to cell death [18,19].
In a previous study by our group, mTOR inhibition induced by
Redd1 promoted phosphorylation of Akt at Ser473 in lung cancer
cells, indicating that mTOR inhibition triggers Akt activation [20].
Therefore, dual targeting of mTOR and PI3K/Akt was subsequently
proposed as an effective approach for cancer therapy. BEZ235 is an
orally administered dual PI3K/mTOR inhibitor [9]. Previous studies
have shown antitumor activity of BEZ235 on several cancer types,

such as lung cancer, glioma cancer, neuroendocrine tumor, breast
cancer, melanoma and pancreatic cancer [21-25]. However, while
BEZ235 completely inhibited phosphorylation of Akt and S6, cell
death was induced at a minimal level (<10%) in NSCLC, as deter-
mined using Annexin V/PI staining (Fig. 1), implying that other sur-
vival signaling pathways are involved in the response to BEZ235. In
the present study, co-treatment with a Stat3 inhibitor and BEZ235
effectively induced apoptosis in NSCLC cells. Mechanistically, Stat3
inhibition, in combination with BEZ235, resulted in upregulation of
CHOP and its downstream target gene, Bim, at the transcriptional
level (Fig. 4). Downregulation of CHOP or Bim with specific siRNA
led to significant reduction in cell death, suggesting that these
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factors are required for BEZ235-mediated sensitization to the ef-
fects of Stat3 inhibition. Our results suggest that blockage of Stat3
presents an effective strategy to overcome BEZ235 resistance in
NSCLC.

Additionally, suppression of Stat3 potentiated LY294002-in-
duced cell death. LY294002 is a well-known PI3K inhibitor that
blocks both PI3K and mTOR activity (Fig. 3). These data suggest
that dual inhibition of PI3K/Akt and mTOR activities is necessary
and sufficient to further enhance cell sensitivity to Stat3 inhibition.
Several studies have described the inhibitory effects of Stat3 on
tumor suppressor genes, suggesting that additional mechanisms
exist by which Stat3 promotes cancer cell survival and suppresses
apoptosis [26-28]. Inhibition of Stat3 induced breast cancer cell
death via activation of proapoptotic genes, including CHOP,
ERG2, NR4A2, PHLDA, and GADD45a [29]. Moreover, we observed
a slight increase in CHOP mRNA in response to S31-201, a Stat3
inhibitor (Fig. 4). Treatment with a combination of S31-201 and
BEZ235 led to significantly increased levels of CHOP and its down-
stream genes, Bim and DR4, compared to either single agent alone,
in the lung cancer cell lines, H460 and A549 (Fig. 4). Previous stud-
ies reported that proapoptotic BH3-only proteins, Bim or puma, are
required for CHOP-induced cell death [30-32]. However, we did
not observe changes in puma levels in cells subjected to BEZ235/
S31-201 treatment (data not shown). Silencing of CHOP suppressed
the expression of Bim and cell death by BEZ235/S31-201. Addition-
ally, knockdown of Bim suppressed cell death induced by BEZ235/
S31-201. Based on these results, we suggest that CHOP-dependent
Bim upregulation plays a role in NSCLC cell death induced by
BEZ235/S31-201. The findings that BEZ235/S31-201 enhances
TRAIL-induced cell death in NSCLC cells and knockdown of DR4
inhibits apoptosis induced by BEZ235/S31-201/TRAIL further sug-
gest that TRAIL sensitization by BEZ235/S31-201 is mediated via
CHOP-dependent DR4 upregulation. In summary, a combination
of Stat3 inhibition and the PI3K/mTOR inhibitor, BEZ235, acts syn-
ergistically to promote NSCLC cell death. This synergistic effect
presents a novel strategy to enhance the efficacy of PI3K- and/or
mTOR-targeted cancer therapy.
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