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Abstract
This study focuses on determining whether and how the novel PI3 kinase inhibitor NVP-BKM120
(BKM120) induces apoptosis and enhances TRAIL-induced apoptosis in human lung cancer cells.
We found that BKM120 reduced Mcl-1 levels across the tested cell lines along with induction of
apoptosis and enhancement of TRAIL-induced apoptosis. Enforced expression of ectopic Mcl-1
significantly attenuated the effects of BKM120 alone or in combination with TRAIL on induction
of apoptosis. Thus Mcl-1 downregulation contributes to BKM120-induced apoptosis or
enhancement of TRAIL-induced apoptosis. Moreover, we have demonstrated that BMK120
decreases Mcl-1 levels through facilitating its degradation involving a GSK3/FBXW7-dependent
mechanism.
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1. Introduction
NVP-BKM120 is a novel, potent and highly selective pan-class I phosphatidylinositol-3
kinase (PI3K) inhibitor and is currently being investigated in phase I clinical trials. In
preclinical studies, it has been shown to be active in suppressing proliferation and inducing
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apoptosis of cancer cell lines and in inhibiting the growth of human tumors (xenografts) in
mice at tolerated doses [1; 2; 3]. When combined with dexamethasone, synergistic
cytotoxicity in dexamethasone-sensitive multiple myeloma cells was also observed [2].
Clinically, BKM120 at the maximum-tolerated dose has been shown to be safe with a
favorable pharmacokinetic profile, clear evidence of target inhibition and preliminary
antitumor activity in a recently completed phase I trial [4].

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a potential cancer
therapeutic cytokine with the ability to preferentially induce apoptosis in transformed or
malignant cells [5]. Currently, recombinant human TRAIL is being tested in phase I clinical
trials [6; 7]. However, some cancer cell lines are intrinsically insensitive to TRAIL; this
issue has thus become a major obstacle in TRAIL-based cancer therapy [8; 9]. Hence
additional sensitization is needed to potentiate the killing effect of TRAIL in these
insensitive cancer cells. PI3K/Akt signaling has been considered to be one possible
mechanism accounting for cancer cell resistance to TRAIL. Accordingly, inhibition of this
signaling with both small molecule inhibitors or small interfering RNA (siRNA) sensitizes
cancer cells to TRAIL-induced apoptosis in some types of cancer cells [10; 11; 12; 13; 14;
15]. Whether BKM120 sensitizes cancer cells to TRAIL-induced apoptosis has not been
reported.

It is well known that cells can die of apoptosis primarily through the extrinsic death
receptor-induced pathway and/or the intrinsic mitochondria-mediated pathway: the extrinsic
pathway is characterized by the oligomerization of cell surface death receptors and
activation of caspase-8, while the intrinsic pathway involves in the disruption of
mitochondrial membranes, the release of cytochrome c and the activation of caspase-9.
Cross-talk between these two pathways is mediated by the truncated proapoptotic protein
Bid [16]. A central step in the execution of apoptosis is the activation of caspases (e.g.,
caspase-8 and caspase-9), which are widely expressed as inactive forms [16]. Thus, this step
is negatively regulated by multiple anti-apoptotic proteins such as c-FLIP (for caspase-8)
and anti-apoptotic Bcl-2 family members (e.g., Mcl-1, Bcl-2 and Bcl-XL) (for caspase-9) to
prevent unnecessary activation of these caspases. In general, downregulation of these anti-
apoptotic proteins induces apoptosis or enhances TRAIL-induced apoptosis [8; 17; 18].

In this study, we focused on determining whether BKM120 induced apoptosis and enhanced
TRAIL-induced apoptosis in human non-small cell lung cancer (NSCLC) cells. Moreover,
we studied possible mechanisms by which BKM induces apoptosis and sensitizes NSCLC
cells to TRAIL-induced apoptosis.

2. Materials and Methods
2.1, Reagents

BKM120 was supplied by Novartis Pharmaceuticals Corporation (East Hanover, NJ),
dissolved in DMSO and stored at −80°C. Soluble recombinant human TRAIL was
purchased from PeproTech, Inc. (Rocky Hill, NJ). The proteasome inhibitor MG132, the
protein synthesis inhibitor cycloheximide (CHX) and the GSK3 inhibitor SB216763 was
purchased from Sigma Chemical Co. (St. Louis, MO). The PI3K inhibitor LY294002 was
purchased from LC Laboratories (Woburn, MA). The pan caspase inhibitor Z-VAD-fmk
was purchased from Bachem (Torrance, CA). Mouse monoclonal caspase-8, polyclonal
caspase-9 and PARP antibodies were purchased from Cell Signaling Technology (Danvers,
MA). Mouse monoclonal caspase-3 antibody was purchased from Imgenex (San Diego,
CA). Rabbit polyclonal Mcl-1 and Bcl-XL and mouse monoclonal Bcl-2 antibody were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). GSK3 antibody was
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purchased from Upstate/Millipore (Billerica, MA). Both polyclonal and monoclonal actin
antibodies were purchased from Sigma Chemical Co.

2.2, Cell lines and cell culture
The human NSCLC cell lines used in this study were either provided by Dr. R. Lotan (M.D.
Anderson Cancer Center, Houston, TX) [19] or purchased from the American Type Culture
Collection ATCC (Manassas, VA). H157 and A549 cells were recently authenticated by
Genetica DNA Laboratories, Inc. (Cincinnati, OH) through analyzing short tandem repeat
DNA profile; other cell lines have not been authenticated. H460 cell lines that stably express
Bcl-2 were described previously [20]. HCT116-FBXW7+/+ and HCT116-FBXW7−/− cell
lines were kindly provided by Dr. B. Vogelstein (Johns Hopkins University School of
Medicine, Baltimore, MA). These cell lines were grown in monolayer culture in RPMI 1640
medium or McCoy’s medium supplemented with glutamine and 5% fetal bovine serum
(FBS) at 37°C in a humidified atmosphere consisting of 5% CO2 and 95% air.

2.3, Lentiviral Mcl-1 expression
Full length Mcl-1 cDNA was amplified by PCR from pcDNA-Mcl-1 plasmid and sub-
cloned into the lentiviral expression vector, pFUW [21] to generate pFUW-Mcl-1.
Lentiviruses carrying pFUW-Mcl-1 or pFUW were produced by co-transfecting the HIV-1
packaging vector Delta 8.9 and the VSV-G envelope glycoprotein into 293T cells. After 48
h, the supernatant was harvested, filtered, and polybrene was added for the further viral
infection of cancer cells. To establish stable lines that express ectoptic Mcl-1, the given cell
lines were infected for 48 h followed with exposure to zeocin (500 µg/ml) for 7 days. The
surviving cells were pooled as the stable cell lines used in the study. Mcl-1 expression was
verified with Western blotting.

2.4, Cell survival and apoptosis assays
Cells were seeded in 96-well cell culture plates and treated the next day with the given
agents. Viable cell numbers were determined using sulforhodamine B (SRB) assay as
described previously [19]. Combination index (CI) for drug interaction (e.g., synergy) was
calculated using the CompuSyn software (ComboSyn, Inc.; Paramus, NJ). Apoptosis was
evaluated with an annexin V-PE apoptosis detection kit (BD Biosciences; San Jose, CA) or
with a Cell Death Detection ELISAPlus kit (Roche Molecular Biochemicals, Indianapolis,
IN) according to the manufacturer's instructions. The percent positive cells in the upper right
and lower right quadrants in the annexin V assay represent the total apoptotic cell
population. We also detected caspases and PARP cleavage by Western blot analysis as
described below as additional indicators of apoptosis.

2.5, Western Blot Analysis
Preparation of whole-cell protein lysates and Western blot analysis were described
previously [22; 23].

2.6, Detection of Mcl-1 ubiquitination
The H1299/Mcl-1 stable line was transfected with HA-ubiquitin plasmid using X-
tremeGENE 9 DNA transfection reagent (Roche, Indianapolis, IN) based on the
manufacturer’s instructions. After 24 h, the cells were treated with BKM120 or BKM120
plus MG132 for 6 h. Cells were collected and lysed for immunoprecipitation of Mcl-1 using
Mcl-1 antibody (Santa Cruz Biotechnology, Inc.) followed by detection of ubiquitinated
Mcl-1 with Western blot analysis using anti-HA antibody (Abgent, San Diego, CA).
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2.7, siRNA and transfection
GSK3α/β siRNA (#6301) was purchased from Cell Signaling Technology. FBXW7 siRNA
that targets the sequence of 5’-AACACAAAGCTGGTGTGTGCA-3’ [24] was synthesized
from Qiagen (Valencia, CA). siRNA transfection was performed with HiPerFect
transfection reagent (Qiagen) following the manufacturer’s instructions.

3. Results
3.2, BKM120 induces apoptosis in human NSCLC cells

We conducted a 3-day cell survival assay to test the effects of BKM120 on the growth of
NSCLC cells. All NSCLC cell lines tested were sensitive to BKM120 (Fig. 1A) with IC50s
ranging from 0.4 to 2 µM. In apoptotic assays, we found that BKM120 at 1 µM or higher
concentrations (up to 4 µM) clearly increased the population of annexin V-positive cells
(Fig. 1B), DNA fragments (Fig. 1C) and the cleavage of caspase-8, caspase-9, caspase-3 and
PARP (Fig. 1D) in all of the tested cell lines (H1299, H460 and H157) even after a 24 h
incubation, indicating that BKM120 induces apoptosis in NSCLC cells.

3.2, BKM120 synergizes with TRAIL to induce apoptosis
We next determined whether BKM120 combined with TRAIL exerts enhanced apoptosis-
inducing effects in NSCLC cells. Under the tested concentration ranges, BKM120 (1–4 µM)
alone or TRAIL (20–80 ng/ml) alone in part decreased the survival of the tested cell lines;
however their combination exhibited much greater potency than either agent alone in
decreasing cell survival (Fig. 2A). The CIs for the different combinations were far lower
than 1 in every tested cell line (supplemental Fig. S1), indicating that the combination of
BKM120 and TRAIL exerts synergistic effects on decreasing the survival of NSCLC cells.
In agreement, the combination of BKM120 and TRAIL was also much more effective than
either agent alone in increasing the population of annexin V-positive cells (Fig. 2B) and
cleavage of caspases (including caspase-8, caspase-9 and caspase-3) and PARP (Fig. 2C).
For example, in H1299 cells, the BKM120 and TRAIL combination caused about 45%
apoptosis, whereas BKM120 and TRAIL alone induced 16% and 6% apoptosis, respectively
(Fig. 2B). Thus, it is clear that the combination of BKM120 and TRAIL synergistically
induces apoptosis of NSCLC cells. In the presence of the pan caspase inhibitor Z-VAD-fmk,
the ability of the BKM120 and TRAIL combination to enhance apoptosis was substantially
inhibited (Fig. 2D), indicating that the combination of BKM120 and TRAIL induces
caspase-dependent apoptosis.

3.3, BKM120 reduces the levels of Bcl-2 family members, Mcl-1, Bcl-2 and Bcl-XL, and
blocks TRAIL-induced Mcl-1 upregulation

To understand the possible mechanisms by which BKM120 induces apoptosis and enhances
TRAIL-induced apoptosis, we asked whether BKM120 altered the levels of proteins known
to be involved in regulation of the extrinsic or intrinsic apoptotic pathway (i.e., death
receptors, c-FLIP, Bcl-2 family members and survivin). To this end, we treated a few of
NSCLC cell lines with different concentrations of BKM120 for 16 h and then detected these
proteins. In all tested cell lines, the levels of DR5, DR4, Bid, Bim, Bad and Bax were not
increased. Interestingly, we found that DR4 levels were even decreased in H1299 and H460
cells. The levels of FLIPS were slightly decreased in H157 cells, whereas FLIPL levels were
not reduced in any of the tested cell lines. Survivin levels were reduced in H460 cells, but
not in H157, Calu-1 or H1299 cells (Fig. S2). Thus, we believe that these proteins (DR5,
DR4, Bid, Bim, Bad, Bax, FLIPL, and survivin) are unlikely to be important in mediating
apoptosis induced by BKM120 or BKM120 plus TRAIL.

Ren et al. Page 4

Cancer Lett. Author manuscript; available in PMC 2014 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In contrast, we found that the levels of Bcl-2 and particularly Mcl-1 were reduced by
BKM120 in a dose-dependent manner in most tested cell line. Bcl-XL levels were reduced in
some of the tested cell lines (e.g, Calu-1 and H1299; Fig. 3A). By analyzing time-dependent
effects of BKM120 on expression of these proteins in H1299 cells, we found that BKM120
reduced the levels of these proteins early at 5 h post treatment; these effects were sustained
up to 20 h. We noted that the reduction of both Mcl-1 and Bcl-2 was maintained or
enhanced as the incubation time increased, whereas the reduced levels of Bcl-XL were time-
dependently recovered starting at 15 h post treatment (Fig. 3B). Together, these data imply
that downregulation of these proteins, particularly Mcl-1, is likely critical for BKM120 to
induce apoptosis and enhance TRAIL-induced apoptosis.

We found that BKM120, at the tested concentration ranges, effectively reduced the levels of
p-Akt (Fig. 3A). Moreover, we compared the effects of BKM120 with LY294002, another
well known pan-class I PI3K inhibitor, on Mcl-1 expression and found that LY294002 also
decreased the levels of Mcl-1 as BKM120 did (Fig. 3C).

TRAIL has been shown to upregulate Mcl-1 expression, which is associated with TRAIL
resistance [25; 26; 27; 28]. In our cell systems, TRAIL also increased Mcl-1 levels (Fig.
3D). In the presence of BKM120, TRAIL-induced Mcl-1 elevation was blocked (Fig. 3E).
These results further support the notion that downregulation of Mcl-1 is a critical
mechanism by which BKM120 enhances TRAIL-induced apoptosis. Therefore, we
concentrated our study on Mcl-1 as well as Bcl-2 in the following experiments.

3.4, Enforced expression of Mcl-1 or Bcl-2 attenuates the ability of BKM120 to induce
apoptosis

We then asked whether downregulation of Mcl-1 or Bcl-2 is indeed critical for induction of
apoptosis by BKM120 or BKM120 plus TRAIL. To address this question, we determined
whether enforced ectopic expression of these proteins protects cells from induction of
apoptosis by BKM120 or BKM120 and TRAIL combination. We detected reduced levels of
cleaved caspase-3 and PARP and fewer annexin V-positive cells in H1299/Mcl-1 cells
compared with parental H1299/V cells (Figs. 4A and 4B). Similar results were also
generated in A549 cells stably expressing ectopic Mcl-1 (Figs. 4C and 4D). This
phenomenon was also observed in cells stably expressing Bcl-2 (Fig. S3). For example, we
detected much lower levels of the cleaved forms of caspase-3 and PARP and fewer annexin
V-positive cells in both H460 transfectants with ectopic Bcl-2 expression (Bcl-2#6 and
Bcl-2#8) than in H460 control cells (Figs. S3A and S3B). Thus, it is clear that enforced
expression of ectopic Mcl-1 or Bcl-2 attenuates the ability of BKM120 to induce apoptosis.

3.5, Enforced expression of Mcl-1 or Bcl-2 confers resistance to induction of apoptosis by
BKM120 and TRAIL combination

If the downregulation of Mcl-1 and Bcl-2 is important for BKM120 to enhance TRAIL-
induced apoptosis, we anticipated that enforced expression of ectopic Mcl-1 or Bcl-2 would
also protect cells from induction of apoptosis by BKM120 plus TRAIL. Indeed, the
combination of BKM120 and TRAIL was much more potent than either single agent in
inducing cleavage of caspase-9, caspase-3 and PARP and in increasing annexin-V cell
numbers in different control cells (e.g., H1299 and H460); however, these enhanced effects
were either abolished or substantially reduced in cells expressing ectopic Mcl-1 (Fig. 5) or
Bcl-2 (Fig. S4). Thus, it is clear that enforced expression of these proteins confers resistance
of cancer cells to augmented induction of apoptosis by BKM120 and TRAIL.

In H460 cells that stably express Bcl-2 (Bcl-2#6 and Bcl-2#8), augmented cleavage of
caspase-8 induced by the combination of BKM120 and TRAIL was still detected to the
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same degree as observed in H460 vector control cells (Fig. S4). In H1299 or A549 cells that
stably express Mcl-1, this augmented cleavage of caspase-8 was abolished or reduced in
comparison with that in their corresponding control cells (Figs. 5A and 5C). Thus, Mcl-1
and bcl-2 have different effects on augmented caspase-8 activation induced by the BKM120
and TRAIL combination.

3.6, BKM120 reduces Mcl-1 levels through facilitating its degradation in part via a GSK3-
dependent and FBXW7-mediated mechanism

Finally, we determined the mechanisms by which BKM120 reduces the levels of Mcl-1, a
protein that is substantially downregulated by BKM120 across the tested cell lines. It has
been recently demonstrated that Mcl-1 levels are regulated by a GSK3/FBXW7-dependent
degradation mechanism [29; 30]. Given that Akt inactivates GSK3 through phosphorylation,
we wondered whether BKM120, as a PI3K inhibitor, reduces Mcl-1 levels through
promoting its degradation by activating GSK3 via suppression of Akt. To test this
hypothesis, we compared the effects of BKM120 on Mcl-1 levels in the absence and
presence of the proteasome inhibitor MG132. As presented in Fig. 6A, the presence of
MG132 not only elevated basal levels of Mcl-1, but also prevented Mcl-1 reduction induced
by BKM120 in both H1299 and H157 cells. Moreover, we compared the stabilities of Mcl-1
between cells exposed to DMSO or BKM120. The half-life of Mc1-1 in BKM120-treated
cells (~ 20 min) was shorter than that (~ 30 min) in DMSO-treated cells (Fig. 6B), indicating
that BKM120 enhances Mcl-1 degradation. By detecting Mcl-1 ubiquitination with IP-
Western blotting, we found that BKM120 also increased the levels of ubiquitinated Mcl-1
(Fig. 6C; lane 4 vs. lane 3), further supporting the notion that BKM120 enhances
proteasome-mediated Mcl-1 degradation.

We next asked whether FBXW7 is involved in mediating BKM120-induced Mcl-1
degradation. To this end, we compared the effects of BKM120 on the reduction of Mcl-1
between cell lines with (FBXW7+/+) and without (FBXW7−/−) the FBXW7 gene. As shown
in Fig. 7A, BKM120 dose-dependently reduced Mcl-1 levels in both cell lines. However,
BKM120 exhibited a weaker effect on decreasing Mcl-1 in FBXW7−/− cells than in
FBXW7+/+ cells, indicating that the knockout or deficiency of FBXW7 attenuates the effect
of BKM120 on reduction of Mcl-1. Moreover, we compared the stabilities of Mcl-1 between
these cell lines in the absence and presence of BKM120. Mcl-1 had a much longer half-life
in FBXW7−/− cells than in FBXW7+/+ cells (> 60 min vs. ~ 45 min, respectively), indicating
that FBXW7 indeed regulates Mcl-1 degradation. Upon treatment with BKM120, the half-
life of Mcl-1 was shortened in both cell lines albeit with varied degrees: ~ 20 min in
FBXW7+/+ cells and ~ 50 min in FBXW7−/− cells (Fig. 7B). These data indicate that
deficiency of FBXW7 indeed delays Mcl-1 degradation induced by BKM120. Besides, we
knocked down FBXW7 with FBXW7 siRNA in H1299 cells and examined its impact on
BKM120-induced Mcl-1 reduction. We found that knockdown of FBXW7 greatly impaired
the ability of BKM120 to decrease Mcl-1 levels (Fig. 7C, left panel). Due to lack of a good
antibody for detection of endogenous FBXW7, we tested the knockdown efficiency of the
FBXW7 siRNA by co-transfection of a Flag-FBXW7 as others did [31] and found that this
FBXW7 siRNA effectively silenced the expression of ectopic FBXW7 (Fig. 7C, right
panel). Taking all data together, it is clear that BKM120 induces FBXW7-dependent Mcl-1
degradation.

If BKM120-induced Mcl-1 degradation is GSK3-dependent, we anticipated that inhibition
of GSK3 should block Mcl-1 degradation. Indeed, the presence of the GSK3 inhibitor,
SB216763 prevented Mcl-1 from reduction or degradation induced by BKM120 in both
H1299 and H157 cells (Fig. 7D). Here we used inhibition of c-Myc phosphorylation and
stabilization of c-Myc as indications of GSK3 activity inhibition because GSK3 is known to
phosphorylate c-Myc and promote its degradation [32; 33]. In agreement, siRNA-mediated
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knockdown of GSK3 also substantially rescued Mcl-1 reduction induced by BKM120 (Fig.
7H). Thus, it is likely that BKM120 induces a GSK3-dependent Mcl-1 degradation.

4. Discussion
There are several previous studies showing that inhibition of the PI3K/Akt signaling with
either small molecule inhibitors (e.g., LY294002 and PI-103) or siRNA (e.g., p85 or
PIK3CA siRNA) sensitizes certain types of cancer cells (e.g., neuroblastoma) to TRAIL-
induced apoptosis [10; 11; 13; 15; 34]. In agreement with these studies, the present study
further shows that the clinical tested novel PI3K inhibitor, BKM120, induces apoptosis and
synergizes with TRAIL to induce apoptosis in NSCLC cells. Our findings provide further
support for targeting the PI3K/Akt signaling as an effective strategy to enhance TRAIL-
induced apoptosis and also warrant further investigation of the BKM120 and TRAIL
combination as a potential cancer therapeutic regimen.

BKM120 clearly induces apoptosis when used at a relatively high concentration (e.g., ≥ 1
µM) as demonstrated in our current study and in other studies [2; 3]. However the
underlying mechanisms are unknown. In our study, BKM120 activated both caspase-8 and
caspase-9, suggesting that both the extrinsic and intrinsic apoptotic pathways may be
activated. However, BKM120 did not increase the expression of either DR5 or DR4, nor
reduce the levels of c-FLIP across the tested cell lines; rather it reduced the levels of the
anti-apoptotic Bcl-2 family members, Mcl-1, Bcl-2 and Bcl-XL, although it did not alter the
levels of pro-apoptotic Bcl-2 family member proteins (e.g., Bax, Bid, Bim and Bad). In
another study with neuroblastoma cells, Mcl-1 levels were also reduced by PI-103 [15].
Although inhibition of PI3K with LY294002 or with expression of a dominant-negative p85
mutant downregulated survivin expression in neuroblastoma cell [11], we did not find that
BKM120 could reduce survivin levels in our cell systems. Thus, it is likely that
downregulation of some anti-apoptotic Bcl-2 family members (e.g., Mcl-1 and Bcl-2) is a
critical event that mediates BKM120-induced apoptosis in NSCLC cells. Indeed, enforced
expression of ectopic Mcl-1 or Bcl-2 attenuated the ability of BKM120 to induce apoptosis
including caspase activation. Thus, it is reasonable to suggest that the downregulation of
these anti-apoptotic Bcl-2 family proteins alters the ratios of pro-apoptotic Bcl-2 family
members (e.g., Bax, Bak and Bad) over these anti-apoptotic Bcl-2 family proteins, leading
to induction of apoptosis. We noted that enforced expression of ectopic Mcl-1 or Bcl-2
prevented or attenuated caspase-8 cleavage or activation induced by BKM120 (Figs. 4 and
S3). These data imply that caspase-8 activation caused by BKM120 is secondary to
activation of the intrinsic apoptotic pathway. This may be in line with our observation that
BKM120 did not increase the expression of DR5 or DR4, nor reduce the levels of c-FLIP
(Fig. S2). Given that caspase-8 can be activated by caspase-9 or caspase-3 [35; 36], our
finding in this regard is not surprising.

Mcl-1 and/or Bcl-2 have been implicated in the regulation of cancer cell response to
TRAIL-induced apoptosis [8; 9]. Accordingly, BH3 mimetics such as ABT-737 enhance
TRAIL-induced apoptosis [37; 38; 39; 40; 41]. Although modulation of DR4, DR5 and/or c-
FLIP is a common mechanism underlying the enhancement of TRAIL-induced apoptosis
[42; 43], it is unlikely to contribute to the BKM120-mediated enhancement of TRAIL-
induced apoptosis observed in this study since BKM120 neither increases the expression of
DR4 and DR5, nor reduces the levels of c-FLIP (Fig. S2). In this study, enforced expression
of ectopic Mcl-1 or Bcl-2 abrogated or attenuated the synergistic induction of apoptosis,
including caspase activation, by the BKM120 and TRAIL combination (Figs. 5 and S4).
Thus, we conclude that downregulation of these anti-apoptotic Bcl-2 family proteins is also
responsible for sensitization of cancer cells to TRAIL-induced apoptosis by BKM120. It is
well known that Mcl-1 or Bcl-2 negatively regulates the mitochondrial apoptotic signaling,

Ren et al. Page 7

Cancer Lett. Author manuscript; available in PMC 2014 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



which can be activated by the death receptor-mediated apoptotic pathway via caspase-8-
mediated cleavage of Bid [44]. Thus, downregulation of these Bcl-2 family proteins (e.g., by
BKM120) will release their suppressive effects on mitochondrial apoptotic signaling,
leading to amplification of TRAIL/death receptor-induced apoptosis.

We noted that enforced expression of Bcl-2 did not affect augmented caspase-8 cleavage or
activation while it blocked cleavage of caspase-9, caspase-3 and PARP (Fig. S4). However,
enforced expression of Mcl-1 reduced the levels of cleaved caspase-8 induced by the
combination of BKM120 and TRAIL (Figs. 5). These data suggest that BKM120
downregulates Mcl-1, thereby reversing the inhibition of intrinsic apoptotic signaling and
eventually enhancing apoptosis. During this process, caspase-8 can be further activated by
caspase-9/caspase-3, resulting in further amplification of apoptotic signaling. It is also
possible that Mcl-1 may have an uncovered role in direct suppression of the extrinsic
apoptotic pathway, which deserves a further investigation.

It has been reported that TRAIL increases Mcl-1 levels, which may result in a protective
effect on TRAIL-mediated cell killing or the development of TRAIL resistance [25; 26; 27;
28]. Thus, prevention of TRAIL-induced Mcl-1 elevation may also contribute to the
enhancement of TRAIL-induced apoptosis [26; 27]. In our cell systems, TRAIL indeed
increased Mcl-1 levels. When combined with BKM120, Mcl-1 elevation was prevented
(Fig. 3). Thus we believe that prevention of TRAIL-induced Mcl-1 increase by BKM120
may also contribute to BKM120 enhancement of TRAIL-induced apoptosis.

BKM120 effectively inhibited the PI3K/Akt signaling at the tested concentration ranges that
decrease Mcl-1 evidenced by reducing p-Akt levels. Another pan-class I PI3K inhibitor
LY294002 had a similar effect on reducing Mcl-1 levels (Fig. 3). Given that Mcl-1 is a
PI3K–regulated protein [45], it is likely that BKM120-induced downregulation of Mcl-1 is
secondary to inhibition of the PI3K/Akt signaling. It has been reported recently that
BKM120 at concentrations equal or higher than 2 µM in cells displays off-target or PI3K
inhibition-independent activities [46]. Therefore, we cannot exclude other mechanisms
contributing to BKM120-induced Mcl-1 downregulation. Further studies in this regard are
needed.

Mcl-1 has been recently demonstrated to be regulated by GSK3/FBXW7-mediated protein
degradation [29; 30]. As a PI3K inhibitor, it is plausible to speculate that BKM120
downregulates Mcl-1 levels through enhancing GSK3/FBXW7-dependent Mcl-1
degradation by activating GSK3. In our study, BKM120 decreased Mcl-1 stability and
increased Mcl-1 ubiquitination. BKM120-induced Mcl-1 reduction could be prevented by
co-treatment with a proteasome inhibitor (Fig. 6). Knockout or knockdown of FBXW7
substantially attenuated the ability of BKM120 to decrease Mcl-1 levels, including
decreasing Mcl-1 stability (Fig. 7). Moreover, inhibition of GSK3 with both small molecule
GSK3 inhibitors and GSK3 siRNA in part prevented Mcl-1 from reduction induced by
BKM120 (Fig. 7). Hence, it is convincingly concluded that a GSK3-dependent and FBXW7-
mediated degradation mechanism accounts for BKM120-induced proteasomal degradation
of Mcl-1. In this study, we found that knockout or knockdown of FBXW7 attenuated, but
did not abolish, the ability of BKM120 to reduce Mcl-1 levels. So did the GSK3 inhibition
(Fig. 7). Thus we suggest that additional degradation mechanism(s) may be involved in
BKM120-induced Mcl-1 degradation.

In this study, we have not demonstrated the mechanisms by which BKM120 decreases the
levels of Bcl-2 and Bcl-XL. BKM120 clearly exerted more striking suppressive effect on
Mcl-1 than on Bcl-2 and Bcl-XL (Fig. 3). Hence it is unlikely that BKM120 reduces the
levels of Bcl-2 and Bcl-XL through the same mechanism as it does on induction of Mcl-1
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degradation. Nonetheless it is important to conduct further study in the future to understate
the mechanisms by which BKM120 reduces the levels of Bcl-2 and Bcl-XL.

In summary, the current study has demonstrated that BKM120 induces apoptosis and
enhances TRAIL-induced apoptosis in NSCLC cells. Downregulation of Mcl-1, Bcl-2 and
Bcl-XL by BKM120 is likely to account for these processes. Moreover, the reduction of
Mcl-1 by BKM120 is largely due to activation of a GSK3/FBXW7-dependent mechanism.
Our findings warrant further investigation of the types of cancers in vivo. therapeutic
potential of the BKM120 and TRAIL combination against NSCLC and other types of
cancers in vivo.
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Fig. 1. BKM120 effectively decreases the survival ( A) and induces apoptosis (B–D) of human
NSCLC cells
A, A panel of human NSCLC cell lines as indicated were seeded in 96-well plates and then
treated with different concentrations of BKM120 ranging from 0.125 to 4 µM as indicated
on the second day. After 3 days, cell numbers were estimated using SRB assay. Points,
means of triplicate determinations; bars ± SD. B–D, The given cell lines were treated with
the indicated concentrations of BKM120 for 24 h and then harvested for analysis of annexin
V-positive cells with flow cytometry (B), for measurement of histone-associated DNA-
fragments with a cell death ELISA kit (C) and for detection of caspase cleavage with
Western blotting (D). Columns, means of duplicate (D) or triplicate (E) determinations; bars
± SD. Pro-casp, pro-caspase; CF, cleaved form.
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Fig. 2. BKM120 combined with TRAIL synergistically decreases the survival (A) and induces
caspase-dependent apoptosis (B–D) of human NSCLC cells
A, The indicated cell lines were seeded in 96-well plates and treated the next day with
different concentrations of TRAIL alone, BKM120 alone and their respective combinations
as indicated. After 24 h, cell numbers were estimated using the SRB assay. Columns, means
of four replicate determinations; bars, ± SD. B and C, The given cell lines were treated with
2 µM BKM120, 20 ng/ml TRAIL or their combination for 24 h and then harvested for
detection of annexin V-positive cells with flow cytometry (B) and caspase cleavage with
Western blotting (C). Columns, means of duplicate determinations; bars, ± SD. Pro-casp,
pro-caspase; CF, cleaved form. D, H1299 cells were pre-treated with 20 µM Z-VAD-fmk for
30 min and then co-treated with DMSO, 2 µM BKM120, 20 ng/ml TRAIL or the
combination of BKM120 and TRAIL. After 16 h, the cells were assayed for histone-
associated DNA fragments with a cell death ELISA kit. Columns, means of triplicate
determinations; bars, ± SD. Comb, combination.
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Fig. 3. BKM120 decreases the levels of Mcl-1, Bcl-2, and Bcl-XL in dose- (A) and time- (B)
dependent fashions along with suppression of Akt phosphorylation (A and C), whereas TRAIL
increases Mcl-1 expression (D), which can be abolished by the presence of BKM120 (E)
A, The given cell lines were treated with the indicated concentrations of BKM120 for 12 h.
B, H1299 cells were treated with 2 µM BKM120 for different times as indicated. C, H157
cells were treated with the indicated concentrations of BKM120 or LY294002 for 8 h. D,
The given cell lines were treated with the indicated concentrations of TRAIL for 6 h. E, The
given cell lines were treated with 2 µM BKM120 alone, 50 ng/ml TRAIL alone and
BKM120 plus TRAIL for 6 h. After these treatments, the cells were harvested for
preparation of whole-cell protein lysates and subsequent Western blot analysis to detect the
indicated proteins.
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Fig. 4. Enforced expression of ectopic Mcl-1 in H1299 (A and B) or A549 cells (C and D) protects
cells from BKM120-induced apoptosis
The indicated cell lines were exposed to 4 µM BKM120 for 24 h and then harvested for
preparation of whole-cell protein lysates and subsequent Western blot analysis to detect
caspase cleavage (A and C) and for detection of apoptosis (i.e., annexin V-positive cells)
with flow cytometry (B and D). Pro-casp, pro-caspase; CF, cleaved from.
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Fig. 5. Enforced expression of ectopic Mcl-1 in H1299 (A and B) or in A549 cells (C and D)
protects cells from apoptosis induced by the BKM120 and TRAIL combination
The indicated stable transfectants were treated with 2 µM BKM120 alone, 20 ng/ml TRAIL
alone or their combination. After 8 h (A and C) or 24 h (B and D), the cells were then
harvested for preparation of whole-cell protein lysates and subsequent Western blot analysis
to detect caspase cleavage (A and C) and for detection of apoptosis (i.e., annexin V-positive
cells) with flow cytometry (B and D). Pro-casp, pro-caspase; CF, cleaved from.
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Fig. 6. BKM120 induces proteasome-mediated Mcl-1 degradation (A), decreases Mcl-1 stability
(B) and increases Mcl-1 ubiquitination (C)
A, Both H157 and H1299 cells were pre-treated with 20 µM MG132 for 30 minutes prior to
the addition of 2 µM BKM120. After co-treatment for an additional 6 h, the cells were
harvested for preparation of whole-cell protein lysates and subsequent Western blot analysis.
B, H1299 cells were treated with 2 µM BKM120 for 6 h. The cells were then washed with
PBS 3 times and refed with fresh medium containing 10 µg/ml cycloheximide (CHX). At the
indicated times, the cells were harvested for preparation of whole-cell protein lysates and
subsequent Western blot analysis. Protein levels were quantified with NIH Image J software
(Bethesda, MA) and were normalized to actin. The results were plotted as the relative Mcl-1
levels compared to those at the time 0 of CHX treatment (bottom panel). C, H1299/Mcl-1
cells were transfected with HA-ubiquitin expression plasmid using X-tremeGENE 9 DNA
transfection reagent, After 24 h, the cells were pre-treated with 20 µM MG132 for 30 min
and then co-treated with 2 µM BKM120 for another 4 h. Whole-cell protein lysates were
then prepared for IP using anti-Mcl-1 antibody followed by Western blotting (WB) using
anti-HA antibody for detection of ubiquitinated Mcl-1 (Ub-Mcl-1).
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Fig. 7. Deficiency (A and B) or knockdown (C) of FBXW7 or inhibition of GSK3 (D and E)
impairs the ability of BKM120 to induce Mcl-1 degradation
A, The given cell lines were treated with different concentrations of BKM120 as indicated
for 12 h and then harvested for Western blot analysis. B, The given cell lines were treated
with 2 µM BKM120 for 6 h. The cells were then washed with PBS 3 times and refed with
fresh medium containing 10 µg/ml cycloheximide (CHX). At the indicated times, the cells
were harvested for preparation of whole-cell protein lysates and subsequent Western blot
analysis. C, H1299 cells were transfected with control (Ctrl) or FBXW7 siRNA (siFBXW7)
for 48 h and then exposed to DMSO or 2 µM BKM120 for additional 8 h. Moreover, H1299
cells were further transfected for 48 h with Flag-FBXW7β plasmid 24 h after transfection of
control or FBXW7 siRNA (right panel). D, The indicated cell lines were pretreated with
DMSO or 20 µM SB216763 for 30 min and then co-treated with 2 µM BKM120 for an
additional 10 h. E, H1299 cells were transfected with control (Ctrl) or GSK3 siRNA for 48 h
and then exposed to DMSO or 2 µM BKM120 for additional 8 h. After the aforementioned
treatments (C–E), the cells were then harvested for preparation of whole-cell protein lysates
and subsequent Western blotting. Protein levels were quantified with NIH Image J software
(Bethesda, MA) and were normalized to actin. The results in B were plotted as the relative
Mcl-1 levels compared to those at the time 0 of CHX treatment (bottom panel).
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