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Introduction

The PI3K/Akt pathway is activated in a large percentage of 
human cancers.1 This can occur through a variety of mechanisms 
including Ras mutation, loss of PTEN which encodes the phos-
phatase that opposes the action of PI3K, activation of growth fac-
tor receptors such as EGFR, and mutations in PIK3CA, the gene 
that encodes the alpha isoform of the p110 catalytic subunit of 
PI3K. Because of its central role in cancer development, the PI3K/
Akt pathway is an attractive target for anticancer therapy.2 Two 
of the more commonly used inhibitors of the PI3K pathway are 
wortmannin and LY294002. However, due to their unfavorable 
pharmacologic properties and toxicity, these drugs are not suit-
able for clinical use.3,4 For this reason, new agents that can inhibit 
multiple targets in this pathway are being developed. We have 
focused our attention on the Novartis compound NVP-BEZ235, 
which is being used clinically and found to be relatively non-
toxic.5,6 BEZ235 is a dual inhibitor, physically interacting with 
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the ATP-binding clefts of both mammalian target of rapamy-
cin (mTOR) and class I PI3 kinases. BEZ235 inhibits the α, γ 
and δ isoforms of the p110 subunits with an IC50 ranging from 
4–7 nM and the β isoform with an IC50 of 75 nM.5 The IC50 
for mTOR kinase is 20 nM; however, the IC50 for other kinases 
such as VEGFR1, HER1, cMet and Akt1 is orders of magnitude 
higher (> 10,000 nM).

The PI3K/Akt pathway has been implicated in the regula-
tion of cell growth, proliferation, survival and metabolism as 
well as protein translation. Specifically mutations in the PI3K/
PTEN pathway contribute to increased rate of translation, even 
under hypoxic conditions.7 A key player in this pathway down-
stream of Akt is mTOR, a serine/threonine kinase that integrates 
mitogenic and nutrient signaling to regulate protein translation.8 
mTOR can bind to Raptor to form the TORC1 complex9 or to 
Rictor to form the TORC2 complex.10 TORC1 phosphorylates 
major downstream proteins involved in translation including 
p70SK kinase (p70S6K) and eIF4G.11 eIF4G, eIF4A and the 
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BEZ235 for 24 h, followed by the addition of MG132 (a pro-
teasomal inhibitor) for 1, 2, 3 and 4 h. We observed an accu-
mulation of HIF-1α with time in the control SQ20B (Fig. 1C) 
and U251 cells (Fig. 1D). In contrast, SQ20B and U251 cells 
treated with BEZ235 showed considerably lower accumulation of 
HIF-1α, indicating that the drug interferes with protein synthe-
sis rather than degradation.

BEZ235 decreases global protein translation and decreases 
eIF4G binding to eIF4E. The results above led us to assess the 
effect of BEZ235 on global protein translation. To do this, we 
labeled cells with [35S] methionine, precipitated total protein, 
then measured radioactivity. Treatment with BEZ235 for 24 h 
led to a 70% inhibition of [35S] incorporation in SQ20B cells and 
86% in U251MG cells (Fig. 2A).

In order to determine how BEZ235 decreased protein trans-
lation, we examined the drug’s effect on interactions between 
eIF4E, 4E-BP1 and eIF4G, all components of the eIF4F pro-
tein translation complex. We found that BEZ235 dramatically 
decreases 4E-BP1 phosphorylation (Fig. S2), which should 
increase 4E-BP1 binding to eIF4E (Fig. 2B). To assess this, we 
used 7-methyl-GTP chromatography19 to recover cap-binding 
eIF4E and proteins bound to it. In SQ20B cells, treatment with 
LY294002 or BEZ235 led to a robust recruitment of 4E-BP1 to 
eIF4E, greater than that seen in rapamycin-treated cells (Fig. 2C; 
compare lanes 2, 3 and 5 with 1). This figure also shows that 
rapamycin did not alter the binding of eIF4G to eIF4E compared 
with control cells whereas BEZ235 resulted in a near absence of 
binding of eIF4G. LY24002 reduced the binding of eIF4G to 
eIF4E although not as robustly as BEZ235. The same qualitative 
result in terms of eIF4G binding was seen in U251MG with the 
effect of BEZ235 > LY294002 > rapamycin (Fig. 2C). Given that 
BEZ235 increases eIF4E binding to 4E-BP1 and decreases it’s 
binding to eIF4G, we decided to examine the effects of the drug 
on specific proteins whose expression is known to be regulated by 
eIF4E. Many of these are associated with cell proliferation or sur-
vival including cyclin D1, cyclin B1, survivin and vascular endo-
thelial growth factor (VEGF).11,20,21 We compared the effects 
of BEZ235 to a known inhibitor of the eIF4E-eIF4G interac-
tion, 4EGI1.22 Using a concentration shown by others to disrupt 
eIF4G/eIF4E interaction (50 μM), 4EGI1 decreased survivin 
and cyclin D1 levels in both SQ20B and U251MG cells, with 
little or no effect on cyclin B1, eIF4G and eIF4E levels (Fig. 2D). 
Treatment with BEZ235 caused a greater decrease in eIF4G, 
cyclin B1 and survivin protein levels. The level of eIF4E was not 
affected with BEZ235 treatment. BEZ235 also reduced the levels 
of VEGF secreted into the media of both the cell lines (Fig. S3).

However, BEZ235 did not reduce the levels of all proteins 
that we examined. For example, the level of β-actin was unal-
tered (Figs. 1 and 2), although it could be argued that β-actin is 
so stable that to see a decrease in its level would take prolonged 
treatment with the drug. Hence, we examined proteins that are 
known to have short half-lives, specifically c-Myc (half-life of 
20–30 min)23 and ornithine decarboxylase (ODC) (half-life of 
~3 h).24 Figure S4 shows that BEZ235 treatment of U251 cells 
clearly led to a clear decrease in cyclin D1 and survivin expression 
but not c-Myc or ODC.

cap-binding protein eIF4E comprise the eukaryotic translation 
initiation factor 4F (eIF4F). During translation, mRNAs with a 
7-methylguanosine cap are bound to eIF4E, while eIF4G serves as 
a scaffold for eIF4A, poly(A)-binding proteins (PABPs), and eIF3. 
TORC1 also phosphorylates the translational repressor 4E-BP1. 
Under non-proliferative conditions, 4EBP1 binds to eIF4E and 
prevents the latter from associating with eIF4G, thereby blocking 
cap-dependent translation.12 However, when it is phosphorylated, 
4E-BP1 releases eIF-4E, so that the latter can bind eIF4G, allow-
ing for cap-dependent protein translation to proceed.

The PI3K/Akt pathway has also been implicated in the mod-
ulation of hypoxia-inducible factors by many groups including 
our own.13-17 HIF-1 is a master transcription factor consisting of 
two subunits, the α subunit, which is induced by hypoxia, and 
the β subunit, which is expressed constitutively. HIF-1α binds 
to HIF-1β  to transactivate target genes including VEGF, Glut1 
and various glycolytic enzymes that help cells adapt to hypoxia.18 
Hypoxia is a potent inducer of HIF-1α expression, but this induc-
tion can be augmented by PI3K/Akt activation.

We initiated the current study to investigate the effects of 
BEZ235 on HIF-1α expression under hypoxia. Because we found 
that BEZ235 interferes with HIF-1α synthesis and because it 
inhibits mTOR, we then examined the effect of the drug on the 
protein translation machinery. As HIF-1 is an important tran-
scription factor under hypoxia, we also investigated the effects of 
BEZ235 on signaling under hypoxia. Our results indicate that 
the drug decreases cell survival under hypoxia and offers insight 
into how this happens. Our findings may have implications for 
the use of BEZ235 to treat tumors that are hypoxic, which are 
often resistant to radiation and chemotherapy.

Results

BEZ235 suppresses HIF-1α induction under hypoxia. We com-
pared the effects of the dual PI3K/mTOR inhibitor BEZ235 
with LY294002 (PI3K inhibitor) and rapamycin (mTOR inhibi-
tor) in the SQ20B head and neck squamous cell carcinoma cell 
line. BEZ235 almost completely abolished Akt phosphorylation 
on both the Thr308 and Ser473 residues whereas LY294002 had 
only a partial effect (Fig. 1A). If anything, rapamycin seemed to 
increase Akt phosphorylation (compare lanes 3 vs. 1 and 8 vs. 6). 
The three drugs, rapamycin, LY294002 and BEZ235, almost 
completely abolished phosphorylation of S6 at Ser240/244. We 
tested the effect of these drugs on HIF-1α induction. Figure 1A 
shows that the drug attenuated HIF-1α induction under hypoxia 
in SQ20B cells (compare lanes 6 and 10) whereas LY294002 and 
rapamycin had no effect (compare lane 6 with 7 or 8). Similar 
results were seen with U251MG glioblastoma cells (Fig. 1B).

To determine whether this effect on HIF-1α protein might be 
due to an effect on the mRNA, we performed real-time quantita-
tive RT PCR. Figure S1 shows that BEZ235 treatment did not 
reduce the level of HIF-1α mRNA. Hence, the effect of BEZ235 
on decreasing HIF-1α protein expression was not at the level of 
mRNA but rather at the level of protein expression. To ascertain 
whether this decrease in HIF-1α expression was due to reduced 
stability or decreased translation of HIF-1α, we treated cells with 
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(ratio of 0.58 for drug:no drug). The difference in the surviving 
fraction ratios for normoxia versus hypoxia was statistically sig-
nificant (0.70 vs. 0.58; p = 0.01).

To explore this further, we performed a time course experi-
ment in which hypoxic cells were exposed to BEZ235 for varying 
lengths of time. Figure 3C shows that there is a greater increase 
in cleaved PARP seen in hypoxic cells treated with the drug for 
1–16 h than in normoxic cells, consistent with increased apopto-
sis. This was confirmed using an ELISA assay that measures his-
tone associated DNA fragments (mono- and oligonucleosomes) 
after apoptosis in cytoplasmic fractions of cell lysates. The assay 
showed greater enrichment of oligonucleosomes in hypoxic vs. 
normoxic cells treated with the drug (Fig. 3D), consistent with 
increased PARP cleavage (p = 0.175).

In Figure 3C we also noted that under normoxic condi-
tions, Akt phosphorylation decreased within an hour of BEZ235 
treatment, as expected, but then increased by 24 h. In contrast, 
under hypoxia the drug had a prolonged effect on suppressing 
Akt phosphorylation, even at 24 h. As active (phosphorylated) 
Akt has an anti-apoptotic effect, this could explain why the drug 

Effect of BEZ235 on cell survival under hypoxia. As we 
found that BEZ235 decreased HIF-1α, which has been associated 
with adaptation under hypoxia, we examined cell survival with 
the drug under different pO

2
 levels. Figure 3A shows that 24 h 

treatment of hypoxic cells with the drug decreases cell viability 
(based on the MTT assay) to a greater extent than in normoxic 
cells (p = 0.009). The MTT assay measures the ability of mito-
chondrial enzymes to reduce the MTT substrate, resulting in a 
change in color of the media. Although it is not a direct measure 
of cell viability, this assay is often used as a surrogate for this. For 
a long-term measure, we performed clonogenic survival assays in 
which cells were exposed to hypoxia and/or normoxia and treated 
with ± BEZ235. Figure 3B shows visually that the combination 
of hypoxia (0.5% O

2
) and BEZ235 treatment led to fewer colo-

nies than seen with drug under normoxia. Furthermore, the colo-
nies in the dishes treated with BEZ235 under hypoxia showed 
smaller colonies than drug-treated dishes in normoxia. Under 
normoxia, the cloning efficiency was 30.4% with BEZ235 versus 
43% without drug (ratio of 0.70 for drug: no drug). However, 
under hypoxia, the respective cloning efficiencies were 18 vs. 33% 

Figure 1. Greater suppression of hIF-1α with BeZ235 than LY294002 or rapamycin. (a and B) Cells were treated with BeZ235, LY294002 or rapamycin 
for 3 h, and thereafter cells were exposed to 0.5% oxygen (lanes 6–10) for 3 h before cells were harvested. (C and D) Cells were treated with 100 nM 
BeZ235 for 24 h, followed by addition of MG132 for 1, 2, 3 and 4 h. after MG132 treatment, protein was harvested. For (a–D), proteins samples were 
analyzed by SDS-paGe and immunoblotting using antibodies as indicated, including hIF-1α and β-actin (loading control).
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BEZ235 results in greater cell killing under hypoxia than nor-
moxia by leading to sustained inhibition of Akt phosphorylation, 
thereby promoting apoptosis.

led to greater apoptosis in hypoxia. S6 phosphorylation was also 
decreased by the drug at 1 h in normoxic cells but to an even 
greater extent in hypoxic cells. Therefore, we hypothesize that 

Figure 2. BeZ235 treatment results in decreased global protein translation. (a) SQ20B or U251MG cells were treated with BeZ235 for 24 h. Thirty 
minutes before the end of treatment, cells were labeled with [35S]methionine (50 μCi/ml). at completion of assay, cells were lysed and assessed for 
total protein content and radioactivity. Results are represented as the counts per minute (cpm) normalized to total protein concentration in the 
drug-treated cells compared to the untreated control cells. (B) The effect of pI3K/akt/mTOR inhibition on cap dependent translation. The figure shows 
the interactions between eIF4e, 4e-Bp1 and eIF4G. (C) SQ20B or U251MG cells were treated with drugs as indicated for 3 h. Whole cell extracts were 
prepared and eIF4e and its associated proteins purified by 7-methyl-GTp-Sepharose affinity chromatography. (D) SQ20B or U251MG cells were treated 
with 4eGI1 or BeZ235 for 24 h. after the drug treatment cells were exposed to hypoxia for 3 h. Thereafter, protein was harvested. For panels (C and D), 
protein samples were analyzed by SDS-paGe and immunoblotting for proteins using antibodies as shown.
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speculate that this represents cells at a later stage of autophagy 
during which the autophagosomes have merged with lysosomal 
vacuoles to form single-membraned autolysosomes containing 
degraded cytoplasmic contents as has been described previously.26

Autophagy has been implicated as a means of promoting cell 
survival in the face of adverse conditions; therefore, a critical ques-
tion is whether the autophagy induced by BEZ235 leads to cell 
death. To address this question, we used fibroblasts from ATG5 
knockout mice, which are defective for autophagy. Figure 4B 
(left panel) shows that ATG5/ATG12 is lacking in these cells. 
BEZ235 treatment (for 24 h) of the wildtype ATG5+/+ cells led 
to a slight decrease in P-Akt along with conversion of LC3-I to 
LC3-II. During autophagy LC3-I is converted to LC3-II, the 

Effects of BEZ235 on autophagy. Since BEZ235 has been 
reported to induce autophagy in tumor cells25 we investigated this 
in SQ20B cells. We transfected cells with GFP-labeled LC3 and 
performed immunofluorescence analysis. LC3 is a protein that is 
lipidated during active autophagy and localizes to the autopha-
gosomes; hence, GFP-LC3 is commonly used as a marker of this 
process. Figure 4A, upper panel shows that BEZ235 treatment 
led to the accumulation of punctate foci in the cytoplasm, con-
sistent with localization of the fluorescent protein to the autopha-
gosomes. Electron microscopy imaging analysis of SQ20B cells 
treated with the drug for 24 h did not show the classical double-
membraned autophagosomes, however, there were numerous vac-
uoles in the cytoplasm (Fig. 4A, lower panel, arrowheads). We 

Figure 3. effects of BeZ235 on survival under hypoxia. (a) SQ20B cells were exposed to 0.5% O2 for 24 h, and then treated with BeZ235 for 24 h. The 
cell viability was measured by the MTT assay. (B) SQ20B cells were exposed to 0.5% O2 for 24 h, and then treated with BeZ235 for 24 h. after 10 d, the 
colonies were stained and counted. The graph underneath shows the surviving fraction ratios under hypoxia and normoxia (plating efficiency in the 
presence of BeZ235 divided by plating efficiency in the controls without the drug). (C) SQ20B cells were exposed to 0.5% O2 for 24 h, then treated 
with BeZ235 for 1, 3, 6, 16 and 24 h prior to protein harvesting. proteins were analyzed by SDS-paGe and immunoblotting with antibodies as shown. 
(D) SQ20B cells were exposed to 0.5% O2 for 24 h, and then treated with BeZ235 for 24 h. Cell death detection eLISa was used to quantitate the cyto-
plasmic oligonucleosomes as a measure of apoptosis.
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statistically significant (p = 0.001; Fig. 4B, right panel). Hence, 
the inability to undergo autophagy in ATG5-/- cells actually 
decreased their clonogenic survival following BEZ235 treatment; 
therefore, autophagy appears to be playing a protective role in this 
setting. To further address the role of autophagy in survival after 
BEZ235 treatment, we inhibited active autophagy using chloro-
quine, a lysosomotropic agent that blocks the lysosome-autopha-
gosome fusion.28 We found that the combination of BEZ235 and 
chloroquine was more cytotoxic than either of the agents alone 
(Fig. 4C), which has been noted in other cell lines.25,29 Therefore, 
chloroquine, which inhibits autophagy, appears to be promoting 
cell death.

lipidated form;27 hence, this decrease in LC3-I is consistent with 
increased autophagic flux. In ATG5-/- cells, LC3-II was com-
pletely absent, consistent with a loss of autophagic capacity. We 
performed a clonogenic assay in order to assess long-term viabil-
ity of the cells and their ability to propagate and form clones. The 
wildtype ATG5+/+ fibroblasts had a baseline plating efficiency of 
32%, which was reduced to 11% with 24 h BEZ235 treatment 
(surviving fraction ratio of 0.34 for drug:no drug). The ATG5-/- 
cells showed a baseline plating efficiency of 19%, which was 
reduced to 4% with 24 h BEZ235 treatment (surviving fraction 
ratio of 0.20 for drug:no drug). This difference in the surviving 
fraction ratios for ATG5+/+ to ATG5-/- cells (0.34 vs. 0.20) was 

Figure 4. effects of BeZ235 on autophagy. (a) Upper panel, SQ20B cells were stably transfected with GFp-LC3. The cells were then treated with or 
without BeZ235 for 24 h and examined by fluorescence microscopy. Lower panel, SQ20B cells were treated with BeZ235 for 24 h, fixed and analyzed 
by electron microscopy. There were numerous vacuoles in the cytoplasm of the drug treated cells (arrows). (B) aTG5 wild-type (aTG5+/+) and knockout 
(aTG5-/-) MeFs were treated with BeZ235 for 24 h. Left panel, after drug treatment cells were harvested for protein. Right panel, cells were refed with 
drug free DMeM and after 10 d the colonies were stained and counted. The graph shows the surviving fraction ratios in aTG5+/+ and aTG5-/- cells (plat-
ing efficiency in the presence of BeZ235 divided by plating efficiency in the controls without the drug). (C) SQ20B cells were treated either with BeZ235 
or chloroquine or a combination of these drugs for 6 h. after 10 d the colonies were stained and counted. Graph shows the surviving fraction ratios in 
SQ20B cells (plating efficiency in the presence of drug(s) divided by plating efficiency in the controls without drug). (D) SQ20B cells were exposed to 
0.5% O2 for 24 h, then treated with BeZ235 for 1, 3, 6, 16 and 24 h prior to protein harvesting. proteins were analyzed by SDS-paGe and immunoblot-
ting using antibodies as shown.
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eIF4F translation complex is by decreasing the level of the eIF4G 
protein. The fact that the level of eIF4E was not altered argues 
against this being a non-specific effect. The Akt/mTOR pathway 
has not previously been implicated in regulation of eIF4G pro-
tein expression.

We found that, in addition to HIF-1α, several other proteins 
were decreased by BEZ235 including cyclin D1 and survivin. 
We examined these proteins because they have been reported to 
be regulated by eIF4E.11,20,21 BEZ235 does not simply decrease 
the levels of all short-lived proteins, as neither c-Myc nor ODC 
levels were affected. One could speculate that the varying effect 
of BEZ235 on different proteins is due to differential effects 
on cap-dependent versus cap-independent translation. c-Myc is 
thought to have an internal ribosome entry site (IRES), allow-
ing for translation in a cap-independent manner,39,40 and perhaps 
this is why its level was not decreased by BEZ235 treatment. The 
mechanism of HIF-1α translation is controversial with some 
groups suggesting that the translation of HIF-1α and other pro-
teins under hypoxia may occur via a cap-independent (IRES-
dependent) mechanism,41,42 although one group did not find that 
HIF-1α could be translated using an IRES.38

Our finding that BEZ235 interferes with HIF-1α expression 
led us to investigate its effects on cell survival under hypoxia. 
While BEZ235 was cytotoxic against normoxic cells, it had a 
greater effect on hypoxic cells. Whether the effect of BEZ235 in 
decreasing survival under hypoxia is actually due to HIF-1α inhi-
bition is not clear. An alternate (or additional) possibility is that 
the effects of BEZ235 on survival under hypoxia is actually via 
it ability to inhibit Akt phosphorylation. Under normoxic condi-
tions, this inhibition appears to be short-lived as Akt phosphory-
lation disappears within a few hours but then rises by 16–24 h. 
In contrast, under hypoxic conditions, there is more sustained 
suppression of Akt phosphorylation. Since Akt activation (phos-
phorylation) is associated with anti-apoptotic effect, prolonged 
suppression should lead to increased apoptosis. Consistent with 
this idea, under hypoxic conditions, there was greater PARP 
cleavage with the drug than under normoxic conditions. This 
was substantiated by a different assay that measures cytoplasmic 
mono- and oligonucleosomes. Therefore, we hypothesize that 
treatment of hypoxic cells with BEZ235 leads to increased cell 
death by induction of apoptosis.

We also found that BEZ235 induced autophagy, so we explored 
the role of this process in cell death. Our results with chloro-
quine, which blocks autophagy, and with ATG5-/- cells suggest 
that the autophagy induced by BEZ235 actually plays a protec-
tive role. We also found that BEZ235 increased the conversion of 
LC3-I to LC3-II under hypoxia. However, the role of autophagy 
on survival under hypoxia is highly controversial. Early work 
suggested that hypoxia could induce autophagic-induced cell 
death via BNIP33; however, other reports suggest that hypoxia-
mediated autophagy is part of a cell survival mechanism.30,31

Our finding that the drug BEZ235 is more effective in killing 
hypoxic cells than normoxic cells has obvious clinical implica-
tions. Hypoxia has long been recognized to be present in human 
cancers43,44 and is associated with resistance to both radiation and 
some chemotherapeutic agents.45 Therefore, we speculate that 

Hypoxia itself has been shown to induce autophagy,30-33 there-
fore, we wish to investigate the effect of hypoxia combined with 
BEZ235 on autophagy. We performed Western blotting on pro-
tein lysates for LC3 (Fig. 4D). This panel shows that HIF-1α 
induction under hypoxia was blunted by BEZ235, especially at 
16 and 24 h. As shown in Figure 3C, this panel also shows that 
the drug suppressed P-Akt to a greater extent in hypoxia than 
under normoxia. Furthermore, Figure 4D indicates that there is 
less LC3-I at 16 and 24 h after drug treatment in hypoxic cells 
than in normoxic cells (compare lanes 11 and 12 with 5 and 6), 
consistent with a greater effect on promotion of autophagy.

Discussion

The PI3K/Akt pathway has been implicated in the regulation of 
HIF-1α and VEGF expression; hence, initially our goal was to 
assess the effects of BEZ235 on the expression of HIF-1α.17 We 
compared its efficacy to the mTOR inhibitor rapamycin and the 
PI3K inhibitor, LY294002. Neither LY294002 nor rapamycin 
decreased HIF-1α induction appreciably whereas BEZ235 clearly 
did. The discordant effects of these drugs on HIF-1α induc-
tion might be explained by differences in their ability to inhibit 
components of the PI3K/Akt/mTOR pathway. Specifically, 
rapamycin is a more potent inhibitor of the mTORC1 complex 
compared to the mTORC2 complex,10,34 although this may be 
cell line-dependent.35 BEZ235 surpassed LY294002 in decreas-
ing Akt phosphorylation, at both the Ser473 and Thr308 sites. 
Rapamycin actually seemed to increase Akt phosphorylation. 
This has been noted by other investigators and has been ascribed 
to a negative feedback loop that involves the insulin-like growth 
factor-1 (IGF-1).8,36,37 Specifically, it has been hypothesized that 
mTORC1 inhibition by rapamycin prevents serine phosphoryla-
tion of insulin receptor substrate-1 (IRS-1) and enhances IRS-1 
association with IGF-I receptors. This leads to increased auto-
crine signaling through the IGF-1/IRFR pathway and results in 
downstream Akt phosphorylation. Consistent with our results, 
a dual mTOR/PI3K inhibitor such as BEZ235 would not be 
expected to lead to increased Akt phosphorylation because it 
would inhibit the PI3K pathway connecting IGF-1/IGFR to 
Akt.

The suppression of HIF-1α expression by BEZ235 was due to 
decreased translation, which led to our investigation of the drug’s 
effects on the eIF4F translation initiation complex, consisting of 
eIF4E, eIF4G and other proteins. These proteins participate in 
cap-dependent translation which is thought to be the major mode 
by which HIF-1α mRNA is translated.38 BEZ235 interferes with 
the eIF4F complex in at least two ways, first by decreasing phos-
phorylation of 4EBP1 (via its inhibitory effect on mTOR), lead-
ing to increased 4EBP1 binding to eIF4E and decreased binding 
of the latter to eIF4G. LY294002, which targets only PI3K and 
not mTOR, had only a modest effect on eIF4E/eIF4G binding. 
Rapamycin does target mTOR but has a much weaker effect on 
decreasing eIF4G binding to eIF4E. Therefore, our data indicate 
that the dual inhibitory action of BEZ235 results in increased 
potency in its ability to interfere with the eIF4F translation 
complex. A second means by which BEZ235 interferes with the 
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LC3B, cleaved-PARP. Other antibodies were those directed 
against HIF-1α (BD Transduction Lab) and β-actin antibody 
(Sigma-Aldrich). The secondary antibody used for these blots 
was a goat anti-mouse and goat anti-rabbit antibody (Thermo 
Scientific). Antibody binding was detected by chemiluminescence 
using an enhanced chemiluminescence kit (GE Healthcare). All 
results shown in the Western blots in the Results section are 
based on a minimum of two independent experiments.

7-methyl-GTP-Sepharose chromatography. Cells were seeded 
and 24 h later the respective drugs were added for a period of 3 h. 
Sepharose 4B and 7-methyl-GTP-Sepharose 4B was obtained 
from Sigma and Amersham Pharmacia Biotech respectively. 
After washing with PBS, cells were lysed directly with 0.5 ml 
lysis buffer (50 mM HEPES at pH 7.4, 100 mM NaCl, 1.5 mM 
MgCl

2
, 2 mM EDTA, 2 mM Na3VO4, Complete Mini protease 

inhibitor cocktail (Roche Diagnostics) and 0.25% NP-40) and 
extracts clarified by centrifugation. Equal amount of supernatant 
was precleared with Sepharose 4B (30 μl of settled bed volume 
for 1 h). After centrifugation the supernatants were next incu-
bated with 7-methyl-GTP-Sepharose 4B (50 μl of settled bed 
volume) overnight at 4°C. Pelleted beads were washed four times 
with 0.5 ml of lysis buffer, and resuspended in 0.5 ml lysis buffer 
containing 1 mM GTP for 1 h at 4°C. After four washes with 
0.5 ml of lysis buffer, the beads were suspended in 2× Laemmli 
sample buffer (Bio-Rad) and boiled. After pelleting the beads the 
supernatant was transferred to a fresh tube and the proteins were 
analyzed by SDS-PAGE and immunoblotted for eIF4E, eIF4G 
and 4EBP1.

MTT assay. Cells were plated in 96-well plates and the cell 
viability assay was performed using a commercial kit (Roche 
Diagnostics) as per the manufacturer’s instructions.

Clonogenic assay. Cells were seeded and allowed to attach 
overnight. Next day, the cells were treated with the drug. For 
hypoxia experiments, cells were either exposed to 0.5% O

2
 or 

kept in the incubator for 24 h, and then treated with BEZ235 for 
24 h under normoxia or hypoxia. Following the treatment, the 
cells were re-fed with drug free DMEM. After 10 d the colonies 
were stained with crystal violet and counted.

Cell death detection ELISA. Cells were seeded in 96-well 
plates and treated with BEZ235 for 24 h. Then, the plates were 
centrifuged at 200 g for 10 min, and apoptosis was measured 
using the Cell Death Detection ELISA-plus System (Roche 
Diagnostics), which detects cytoplasmic histone-complexed 
DNA fragments. The data is reported as enrichment factor, 
which was calculated by using the formula: mean absorbance of 
BEZ235 treated cells/mean absorbance of negative control.

[35S]Methionine incorporation assay. Cells were treated 
for 24 h with BE5235 and then the [35S] methionine incorpo-
ration assay was performed as described previously.51 Briefly, 
30 min before the end of treatment, cells were labeled with [35S] 
methionine (50 μCi/ml). Results were normalized as the percent 
increase or decrease of [35S] methionine incorporation compared 
with untreated control cells.

GFP-LC3 immunofluorescence microscopy. DH5α com-
petent cells were transformed with pGFP-LC3 plasmid and 
put under selection. Single colonies were selected and cultured 

using the drug in combination with radiation could help control 
the hypoxic fractions in these tumors.

The fact that BEZ235 disrupts eIF4E could also be clinically 
important. A recent report found that the formation of eIF4F was 
a critical determinant of the response of anticancer drugs target-
ing EGFR or HER2.46 Overexpression of eIF4E in breast tumors 
was associated with resistance to the anti-HER2 agent trastu-
zumab. If eIF4F truly is an important mediator of resistance to 
tyrosine kinase receptor antagonists, then BEZ235, by its disrup-
tion of eIF4F function, might be able to overcome this resistance.

mTOR inhibitors have been tested extensively in the clinic 
in many human cancers.47 In particular in metastatic renal cell 
carcinoma, in which there can be constitutive activation of the 
HIF pathway due to loss of VHL, a number of trials have dem-
onstrated that mTOR inhibitors such as rapamycin, everolimus 
and temsirolimus can improve progression-free survival and even 
overall survival.48,49 Given that BEZ235 more effectively targets 
TORC1 and TORC2 complexes as well as PI3K, the question 
arises whether this agent might be more effective than the stan-
dard mTOR inhibitors that have been tried to date.

Materials and Methods

Chemicals. NVP-BEZ235 was supplied by Novartis and used 
at a concentration of 100 nM in all experiments. Rapamycin 
(LC Laboratories) was used at 10 nM, LY294002 (Alexis 
Corporation) at 20 μM, MG132 (Calbiochem) at 10 μM and 
4EG1I (Calbiochem) at 50 μM, chloroquine (Sigma) at 20 μM.

Tissue culture. SQ20B head and neck squamous cell carci-
noma, U251MG glioblastoma cells, ATG5 wild-type (ATG5+/+) 
and ATG5 knockout (ATG5-/-) mouse embryonic fibroblasts 
(MEFs) were cultured in DMEM (4,500 mg/l glucose; Invitrogen) 
containing 10% fetal bovine serum (Atlanta Biologicals) and 
ATG5+/+ and ATG5-/- MEFs were generated from ATG5 het-
erozygous mice generously provided by Dr Noboru Mizushima 
(Tokyo Medical and Dental University).50 The identities of the 
all the cell lines were tested at the RADIL research lab. All cells 
were grown in an incubator containing 5% CO

2
 and 21% O

2
. 

Hypoxic conditions were established in the Invivo
2
 400 hypoxia 

workstation (Ruskinn Technology Ltd.) containing 5% CO
2
 and 

0.5% O
2
.

Real Time RT-PCR. Total RNA was isolated using TRIzol 
reagent (Invitrogen). Single strand cDNA was reverse tran-
scribed using First-Strand cDNA Synthesis kit (GE Healthcare). 
Real time PCR reactions were performed on ABI Prism 7300 
Sequence Detection System (Applied Biosystems) using SYBR 
Green PCR Master Mix (Applied Biosystems). The PCR reac-
tions were performed in triplicate for each gene. Relative HIF-1α 
transcript quantities were calculated with β-actin as the reference 
gene amplified from the samples.

Protein extraction and western blot analysis. Protein isola-
tion and quantitation and western blotting were performed as 
described previously.17 The following antibodies were procured 
from Cell Signaling Technology: anti-phospho-Akt antibody 
(Ser473 and Thr308), anti-phospho-S6, anti-eIF4E, anti-eIF4G, 
anti-4E-BP1, anti-Cyclin B1, anti-Cyclin D1, anti-Survivin, 
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further. Plasmid was isolated using Qiagen maxi prep kit. SQ20B 
cells were transfected with pCMV-GFP-LC3 plasmid and put 
under selection to get stable transfected colonies. The cells were 
treated with BEZ235 for 24 h. Following treatment, cells were 
fixed and subjected to immunofluorescence analysis.

Electron microscopy. SQ20B cells were treated with BEZ235 
for 24 h and then fixed and given to the Electron Microscopy 
Resource facility for further processing.

Statistical analysis. A two-tailed t-test was used to compare 
the mean values of the control and BEZ235 treated samples.
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