
Abstract. Background/Aim: The Akt signaling pathway
mediates a potent anti-apoptotic signal in pancreatic cancer
and inhibition of this pathway has become an attractive
mechanism to increase the efficacy of traditional
chemotherapies. Autophagy is a lysosomal catabolic pathway
by which eukaryotic cells recycle macromolecules and
organelles. Although autophagy may function as a survival
mechanism under metabolic stress conditions, it also serves
as an alternate route to programmed cell death distinct from
apoptosis. In the present study, we examined the role of
autophagy in Akt-mediated regulation of cell death in
pancreatic cancer. Materials and Methods: Mia-PaCa-2 and
PANC-1 human pancreatic cancer cell lines were used in our
experiments. The small-molecule inhibitor A-443654 was
used to inhibit Akt, and rapamycin was used to inhibit mTOR.
Autophagy was inhibited with Chloroquine and 3-
methyladenine. Autophagy was assessed by immunoblotting
for light chain-3 (LC-3) processing as well as fluorescence
microscopy for autophagosome formation following
transfection with a LC-3/GFP construct. Cell death was
determined by fluorescence-activated cell sorting (FACS) with
quantitation of the sub-G0 content. Results: Inhibition of
either Akt or mTOR induced autophagy; inhibition of Akt but
not of mTOR led to traditional caspase-mediated apoptosis.
When autophagy was inhibited, cell death was abrogated
following Akt, but not mTOR, inhibition. Conclusion: The Akt
signaling pathway regulates both autophagy and apoptosis
through divergent pathways; mTOR mediates autophagy
signaling but appears to be un-involved in cell death.
Autophagy appears to play a role in the regulation of cell
survival by Akt, but only when proximal signaling pathways
not involving mTOR are simultaneously activated. 

Pancreatic cancer is the most lethal of all malignancies due
both to the typically late presentation following the
establishment of metastatic disease, as well as the profound
resistance to the cytotoxic effect of traditional chemotherapy.
Apoptosis is considered the primary mechanism of
chemotherapy-induced cell death. However, apoptosis is just
one mechanism regulating the balance of cell survival and
cell death following exposure to noxious extracellular stimuli.
Autophagy is a broadly-conserved catabolic process in which
bulk cytoplasmic proteins as well as organelles are degraded
by the formation of autophagosomes with subsequent fusion
to lysosomes for recycling of non-essential macromolecules
to preserve cellular energy stores (1). Although originally
described as a cell survival response induced by metabolic
starvation, it has recently been recognized that the autophagy
pathway can also mediate cell death (2). There is further
emerging evidence to suggest a central role of autophagy in
cancer, both as a survival mechanism triggered by hypoxia
but also potentially as a mediator of stress-induced cell death
(3, 4). The specific mechanisms that regulate this
dichotomous effect of autophagy are unclear, though length
and magnitude of cell stress have been postulated (5, 6).
While the signaling pathways for autophagosome assembly
are well-established, the pathways that sense and initiate
autophagy are unclear.

The investigation of the biochemical mechanisms
responsible for the inherent apoptotic resistance of pancreatic
cancer has identified Akt, a serine-threonine kinase, as a
potential cause. Our group as well as others have shown that
Akt is constitutively activated in human pancreatic cancer
cell lines as well as in human tumor specimens (7-9). This
activation is associated with resistance to chemotherapy-
induced apoptosis; inhibiting Akt has been shown to increase
the apoptotic effect of chemotherapy in pancreatic cancer
(10-12). mTOR, a downstream target of Akt, has been shown
to regulate autophagy, however it remains unclear whether
autophagy initiates or inhibits cell death (13, 14). Fujiwara
et al. have suggested that induction of autophagy by mTOR
inhibition in malignant glioma augments the cell death event
as the cytotoxic effect of radiation therapy was enhanced
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(15). However, Takeuchi et al. demonstrated that while
directly inhibiting either Akt or mTOR was sufficient to
induce autophagy, only Akt inhibition led to cell death in
malignant glioma cells (16). Conversely, Aoki et al. inhibited
the Akt/mTOR pathways in glioma cells and noted the
induction of autophagy but without any concomitant cell
death (17). These studies suggest the involvement of
divergent pathways that independently regulate autophagy
and apoptosis may be both cell-specific as well as dependent
on additional inducers of apoptosis (such as chemotherapy
or radiation therapy) or simultaneous activation of other
signaling pathways, such as ERK.

We, therefore, tested the hypothesis that inhibition of both
Akt and mTOR would initiate autophagy in pancreatic cancer,
and that furthermore, these events would subsequently lead
to the induction of cell death independently of apoptosis. 

Materials and Methods
Reagents and cell lines. All chemical reagents were purchased from
Sigma-Aldrich Corporation (St. Louis, MO, USA) unless otherwise
specified.  The experimental small-molecule Akt inhibitor A-443654
was provided by Abbott Laboratories (Abbott Park, IL, USA) (18).
The mTOR inhibitor rapamycin was purchased from Calbiochem
(EMD Chemicals; Merck KGaA, Darmstadt, Germany). The pan-
Caspase inhibitor ZVAD-fmk was purchased from MBL
International (Woburn, MA, USA). Monoclonal antibodies used
were: Akt, phospho-Akt, phospho-GSK, PARP, and LC3 (Cell
Signaling; Beverly, MA, USA); caspase 3 (Biosource; Camarillo,
CA, USA), and a polyclonal antibody to actin (Santa Cruz
Biotechnology; Santa Cruz, CA, USA). The MiaPaca-2 and PANC-
1 cell lines were obtained from the American Type Culture
Collection (Rockville, MD, USA) and cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum, sodium pyruvate, non-essential amino acids, L-glutamine,
vitamins, penicillin, and streptomycin. Cells were maintained at 37˚C
in a humidified incubator containing 5% CO2.

Western blotting. Following treatments, cells were harvested by
trypsination, washed with PBS and re-suspended in lysis buffer.
Lysates were resolved by SDS-PAGE on either 10% or 15%
acrylamide gels. Separated proteins were then electrophoretically-
transferred to 0.2-mm nitrocellulose membranes (Schleicher &
Schuell; Keene, NH, USA), probed overnight with primary
antibodies and developed using species-specific secondary anti-sera.
Immunoreactivity was detected by the enhanced chemiluminescence
technique (Amersham; Piscataway, NJ, USA). For LC-3
immunoblots, relative band intensity was determined using Quantity
One software (BioRad Labs, Hercules, CA, USA).

Cell-cycle analysis with flow cytometry. 1×106 cells per treatment
were plated in 100-mm2 plates and allowed to recover overnight.
Following treatments, cells were trypsinized, washed in PBS, re-
suspended in 150 μL of FACSMAX solution (Genlantis, San Diego,
CA, USA) and incubated for 10 min on ice to maximally-disperse
the cells. They were then fixed by adding ice-cold 70% ethanol
dropwise and kept at 4˚C. Prior to analysis, cells were washed with
PBS, then incubated with RNAse A (200 μg/ml) for 30 min at 37˚C

and then stained with propridium iodide (10 μg/ml). The cells were
then analyzed using either a Beckman Coulter Counter Epics XL
flow cytometer (Beckman Coulter, Miami, FL) or a Becton
Dickenson FACscan (BD Biosciences, San Jose, CA, USA) to
determine the DNA fractions and the sub-G0 cell population was
quantified using Flowjo software (Treestar, inc., Ashland, OR, USA).

Live cell fluorescence microscopy for LC-3. MiaPaca-2 cells and
PANC-1 cells were transfected to overexpress eGFP-LC-3 using
Lipofectin Reagent (Gibco BRL/Invitrogen; Carlsbad, CA, USA) and
stable clones were isolated as we have previously described (19).
These cells were then seeded in 35-mm2 glass bottom dishes (WillCo
Wells, BV; Amsterdam, the Netherlands), or in Ibidi 8-chamber ultra-
thin culture slides (Integrated BioDiagnostics; Munich, Germany)
and allowed to recover for 48 h under standard culture conditions.
Culture medium was then changed to include the treatment drugs and
cells were imaged using a IX-71 Delta Vision (Applied Precision;
Issaquah, WA, USA) inverted fluorescent microscope with a ×60
1.40 NA oil objective and FITC filter (excitation, 480 nm; emission,
535 nm). During imaging the cells were kept at 37˚C with an ASI
400 air stream incubator (Nevtek; Williamsville, VA, USA). 

Results
Cellular effects of Akt and mTOR inhibition. MiaPaca-2 and
PANC-1 cells were treated with increasing concentrations of
the small-molecule Akt inhibitor (A-443654) and analysis of
cell lysates by western blotting showed a dose-dependent
decrease in phosphorylated GSK-3, a downstream target of
activated Akt (Figure 1A). Given the significant inhibition of
Akt at 50 nM of A-443654, this dose was used for all future
studies in both MiaPaCa-2 and PANC-1 cells unless
otherwise specified. To evaluate for the induction of
autophagy, we used two established methods, either
immunoblotting for the processing of LC3-I to LC3-II or live
cell fluorescent microscopy in the eGFP-LC-3-stably
transfected cells. The former biochemical assay evaluates the
early phases of protein assembly into the autophagosome,
while the latter assay provides cellular confirmation through
the identification of the “punctae” of intense LC-3
fluorescence as a result of autophagosome maturation.
MiaPaCa-2 and PANC-1 cells were treated with either the Akt
inhibitor A-443654 (50 nM) or Rapamycin (2 μM) over a
short time course and cell lysates were analyzed by immuno-
blotting for LC3 processing. It was noted that these cells
demonstrated a significant basal level of autophagy,
manifested by the presence of the processed LC3-II form.
However, following treatment, a clear shift was seen from the
LC3-I (un-lipidated) to the LC3-II (lipidated) fractions over
both cell lines. This was quantified by measuring the
individual band densities and calculating the ratio of LC3-II
to LC3-I for each time-point and plotting the percent change
from baseline over time (Figure 1B and C). Interestingly,
PANC-1 was more resistant to the induction of LC3
processing by both agents, perhaps related to the higher
constitutive activation of Akt (20).
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Live cell fluorescence microscopy was used to evaluate the
cellular response of the cells stably-expressing eGFP-LC3
following treatment with A-443654 or rapamycin. At baseline,
GFP-LC3 was distributed throughout the cytoplasm as well as
associated with a small number of punctae, which have been
shown to correspond to autophagosomes (Figure 2A).
Following treatment with either A-443654 or rapamycin, the
diffuse cytoplasmic staining was lost and the number of punctae
dramatically increased (Figure 2A). To clearly demonstrate the

induction of autophagy in these cells, we co-treated cells with 3-
methyladenine (3-MA; 10 mM), an inhibitor of the early stages
of autophagy initiation. In both cell lines, the changes in LC3
distribution following Akt or mTOR inhibition were blunted,
with the maintenance of diffuse cytoplasmic distribution and
abrogation of autophagosome formation (Figure 2B).
Furthermore, the induction of autophagy was similar between
Akt inhibition and mTOR inhibition, as was the ability of 3-MA
to inhibit the effect of both agents.
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Figure 1. (A) Effect of small-molecule Akt inhibitor, A-443654, across a modest dose range (10-50 nM) on phosphorylated GSK (p-GSK) in MiaPaca-
2 or PANC-1 cells, effect of A-443654 on processing of LC3-I to LC3-II determined by immunoblot and then quantified over 60 min of treatment in
MIA-PaCa-2 cells (B) or PANC-1 cells (C).



Akt inhibition but not mTOR inhibition induces caspase
activation and cell death. To characterize the cellular effect
of Akt and mTOR inhibition, Mia-PaCa-2 cells were treated
with A-443654 or rapamycin for a range of time-points and
analyzed for the induction of cell death. AKT inhibition, but
for not mTOR inhibition, induced apoptosis following 24 h
of treatment (Figure 3A). Experiments carried out at 72 h
failed to demonstrate any effect on apoptosis following

mTOR inhibition (data not shown). A-443654 effectively
induced cleavage of caspase-3, though no effect was observed
following treatment with rapamycin (Figure 3B). The pan-
caspase inhibitor ZVad-fmk specifically blocked cleavage of
caspase-3 induced by both A-443654 and paclitaxel, which
served as a positive control (Figure 3B). Similarly, only A-
443654- but not rapamycin-treatment initiated PARP cleavage
(data not shown). 
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Figure 2. (A) Single-cell immunofluorescence of GFP-LC3 in MIA-PaCa-2 and PANC-1 cells after inhibition of Akt (A-443654) or mTOR
(rapamycin), and (B) effect of inhibition of autophagy by co-treatment with 3-MA after cells after inhibition of Akt (A-443654) or mTOR (rapamycin)
with blunting of the autophagic punctae development.



We then evaluated whether inhibition of caspase activation
(using ZVad-fmk) or autophagy (using 3-MA or chloroquine)
altered the induction of cell death following Akt inhibition.
MiaPaCa-2 cells were treated with A-443654 (8 h, 50 or 200 nM)

in the absence or presence of ZVad-fmk. Inhibition of caspase
activation by ZVad-fmk completely abrogated the induction of
cell death mediated by A-443654 treatment (Figure 3C), but had
no effect on the induction of autophagy (data not shown). To
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Figure 3. (A) Flow cytometry of MIA-PaCa-2 cells at 4 and 24 h after treatment with either A-443654 or rapamycin with increase in sub-G0 fraction
following only A-443654 treatment with notation of amount of sub-G0 cells. (B) Immunoblot of caspase-3 in MIA-PaCa-2 cells after the indicated
treatment with A-443654, ZVad-fmak, rapamycin or paclitaxel. (C) Quantification of cell death by flow cytometry in MIA-PaCa-2 cells following
treatment with A-443654 (50 nM or 200 nM) in the absence or presence of ZVad-fmk, and (D) quantitation of cell death in MIA-PaCa-2 cells
following treatment with A-443654 (50 nM) in the absence or presence of either 3-MA or chloroquine (ChQ). 



explore the role of autophagy in cellular response to Akt
inhibition, we co-treated cells with A-443654 and either
chloroquine or 3-MA to inhibit autophagy. At 8 h treatment, there
was a modest but incomplete inhibition of A-443654-induced cell
death achieved by either 3-MA or chloroquine (Figure 3D).
Therefore, we propose an AKT/mTOR signaling pathway that
regulates autophagy, but an mTOR-independent pathway for
which inhibition mediates caspase-dependent apoptosis.
Furthermore, autophagy induced by the Akt/mTOR pathway
plays an early protective role in cell survival following Akt
inhibition but is unable to suppress a long-term apoptotic stimulus
(Figure 4).

Discussion
We showed that Akt inhibition induces both autophagy and
then subsequent apoptotic cell death in pancreatic cancer
cells, while mTOR inhibition induces autophagy but without
a cytotoxic effect. Furthermore, the autophagy induced
following Akt inhibition is required for the full cell death
response as inhibition of autophagy blunted the apoptotic
response. While Akt has been investigated as a target in
cancer therapy, inhibition does not consistently induce cell
death though autophagy is consistently observed (21).
Although mTOR is thought to be the downstream effector of
autophagy signaling mediated by Akt, it was interesting to
note that inhibition of those two points in the same pathway
caused such divergent effects on apoptosis.  While Akt
inhibition rapidly and universally progressed to apoptosis,
inhibition of mTOR was followed-out to 3 days with no effect
on the cell viability noted. This is in contrast to a study by
Dai et al. in which mTOR inhibition with rapamycin induced
apoptosis and inhibited cell growth (22). Using the mTOR

inhibitor CCI-779, Asano et al. may have identified the
disparities in results targeting mTOR in pancreatic cancer;
wild type p53 and c-Jun responsiveness may be required for
cytotoxicity mediated by mTOR inhibition (23). Due to the
frequent mutation of p53, these data may explain why two
clinical studies of mTOR inhibition have failed to
demonstrate any efficacy of this therapy (24).

When autophagy was simultaneously inhibited in the
setting of Akt inhibition, we observed a decrease in apoptosis.
This implies that in the setting of Akt inhibition, autophagy
augments cell death. The role of autophagy in treatment-
induced cell death in cancer remains controversial. Jeong et
al. performed similar studies examining the role of Akt
inhibition to evaluate the role of autophagy in non-small lung
cancer (25). Using GSK690693 to inhibit Akt and CCI-779
to inhibit mTOR, autophagy inhibition using 3-MA
significantly increased the cytotoxicity of combined therapy
suggesting a cytoprotective role for the autophagy that occurs
following either Akt or mTOR inhibition. Nearly identical
results were observed by Lamoureux and Zoubeidi evaluating
the Akt inhibitor AZD5363 in prostate cancer in which
autophagy inhibition enhanced cell death (26). Using the
PKC-d inhibitor rottlerin to inhibit the PI3K/Akt/mTOR
pathway in pancreatic cancer stem cells, Singh et al. observed
increased apoptosis when genetic silencing of key mediators
blocked autophagy (27).

However, there are also data to support the active role of
autophagy in cell death mediated by Akt inhibition. Using
triptolide to inhibit Akt in pancreatic cancer, Mujumdar et al.
observed a caspase-dependent cell death as well as a caspase-
independent, autophagic cell death (28). This is quite similar
to our data, as autophagy inhibition with 3-MA did not
completely block all cell death mediated by A-443654.
However, simultaneous apoptosis may not be required for
autophagic cell death associated with Akt inhibition. Ling et
al. examined the biochemical and cellular events following
treatment of non-small cell lung cancer cells with elisidepsin,
a natural cyclic peptide of the kahalaldie family (29).
Elisidepsin was a potent inhibitor of the Akt/mTOR signaling
pathway but did not induce caspase activation, PARP
cleavage or traditional apoptosis, however induction of
autophagy and cell death was observed. Furthermore,
inhibition autophagy with 3-MA partially inhibited the
elisidepsin-mediated cell death, suggesting a pure autophagic
mode of cell death associated with Akt inhibition. 

These conflicting data regarding the role of autophagy in
cell death mediated by Akt inhibition may be related to
underlying genetic variables (such as p53 status), the length
and severity of the induction of autophagy, or the underlying
addiction of the cell to Akt-mediated survival signals.
However, as newer agents become available to either activate
or inhibit autophagy, these can then be used to augment the
cytotoxic effect of various agents that induce apoptosis. 
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Figure 4. Representation of proposed signaling pathways of Akt and mTOR
in regulation of autophagy and apoptotic cell death in pancreatic cancer.
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