
Abstract. Background/Aim: Pancreatic cancer tissue is a
hypoxic environment resistant to anticancer drugs. This
study examined the role of autophagy as a response to
hypoxic stress in pancreatic cancer. Materials and Methods:
Pancreatic cell lines (PANC-1, BxPC-3 and AsPC-1) were
exposed to hypoxic conditions using cobalt chloride, a
hypoxia-mimicking agent. Protein expression and
cytotoxicity assays were performed to determine the effect of
hypoxia on autophagy. Results: When pancreatic cancer cells
were exposed to hypoxia, autophagy was induced. The
autophagy-inducing signal was dependent on the AMPK
pathway. Inhibition of autophagy in a hypoxic state induced
a remarkable cytotoxicity and enhanced apoptosis. When an
AMPK inhibitor was added, cytotoxicity was observed in the
hypoxic environment. Conclusion: The induced autophagy,
dependent on the AMPK pathway, is a necessary survival
strategy adopted by pancreatic cancer cells to adapt to
hypoxic stress, and could be an attractive target for drug
development.

Pancreatic cancer has a high mortality rate with a high
malignancy grade, a 5-year survival rate of <5%, and a
median survival of 4–6 months in Japan, similar to other
countries (1, 2). Pancreatic cancer is treated with
gemcitabine or TS-1 as standard therapy, but clinical
outcomes are unfortunately unfavorable (3).

Solid tumors contain premature vascular networks as a
result of disorganized growth of cancer cells and imbalanced
angiogenesis (4-7). Pancreatic cancer tissue, in particular, is
known to be hypovascularized. Since nutrients and oxygen
are supplied to cancer tissues via the bloodstream, the cancer
microenvironment is exposed to a hypoxic, low-nutrient
environment. Many reports have described a significant
reduction of the effect of anticancer drugs in the cancer
microenvironment (8-11), and thus a new target for drug
development is required.

Stabilization of the transcription factor hypoxia inducible
factor-1 (HIF-1) plays an important role in the mechanism
that allows cells to adapt to a hypoxic environment (12), a
characteristic of cancer tissue. HIF-1 has more than 800
downstream target genes, and regulates their expression for
adaptation to hypoxic conditions. It was recently reported that
induction of autophagy is dependent on HIF-1 and supports
cell survival (13). Autophagy is a degradation mechanism that
occurs in lysosomes and is known to have two functions. One
function is to degrade cytoplasmic components within the cell
via lysosomes, and thereby generate degradation products
such as amino acids. Under normal conditions, these activities
mainly function as an intracellular recycling system. The
other function of autophagy is intracellular quality control or
disposal of intracellular waste products. These functions are
induced when the cell must appropriately dispose of damaged
organelles or proteins. Autophagy is induced when cells are
under large stresses, such as metabolic stresses including
hypoxia or nutrient deprivation, or administration of
anticancer drugs (14-17). Cells can take advantage of the
autophagy system to recycle organelles or proteins damaged
under hostile environments. Thus, autophagy enables
adaptation to a hypoxic environment. However, the roles of
autophagy induced by hypoxic environments vary depending
on primary organs and cell types, and no conclusion has been
drawn regarding whether autophagy provides advantages or
disadvantages in terms of cell survival (18-20).
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The significance of autophagy in each cancer or cell type,
or its potential as a therapeutic target, requires investigation.
This study aimed to determine the significance of autophagy
in pancreatic cancer cell lines under hypoxic conditions as
well as the potential of autophagy as a therapeutic target. We
have shown that under a hypoxic environment, apoptosis is
avoided through induction of autophagy dependent on the
AMPK pathway. Inhibition of this pathway could be a new
target of drug development for hypoxic adaptation of cells
in pancreatic cancer.

Materials and Methods
Reagents. Materials were obtained from the following sources: LC3
antibody from MBL (Nagoya, Japan); phospho-p70 S6 kinase
(Thr389), p70 S6 kinase antibody, phospho-Akt (Ser473), AKT
antibody, phospho-AMPKα (Thr172) antibody, AMPKα antibody,
Alexa Fluor 555 conjugate, and Alexa Fluor 488 conjugate from
Cell Signaling Technologies (Beverly, MA, USA); actin antibody
from Wako Pure Chemical Industries (Osaka, Japan); LAMP1
antibody from Santa Cruz Biotechnology (Santa Cruz, CA, USA);
compound C and LY294002 from Calbiochem-Merck (Darmstadt,
Germany); Dulbecco’s Modified Eagle’s medium (DMEM),
dimethylsulfoxide (DMSO), cobalt chloride, bafilomycin A1, and a
proteinase inhibitor cocktail from Sigma (St. Louis, MO, USA); and
HIF-1α antibody from GeneTex (Irvine, CA, USA).

Cell lines and culture conditions. The pancreatic cancer cell lines
PANC-1, BxPC-3 and AsPC-1 were purchased from ECACC
(European Collection of Cell Cultures, Salisbury, UK). All cell lines
were cultured in DMEM supplemented with 10% fetal bovine
serum, 50 U/ml penicillin, 50 μg/ml streptomycin, and non-essential
amino acids (Gibco BRL, Paisley, UK).

Cytotoxicity assay. A cytotoxicity assay was performed using Cell
Counting kit-8 (Dojindo Molecular Technologies, Kumamoto,
Japan). In brief, PANC-1 cells and BxPC-3 cells were seeded in 96-
well plates (5×103/well) and incubated in fresh DMEM medium for
24 h. The medium was changed to either DMEM with or without
300 μM cobalt chloride followed by treatment with serial dilutions
of either autophagy inhibitors or compound C. After 24 h
incubation, 90 μl of DMEM medium with a 10% WST-8 solution
was added to the well, and the plate was incubated for a further 
4 h. Next, absorbance was measured at 460 nm. The cell number in
the absence of autophagy inhibitors or AMPK inhibitor under each
culture condition was set as 100%. 

Western blot analysis. Protein extraction and Western blot analysis
were performed as described previously (21). The antibody dilutions
used were in accordance with the manufacturers’ instructions.

Immunostaining analysis. Images of optical sections with 0.7-μm
thickness were captured using a Zeiss LSM700 confocal laser
scanning microscope (Carl Zeiss Microscopy, GmbH, Jena,
Germany) with the 63× (N.A. 1.2) objective lens. The Alexa Fluor
488 dye was excited by the 488 nm laser line, and the resulting
fluorescent emission was detected through the filter that transmitted
wavelengths ranging from 420 to 550 nm. The Alexa Fluor 555 dye
was excited by the 555 nm laser line, and the resulting fluorescent

emission was detected through the filter that transmitted a
wavelength of over 560 nm. The number of puncta was counted
using Image J v1.51n software (NIH, Bethesda, MD, USA). 4’,6-
diamidino-2-phenylindole dihydrochloride (DAPI) was used for
nuclei counterstaining, and the 405-nm-excited fluorescent emission
of DAPI was detected through the filter that transmitted a
wavelength of over 420 nm. 

Statistical analysis. Bars or symbols in the graph represent
means±SD generated from at least 3 independent experiments.
Significant differences were determined by one-way analyses of
variance (ANOVA) or t-test. A p-value <0.05 was considered
statistically significant.

Results
Autophagy induced by hypoxic stress. To examine whether
autophagy could be induced by a hypoxic environment,
cobalt chloride (CoCl2), a compound known to mimic
hypoxia, was added to cell lines (22, 23). The hypoxic
marker HIF-1 was significantly increased in pancreatic
cancer cells after addition of CoCl2 (Figure 1A). In addition,
treatment with CoCl2 enhanced expression of LC3-II, a
marker of autophagy, in all 3 cell lines, which suggests that
autophagy was induced (Figure 1A). The distribution of LC3
and lysosome-associated membrane protein 1 (LAMP1), a
lysosome marker, were observed using cell immunostaining
(Figure 1B). Treatment with CoCl2 increased the number of
LC3 puncta, indicating that autophagy was induced (Figure
1B and C). Furthermore, the distribution of most of the LC3
puncta corresponded to the lysosomes, and the fusion of
autophagosomes and lysosomes was also observed (Figure
1B and D). These results strongly suggested that autophagy
was induced in pancreatic cancer cell lines under hypoxic
environments.

Autophagy induced by a hypoxic environment is dependent
on the AMPK/mTOR pathway. A detailed analysis of the
autophagy signaling pathway induced by a hypoxic
environment was performed. The activity of mTOR, a known
regulating factor of autophagy, was examined by observing
the phosphorylation level of S6 kinase (S6K), a direct
downstream target of mTOR (24). Addition of CoCl2
dramatically reduced S6K phosphorylation, which suggests
decreased mTOR activity (Figure 2A). In addition,
phosphorylation of AKT and AMPK, upstream molecules of
the mTOR pathway, was increased (Figure 2B).
Phosphorylation of mTOR is maintained by activation of
AKT or inactivation of AMPK (25). Thus, autophagy
induced by a hypoxic environment did not appear to be
dependent on AKT, and could have been mediated by a
signaling pathway dependent on the AMPK/mTOR pathway.

Cellular damage specific to the hypoxic environment caused
by inhibition of autophagy. A CCK8 assay was performed to
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Figure 1. Treatment of cobalt chloride induces progressive activation of autophagy in pancreatic cancer cell lines. PANC-1, AsPC-1 and BxPC-3
cells were treated with 300 μM cobalt chloride and harvested at the indicated incubation times. Expression levels of LC3, HIF-1α and actin were
determined by western blot analysis (A). PANC-1 cells were immunostained with anti-LC3 (green) and anti-LAMP1 (lysosome marker, red). Insets
indicate magnified images of the boxed area. Bar, 10 μm (B). Punctate dots of LC3 in each cell were counted (*p<0.05) (C), and colocalization
between LC-3 and lysosomes was assessed in each cell using Image J (*p<0.05) (D).



determine how cell survival is affected by autophagy induced
by a hypoxic environment. An autophagy-specific inhibitor,
bafilomycin (26, 27), was added to pancreatic cancer cell
lines. Treatment with bafilomycin showed no cytotoxicity in
the cells under normal culture conditions but resulted in
significant cytotoxicity under a hypoxic environment (Figure
3A). Treatment with LY294002, an autophagy inhibitor (28),
also showed a hypoxic environment-selective cytotoxicity
(Figure 3B). The role of AMPK in autophagy induced during
the adaptation to hypoxic environments was examined. The
use of an AMPK inhibitor, compound C (29), resulted in
marked cytotoxicity under a hypoxic environment (Figure
3C). These results reveal that adaptation to hypoxic
environments requires a functional autophagy process, and
that the AMPK pathway plays a key role in autophagy
signaling.

Autophagy induced by hypoxia inhibits apoptosis. Activation
of autophagy has been reported to inhibit apoptosis and
support cell survival (30). Induction of apoptosis was
examined in the presence of an autophagy inhibitor, which
blocks the adaptation of cells to hypoxia. Cleavage of poly
(ADP-ribose) polymerase (PARP), a marker of apoptosis,
was strongly expressed under a hypoxic environment with
autophagy-inhibited conditions (Figure 4A). In addition,
treatment with z-VAD, an apoptosis inhibitor, resulted in a
significant reduction in cell death caused by inhibition of
autophagy under a hypoxic environment (Figure 4B). These

results demonstrate that pancreatic cancer cell survival and
adaptation to hypoxic environments is promoted by
apoptosis inhibition mediated by autophagy.

Discussion

We investigated the importance of autophagy for adaptation
to hypoxia, a characteristic of the cancer microenvironment,
using pancreatic cancer cell lines reflecting a hypovascular
form of cancer. We determined that autophagy induced by a
hypoxic environment involves the AMPK pathway and
inhibits apoptosis. A significant cytotoxicity resulting from
treatment with an autophagy inhibitor suggests that blocking
this pathway could be a target for drug development to
inhibit pancreatic cancer adaptation to hypoxia.

If the autophagy induction dependent on HIF-1 is
stabilized under hypoxic stress, the use of a HIF-1 inhibitor
could be an effective treatment method. HIF-1 not only plays
a role in autophagy, but also helps cancers become malignant
by shifting the source of energy production to the glycolysis
system or enhancing angiogenesis (12). However, from the
standpoint of the cancer microenvironment, cancer tissues
are exposed not only to hypoxia, but also to a nutrient-poor
environment, as nutrients are also supplied through the
bloodstream. There have been some reports on resistance to
anticancer drugs independently of HIF-1, even in low-
nutrient environments (31, 32). Thus, identification of a
therapeutic target for the cancer microenvironment requires
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Figure 2. Autophagic flux induced by cobalt chloride treatment was AMPK/mTOR-dependent. PANC-1 cells were treated with 300 μM cobalt chloride
and harvested at the indicated incubation times. Expression levels of phospho-P70S6K, P70S6K, HIF-1α, and actin were determined by western
blot analysis (A). Expression levels of phospho-AKT, AKT, phospho–AMPK, AMPK, and HIF-1α were determined by western blot analysis (B).
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Figure 3. Hypoxia-selective cytotoxicity arising from autophagy inhibition. Cell viability was assessed using a CCK8 assay. BxPC-3 and PANC-1
cells were treated with bafilomycin or LY294002 under either standard culture conditions or 300 μM cobalt chloride treatment for 24 h (*p<0.05)
(A, B). PANC-1 cells were treated with compound C under 300 μM cobalt chloride treatment for 24 h (*p<0.05) (C).



a clear understanding of how cancer cells adapt to hypoxic
and low-nutrient environments, as well as identification of
their common mechanism. Even in a nutrient-poor
environment, pancreatic cancer cell lines have been reported
to display autophagy, which supports cell survival (30).
Consistent with the importance of autophagy in the tumor
environment, analysis of human surgical specimens has
suggested higher autophagy activity in cancer tissues than in
non-cancerous tissues (33). Therefore, autophagy is a
mechanism that not only enables cells to adapt to hypoxic
environments but also supports the survival of the entire
microenvironment of pancreatic cancer tissue. Autophagy is
thus a favorable therapeutic target.

There are two mechanisms leading to the activation of
AMPK (34). The first is a classic mechanism that involves

sensing the intracellular AMP/adenosine triphosphate (ATP)
ratio. The amount of ATP in cells has been reported to
decrease under hypoxic environments (35). The other
activation mechanism occurs in response to stimulation by
reactive oxygen species (34). Studies carried out in recent
years have revealed that reactive oxygen species not only
cause DNA and protein damage, but also play a role as
intracellular signaling molecules if they are small in number
(36, 37). There is also a report that reactive oxygen species
derived from mitochondria or NADPH oxidase 4 (NOX4)
accumulate in cells, which contributes to cell growth or
survival, and further enhance cell migration capability under
hypoxic conditions (38, 39). Detailed analyses should be
conducted on the mechanism of AMPK activation caused by
hypoxic stress in pancreatic cancer cell lines.
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Figure 4. Autophagy induced by hypoxic stress suppresses apoptosis. PANC-1 cells were treated with bafilomycin or LY294002 under either standard
culture conditions or 300 μM cobalt chloride treatment for 24 h. Expression levels of PARP and actin were determined by western blot analysis
(A). Cell viability after 24 h was assessed using a CCK8 assay. The cell viability of PANC-1 cells treated with autophagy inhibitors with/without Z-
VAD (*p<0.05) (B). 



Autophagy induced under hypoxic conditions is known to
have a negative effect on the survival of glioma and breast
cancer cell lines in a process described as autophagic cell
death (18). However, we revealed for the first time that
autophagy induced by hypoxic stress in pancreatic cancer cell
lines contributes to cell survival by inhibiting apoptosis and
could be useful as a therapeutic target in pancreatic cancer.
We have also clarified the importance of the autophagy-
mediated survival system in hepatic cancer cells in order to
adapt to hypoxia (data not shown). Cells utilize autophagy as
a system to avoid apoptosis via mitophagy, a type of selective
autophagy used as a mechanism to maintain the intracellular
redox status (13). A more detailed mechanism in pancreatic
cancer cell lines needs to be elucidated. 

It is important to note that the cytotoxicity caused by
inhibition of autophagy was hypoxic environment-selective
in our study and only showed a limited effect under normal
culture conditions. Reduced glutathione, which has an
antioxidant effect, has been reported to decrease under
hypoxic environments (40). Therefore, the hypoxic
environment-selective cytotoxicity caused by autophagy
inhibition likely occurred as a result of impaired antioxidant
potential and increased production of reactive oxygen species
due to mitophagy failure, which led to excessive
accumulation of reactive oxygen species in the cells. Under
normal conditions, the antioxidant status could be maintained
in comparison the hypoxic environment. In addition,
damaged mitochondria requiring mitophagy were small in
number under normal conditions. Thus, cytotoxicity was
limited, even in autophagy avoidance. A more detailed
molecular mechanism focusing on the intracellular redox
status should be examined in the future.

In conclusion, this study demonstrated the protective role
of autophagy induced by hypoxic stress in pancreatic cancer
cells. Blockade of the autophagy pathway could be an
attractive therapeutic target in pancreatic cancer.
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