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Abstract Pancreatic cancer is an aggressive disease. Its inci-
dence has increased over the last two decades. It is currently
the fourth cause of death among cancers in the western world.
Unfortunately, systemic chemotherapy still relies on just a few
drugs which until now have produced unsatisfactory results.
Gemcitabine (2'-2'-difluorodeoxycytidine) is currently the
standard chemotherapy treatment at all stages of pancreatic
adenocarcinoma. Survival benefit and clinical impact
however remain moderate due to a high degree of
intrinsic and acquired resistance. Autophagy plays an
important role in cell death decision but can also protect
cells from various apoptotic stimuli. We investigated the
function of autophagy in pancreatic carcinoma cells,
which are frequently insensitive to standard chemother-
apeutic agents. Here, we demonstrate that autophagy is
one of the mechanisms responsible for the refractory
response of pancreatic tumors to gemcitabine. We pres-
ent evidence in vitro and in vivo that proves autophagy
plays a protective role in pancreatic ductal carcinoma
cells, preventing them from entering the apoptotic path-
way after stimulus with gemcitabine, thus contributing
to treatment resistance. A better understanding of the
role in the process may help in the discovery of new
strategies to overcome tumor drug resistance in this
aggressive disease.
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Introduction

Pancreatic cancer is at present the fourth leading cause of
death among cancers in the western world. Nearly 90 % of
pancreatic tumors are ductal adenocarcinomas. Pancreatic
cancer incidence has a mortality rate of 10 out of every
100,000 cases, highlighting the poor prognosis of this condi-
tion [1]. There has been little improvement in prognosis over
the past 20 years, with a survival of just 4-6 months for the
metastatic disease and an overall 5-year survival of <4 % [1,
2]. Radical surgery increases the median to survival time of
between 13 and 15 months with a 5-year survival rate of
approximately 10 % [3]. Several single chemotherapeutic
agents have been tried in the treatment of pancreatic cancer.
Currently, gemcitabine (2'-2'-difluorodeoxycytidine) repre-
sents the standard chemotherapy for the treatment of all stages
of pancreatic adenocarcinoma [4]. Its survival benefit and
clinical impact however remain moderated due to the high
degree of intrinsic and acquired resistance. Although many
randomized gemcitabine combination trials have been carried
out in the last years, they have failed to demonstrate a statis-
tically significant survival advantage over gemcitabine alone,
with the exception of erlotinib combinations, which have
provided a minor benefit [5].

Autophagy is an evolutionarily conserved process by
which cytoplasm and cellular organelle are degraded in
lysosomes [6].This ubiquitous process plays dual roles in
cell death and survival. On the one hand, it induces type II
programmed cell death, often termed as autophagic cell
death, which is different from apoptosis. On the other hand,
it recycles cellular components to sustain metabolism and
avoid the accumulation of damaged, toxic proteins, and
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organelles during stress [7]. Autophagy is important in devel-
opment and diverse pathophysiological conditions in eukary-
otic cells [8]. It offers protection against neurodegeneration [9,
10], infections [11, 12], and tumor development [13, 14].
Autophagy has an important role in cell death decisions and
can protect cells against various apoptotic stimuli [15]. It is not
clear how autophagy prevents cells from undergoing apopto-
sis; one suggested mechanism is the sequestration of damaged
mitochondria [15], which prevents released cytochrome c
from forming a functional apoptosome in the cytoplasm.
Recent work has suggested that autophagy can also protect
cells from caspase-independent death, which occurs after mi-
tochondrial outer membrane permeabilization (MOMP) is in
the presence of caspase inhibitors. Interestingly, this study
shows that while energy can still be generated, cells can use
autophagy to survive MOMP, the release of cytochrome ¢ and
other apoptogenic proteins, thus being able to recover and
continue growing [16]. An increment in autophagy levels can
protect cells from apoptosis as well as from this kind of
caspase-independent death [17].

In this case, autophagy is considered as an important
survival mechanism not only in normal cells, but also in
tumor cells. In this study, we investigated in-depth the
function of autophagy in pancreatic carcinoma cells, which
are frequently insensitive to standard chemotherapeutic
agents. We clearly demonstrated that autophagy is indeed
one of the mechanisms responsible for the refractory re-
sponse of pancreatic tumors to gemcitabine. A better under-
standing of the role in this process may lead us to new
methods to overcome tumor drug resistance in this aggres-
sive disease. Here, we present evidence in vitro and in vivo
that proves autophagy plays a protective role in pancreatic
ductal carcinoma cells, which prevents them from entering
the apoptotic pathway after stimulus with gemcitabine, thus
contributing to the resistance of treatment.

Materials and methods

Materials 3-Methyladenine (3-MA) was purchased from
SIGMA (St Louis, MO, USA) and gemcitabine was kindly
provided by Richmond (Buenos Aires, Argentina). Both
were resuspended in DMEM containing 10 % fetal bovine
serum (FBS). z-VAD-fmk was obtained from SIGMA.
DMEM, penicillin, and streptomycin were purchased from
Invitrogen (Buenos Aires, Argentina). FBS was purchased
from Natocor (Cordoba, Argentina). Plasmid pRFP-LC3
was generously supplied by Dr. Noboru Mizushima (De-
partment of Physiology and Cell Biology, Tokyo Medical
and Dental University, Tokyo, Japan) and Dr. Tamotsu
Yoshimori (Department of Cellular Regulation, Research
Institute for Microbial Diseases, Osaka University, Suita,
Osaka, Japan).
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Cell culture and viability MIAPaCa-2 (ATCC) and PANC-1
(ATCC) cells were cultured in DMEM containing 10 %
heat-inactivated FBS, 2 mM L-glutamine, 20 mM Hepes
buffer, 100 mg/ml penicillin, and 150 mg/ml streptomycin.
Cell viability was determined by trypan blue exclusion.

Cell growth inhibition assay Sensitivity of the cell line to
increased doses of gemcitbine was determined by culturing
5x10* cells/ml at 37 °C in a 5 % CO2 atmosphere for 48
and 72 h, pulsed with 1 uCi [3H]TdR (DuPont, Nen Prod-
ucts, Boston, MA, USA) for the last 18 h. The cultures were
performed in 96-well round-bottomed microtitre plates in
the presence of different concentrations of gemcitabine
(0.01-1000 pg/ml). After incubation, cells were harvested
with a semiautomatic method. Incorporated [3H]|TdR was
measured in a Liquid Scintillation beta Counter, (Beckman,
Maryland, USA). Results were calculated from the mean
cycles per minute (cpm) of [3H]TdR incorporated in tripli-
cate cultures. Each experiment was repeated at least three
times with similar results. Inhibition of growth percentage
was calculated as

100—[cpm—treated cells x 100]

% Growth inhibition = TS p—
cpm basal contro

Untreated cells used as basal control, represent 0 % inhi-
bition. Cell viability at the beginning of the experiment was
higher than 95 %, as assessed by trypan blue exclusion.

Cell transfection Seventy-five percent confluent MiaPaCa2
cells were transfected with pRFP-LC3 using DMRIE-C trans-
fection reagent (Invitrogen, Buenos Aires, Argentina) as indi-
cated by the manufacturer. The transfected cells were
incubated for 48 h in DMEM supplemented with 10 % FBS
in 24-well plates and then treated with DMEM supplemented
with 10 % FBS, 3-MA 10 mM, gemcitabine 100 pg/ml or 3-
MA 10 mM+gemcitabine 100 pg/ml. Cells expressing RFP-
LC3 were directly observed using a fluorescent microscope
equipped with a CCD camera.

Flow cytometric analysis of cell stress

Annexin V-FITC Percentage of annexin+cells was deter-
mined by staining the annexin V-fluorescein isothiocyanate
(annexing V-FITC Apoptosis Detection Kit., Invitrogen,
CA, USA) assay. Cells were incubated alone in DMEM
10 % FBS, with 3-MA (10 mM), gemcitabine (10—
1,000 pg/ml), 3-MA +gemcitabine or z-VAD-fmk+3-MA+
gemcitabine for 72 h. Single-cell suspensions were analyzed
by Flow Cytometry (Partec II, Germany) and data was
analyzed using the WinMDI 2.9 software (Scripps Institute,
La Jolla, CA, USA). Annexin positive cells were scored as
Annexin V+, PI—, and Annexin V+, PI+.



Targ Oncol

Apoptotic assessment

Terminal deoxyribonucleotidyl transferase-mediated dUTP
nick end labeling: Cells were incubated alone in DMEM
10 % FBS, with 3-MA (10 mM), gemcitabine (10—
1,000 pg/ml), 3-MA+gemcitabine or z-VAD-fmk+3-MA+
gemcitabine for 72 h. The cells were then resuspended and
washed once with ice-cold phosphate-buffered saline (PBS)
and fixed in 4 % buffered paraformaldehyde. Terminal
deoxyribonucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) was carried out using the DeadEnd Fluo-
rometric TUNEL System kit (Promega, USA) following the
manufacturer’s recommendations. Images from triplicate
samples were recorded at X200 magnification. The images
were processed using the Image Pro Plus 6.2 (Media Cyber-
netics, Bethesda, MD, USA) and Adobe Photoshop (Adobe,
Inc., Mountain View, CA, USA) programs.

Total protein extracts Cells (1x107) were lysed with a hy-
potonic buffer (20 mM Tris pH 8.0, 150 mM NaCl, 100 mM
NaF, 10 % glycerol, 2 % Nonidet P-40) and the Protease
inhibitor cocktail P8340 from SIGMA, for 30 min at 4 °C
followed by centrifugation at 13,000xg for 30 min. The
extracts were then stored at —70 °C until further use. Protein
concentration was determined by the Bradford assay.

Western blot Equal amounts of protein were loaded into
each well and separated by SDS-PAGE gel, then transfered

onto PVDF-membranes (GE Healthcare, Argentina).
Membranes were blocked by the use of 3 % nonfat
dry milk in PBS overnight at 4 °C. The membranes
were then incubated with antibodies to LC3 (Cell Sig-
naling Technologies), Beclin-1, PARP, Bcl-XL, Survivin,
Bax, Bad, Pro-caspase 3, AIF, and 3-Actin (Santa Cruz
Biotechnology, CA, USA) overnight at 4 °C. Donkey
antigoat IgG secondary antibody and goat antirabbit 1gG
secondary antibody (1:8,000, Santa Cruz Biotechnology)
were incubated for 1.5 h at 37 °C. Immunoblots were
analyzed using a chemiluminescent detection system
(western blotting Luminol Reagent, Santa Cruz Biotech-
nology, Inc.). Autoradiography images were obtained
using a digital camera (Olympus, Camedia, D-510
ZOOM) were subjected to densitometry analysis using
Image Scion software.

Analysis of caspase activity Treated with gemcitabine
(1,000 pg/ml) either with or without pretreatment with 3-
MA (10 mM), during 24 h was 1.5x10% cells/well. The
activity of caspase 3/7 and 9 was determined following the
manufacturer’s instructions provided in Caspase-Glow® 3/7
and Caspase—Glow® 9 detection kit (Promega, Argentina).
Luminescence production was measured on a Victor plate-
reading luminometer (Perkin Elmer). The signal obtained
was proportional to caspase 3/7 activity in cell culture.
Caspase activity in samples was scored as Activity Index
which was calculated as follows:

Activity index = Luminescence units of treated cells/luminescence units of control cells

Tumor xenograft studies Tumors were induced by s.c. in-
jection of 5x10° MiaPaCa2 cells in 10 % FBS DMEM in
immunodeficient nude mice. When tumors reached an av-
erage size of 25-30 mm?>, the animals were randomly
assigned to four groups and injected peritumorally for
21 days with the different drugs. Group 1 was injected with
200 pl of sterile physiological solution; group 2 with 200 pl
of 100 pg/g 3-MA; group 3 with 100 ul of 50 npg/g
gemcitabine, group 4 with 200 ul of 100 pg/g 3-MA, and
1.5 h later with 100 pl of 50 pg/g gemcitabine. Tumors were
measured with an external caliper and their volumes were
calculated as (471/3)x (width/2)*x (length/2).

Statistical analysis All data is presented as the mean=
SD from at least three independent experiments. Statis-
tical analysis was performed by GraphPad Prism 5
software (GraphPad, San Diego, CA, USA), using
one-way analysis of variance followed by Dunnett’s or
Bonferroni’s tests. The significant differences were *p<
0.05, **p<0.01, and ***p<0.001.

Results
Gemcitabine inhibits pancreatic cancer cell proliferation

As gemcitabine is the antineoplastic agent commonly in-
cluded in most pancreatic induction protocols, we explored
whether the treatment of MIAPaCa-2 and PANC-1, two
pancreatic cell lines with gemcitabine resulted in a reduction
of cell proliferation as assessed by [°H]-thymidine incorpo-
ration. All doses tested exhibited an antiproliferative effect
after 48 h with maximal values of 40.4+7.3 and 48.1+2.5 %
of growth inhibition for MIAPaCa-2 and PANC-1 cells,
respectively (p<0.001; Fig. la). The highest inhibitions
however were reached after 72 h of treatment with growth
inhibition values of 69.6+1.0 % for MIAPaCa-2 and of 65.8
+5.3 % for PANC-1 (p<0.001). We then analyzed the tumor
growth inhibition caused by gemcitabine in a xenograft
model. As shown in Fig. 1b, peritumoral treatment notably
reduced the growth of the established pancreatic tumors at
the two concentrations evaluated. These results revealed that
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Fig. 1 Gemcitabine induces inhibition of cell proliferation. a
MIAPaCa-2 and PANC-1 cells were exposed in vitro to different
concentrations of gemcitabine for 48 and 72 h. The inhibition of cell
proliferation was calculated by measuring [*H]TdR incorporation. Bars
mean=SD of at least three independent experiments (¥***p<0.001). b
Gemcitabine treatment reduces the growth of pancreatic tumor cells in

gemcitabine was able to interfere with both the MIAPaCa-2
and PANC-1 proliferation rate through significant inhibition
of this process, as demonstrated both in vitro and in vivo.

Gemcitabine modulates autophagy in pancreatic cancer cells

As the role of autophagy in cancer is still controversial, we
investigated whether autophagy was involved in the survival
of pancreatic cancer cells. We first explored the presence of
autophagosomes in our two pancreatic tumor cell lines. As
shown in Fig. 2a, both MIAPaCa-2 and PANC-1 presented
autophagy in basal culture conditions, a process that was
inhibited by the treatment of 10 mM of 3-MA. We then
determined the induction of autophagy by monitoring the
formation of the autophagosome-specific protein LC3. LC3
was present in two forms: LC3-I, the cytosolic form and LC3-
11, the membrane-bound form. When autophagy was induced,
LC3-I was covalently conjugated from phosphatidylethanol-
amine to form LC3-II. LC3-II is specifically targeted to
phagophore and remains associated with the expanding limit-
ing membrane, sealed autophagosomes, and mature
autophagosomes/autolysosomes [18]. This proves that the
LC3-II levels correlate to the number of autophagosomes.
According to western blot, LC3-II is seen as a faster migrating
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vivo. S.c. tumors were generated as described in the “Materials and
methods” section. When tumors reached the desired size (day 0),
animals were treated with either vehicle or gemcitabine for 21 days
(n=10 for each experimental group). Tumor volume was measured at
the indicated times. Results are expressed as the percentage of tumor
volume growth relative to day 0 (***/###p<0.001)

band and can also be assessed by scoring GFP-LC3-positive
vesicles (scoring fluorescent LC3 positive vesicles) [19]. In
addition, it is important to determine whether gemcitabine
modulates autophagosome synthesis and/or degradation
[20]. To study the effect of gemcitabine on the autophagic
process, we measured the LC3-II levels in the presence of
gemcitabine and/or concanamycin, a proton pump inhibitor.
For this, pancreatic cancer cells were exposed to 100 pg/ml of
gemcitabine for 48 h and/or 50 nM of concanamycin for 6 h.
Both Treatments of MIAPaCa-2 cells with gemcitabine and
gemcitabine+concanamycin in basal conditions showed an
increase in LC3-II levels when compared to treatment with
concanamycin alone. In contrast, treatment in basal conditions
of PANC-1 cells with gemcitabine and gemcitabine+
concanamycin caused a decrease in LC3-II levels when com-
pared to the levels obtained by treatment with concanamycin
alone or basal conditions, respectively (Fig. 2b). In support of
this data, cells were transfected with RFP-LC3 and then
cultured under the conditions mentioned above. The treatment
of MIAPaCa-2 cells with gemcitabine showed an increase in
the size but not in the number of LC3-II-positive vesicles
when compared to the basal conditions. Gemcitabine+
concanamycin caused an increase in both the number and size
of LC3-II-positive vesicles with the concanamycin treatment.
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As expected, the treatment of PANC-1 cells with gemcitabine
decreased the number of LC3-II-positive vesicles in basal
conditions. Gemcitabine+concanamycin however, reduced
the size of the LC3-II-positive vesicles with no alterations to
the number of autophagosomes (Fig. 2¢). In addition, beclin-1
levels as well as the beclin-1/Bcl-XL ratio increased 1.7,
compared to the controls in MIAPaCa-2 cells treated with
100 pg/ml of gemcitabine. In the case of PANC-1, we did
not observe any changes to the levels of beclin-1. The beclin-
1/Bcl-XL ratio to controls did however increase by 1.34-fold
(Fig. 2d). Our results demonstrate that gemcitabine enhances
autophagy in MIAPaCa-2 cells but delays the synthesis of
autophagosomes in PANC-1 cells.

Gemcitabine induces apoptosis after autophagy inhibition
in vitro and in vivo

As several authors have suggested that autophagy constitutes a
resistance mechanism developed by tumor cells to survive
[21-23], we decided to test whether pharmacological inhibi-
tion of this process by treatment with gemcitabine sensitizes
pancreatic tumor cells to death. We first tested the effect of
gemcitabine in the presence of 3-MA. For this, we incubated
pancreatic tumor cells with 10 mM of 3-MA for 1 h and then
added gemcitabine at a final concentration of 10-1,000 pg/ml.
We then collected the cells to monitor the different aspects of
death. Treatment of both tumor cell lines with gemcitabine
alone and after pretreatment with 3-MA showed a significant
increase in the number of annexin V-FITC-positive cells, a
marker of cell stress in all the doses tested (Fig. 3a). We then
analyzed treated cells using TUNEL to determine the percent-
age of apoptotic death induced by the different drugs. In all
cases, the number of TUNEL-positive cells obtained by the
treatment with gemcitabine after pre-incubation with 3-MA
was significantly higher than those obtained by the treatment
of gemcitabine alone (Fig. 3b). These results suggest that
gemcitabine can induce apoptotic cell death more efficiently
in MIAPaCa-2 and PANC-1 cells when autophagy is inhibited.

We then analyzed the modulation of pro- and anti-apoptotic
protein expression by western blot. Figure 4a shows that
gemcitabine induced an anti-apoptotic balance in MIAPaCa-
2 cells, with a decrease in the Bax/Bcl-XL ratio and an
increase in the pro-caspase 3 levels. The pretreatment with
3-MA led gemcitabine to have a pro-apoptotic effect, as
shown by the increase in Bax/Bcl-XL levels, the decrease in
survivin and pro-caspase 3 expression and the increase in
PARP cleavage. Figure 4b shows that the bad levels were
modulated by the treatment with gemcitabine in PANC-1 cells
and that after treatment with 3-MA, gemcitabine induced a
decrease in 3 levels of procaspase without variations in the
levels of PARP cleavage.

In order to evaluate the effect of gemcitabine in combi-
nation with 3-MA in vivo, we generated tumor xenograft by

s.c. injection of the MIAPaCa-2 cells in immunodeficient
mice. Peritumoral treatment with 3-MA +gemcitabine as
well as treatment with gemcitabine alone notably reduced
the growth of the established pancreatic tumors (Fig. 5a and
b). The analysis of tumor histology showed a more exten-
sive necrotic area with 3-MA plus gemcitabine treatment
than the area observed under basal conditions (Fig. 5c).
Finally, we determined the death mechanism involved by
analyzing the tumor cell morphology by electron microsco-
py. As shown in Fig. 5d, gemcitabine enhanced the number
of autophagosomes. In contrast, treatment with 3-MA+
gemcitabine induced apoptotic cell death. This data supports
the in vitro conclusions, demonstrating that gemcitabine
enhances autophagy. Once the process is inhibited however,
it can induce apoptotic death.

Gemcitabine induces caspase-dependent cell death
in MIAPaCa-2 but not in PANC-1 cells

We further investigated the mechanism of which
gemcitabine induces apoptotic cell death when autophagy
is inhibited. For this, we first analyzed using TUNEL assay
whether z-VAD-fink, an inhibitor of pan-caspases, was able
to prevent the low pro-apoptotic effect of gemcitabine and
the high effect caused by 3-MA+gemcitabine. Figure 6a
shows that the pro-apoptotic effect caused by both treat-
ments is prevented by pre-incubation with z-VAD-fmk
100 uM in MIAPaCa-2 cells. In contrast, z-VAD-fmk did
not prevent the effect caused by gemcitabine or 3-MA+
gemcitabine in PANC-1 cells. In addition, we analyzed the
modulation of caspase-3 by luminescence. As expected, the
treatment of MIAPaCa-2 cells with gemcitabine after 3-MA
resulted in a 2.7-fold increase in the activity of caspase-3. In
contrast, this treatment caused no changes to the caspase-3
levels of PANC-1 cells (Fig. 6b). We also analyzed the
levels of AIF in the nucleus and cytoplasm. As shown in
Fig. 6c, the AIF nuclear/cytoplasm ratio in PANC-1 cells
treated with 3-MA+gemcitabine increased fourfold. No
changes were observed in MIAPaCa-2 cells. These results
suggest that gemcitabine can induce caspase-dependent ap-
optosis when autophagy is inhibited in MIAPaCa-2 cells,
but only in a caspase-independent way in PANC-1 cells.

Discussion

Pancreatic cancer, a complex disease, is caused by the
mutations of oncogenes and/or tumor suppressor genes that
cause alterations in survival signaling pathways. The great
challenge underlying anticancer therapy is the uncertain and
intricate molecular mechanism involved in this pathology.
It is currently acknowledged that apoptosis and autophagy,
two types of programmed cell death can be used for tumor
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Fig. 2 Gemcitabine modulates autophagy. a Tumor cells were
transfected with RFP-LC3 plasmid, incubated under basal conditions
or with 10 mM of 3-MA for 1 h, and then observed by fluorescence
microscopy. Bars 60 pm. Arrows cells with punctate LC3-I1, indicating
the presence of autophagosomes. b Western blot analysis of endoge-
nous LC3-II levels under basal conditions (B), after treatment with
50 nM of concanamycin for 6 h (C) after treatment with 100 pg/ml of
gemcitabine for 24 h (G), and after treatment with concanamycin+

@ Springer

gemcitabine (C+G). ¢ Transfected cells were incubated with the dif-
ferent drugs and observed by confocal microscopy. The number of
LC3-II-positive autophagosomes per cell was counted. Magnifications
x600. Arrows cells with punctate LC3-II, indicating the presence of
autophagosomes. d Analysis of intracellular levels of beclin-1 and Bcl-
XL by western blot. Cells were incubated under basal conditions (B)
with 10 mM of 3-MA (3-MA4), treated with 100 pg/ml of gemcitabine
(G), and finally with concanamycin+gemcitabine (C+G)
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treatment thanks to their regulating of cancer cell death capa-
bilities. Apoptosis invariably contributes to the death of cancer
cells. Autophagy on the other hand, plays dual roles in cancer
cell survival or death. This makes autophagy the most intricate
part in tumor treatment [24, 25]. Additionally, a positive or
negative relationship between apoptotic and autophagic cell
death may exist.

The responsibility of autophagy in cancer progression
has remained ambiguous; its role in cell fate decision re-
mains a matter of controversy. Colorectal cancer cells ex-
press functional autophagy and this mechanism allows the
prolongation of the cell's survival during shortages of nutri-
ents [26]. Several studies have indicated that activated
autophagy is associated with pancreatic cancer cells and that
LC3 expression of pancreatic cancer cells is significantly
correlated with a poor outcome [27].

It is known that gemcitabine can inhibit tumor cell prolif-
eration. The reasons why this drug is unable to induce cell
death remain completely misunderstood. Previously, we
showed evidence that early induction of autophagy by
suboptimal doses of gemcitabine were able to induce apopto-
sis of pancreatic cancer cells [28]. In culture, MIAPaCa-2 cells
treated with 50 pg/ml of gemcitabine for 48 h induced a 30 %
apoptotic cell death. That was reversed by pretreatment with
10 mM of 3-MA. In this study, we investigated the role of
autophagy on gemcitabine-treated cells under conditions com-
parable to that of the doses used in patient protocols. For this,
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we used 1,000 pg/ml of gemcitabine and evaluated cell death
after 72 h. In this setting, we demonstrated that autophagy was
one of the mechanisms responsible for the refractory response
of pancreatic tumors to therapuetic doses of gemcitabine. Data
presented here demonstrates that pharmacological inhibition
of autophagy leads to pancreatic cancer death by treatment of
gemcitabine. The death mechanism implicated under these
conditions is apoptosis. Kimmelman et al. [23] have shown
that autophagy is highly activated in pancreatic ductal adeno-
carcinoma (PDAC) and that it is required for continued ma-
lignant growth in vitro and in vivo. In most cells, autophagy is
induced by nutrient deprivation, chemotherapeutic agents, and
hypoxia [29, 30], meanwhile pancreatic tumor cells exhibit
constitutive autophagy under basal conditions. Autophagy
may help in promoting tumorigenesis in other types of cancer.
It may not however be as pronounced as PDAC, in which the
majority of tumors are dependent on this process [23]. The
positive role of autophagy in the maintenance of pancreatic
tumors contrasts a number of other malignancies, in which
inactivation of autophagy can promote tumorigenesis [13, 31].

Previous studies have suggested that in certain contexts,
autophagy can contribute to chemotherapeutic resistance
rather than to tumor maintenance. For example, Thompson
et al. [21] demonstrated in a lymphoma model that the
treatment of mice with chloroquine results in the growth
impairment of tumors but with no tumor regression unless
combined with restoration of p53 expression or alkylating

@ Springer
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Fig. 4 Modulation of pro- and anti-apoptotic proteins. Analysis of
intracellular levels of the pro-apoptotic proteins Bax, Bad, pro-
caspase, and cleavage of PARP, and the anti-apoptotic proteins
Bel-XL and survivin by western blot of MIAPaCa-2 cells (a) and

chemotherapy. Cooperation of autophagy inhibition with
chemotherapy has also been observed in leukemia [32]
and may reflect the upregulation of autophagy as a possible
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PANC-1 cells (b) under basal conditions (B), after treatment with
10 mM of 3-MA (3-M4), after 48 h of treatment with
gemcitabine, (G), or after incubation with 3-MA+gemcitabine
(3-MA+G; *p<0.05, **p<0.01)

survival mechanism in response to chemotherapeutic agents
[33]. Other authors however have labeled autophagy a death
mechanism [34, 35].
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Fig. 5 Tumor growth inhibition. S.c. tumors were generated as described
in Materials and Methods. When tumors reached the desired size (day 0),
animals were distributed randomly into four groups. Group 1 was injected
with 200 pl of sterile solution, group 2 with 200 pl of 3-MA in a
concentration of 100 pg/g, group 3 with 50 pg/g of gemcitabine, and
group 4 with 200 pl of 3-MA (100 pg/g) and 1.5 h after with gemcitabine

In contrast, PDAC is characterized by its critical role of
autophagy in tumorigenicity under basal conditions. Here, we
demonstrate that gemcitabine enhances autophagy in
MIAPaCa-2 cells and delays it in PANC-1 cells. Figure 2
shows the modulator effect of this drug on autophagy. We also
demonstrate that gemcitabine can induce high levels of apo-
ptosis, in vitro and in vivo, when autophagy is inhibited (Figs. 3
and 5) contrary to data published by those authors who claimed
that autophagy constitutes a death mechanism when pancreatic
cancer cells are treated with gemcitabine and other chemother-
apeutic agent such as ionizing radiation [36] or cannabinoids
[37]. Furthermore, recent studies have shown that induction of
autophagy by drug-resistant esophageal cancer cells promotes
their survival. Cells that do not respond to chemotherapeutic

b Vehicle

Gempcitabine
—

3-MA + Gemcitabine
| oy

Gemcitabine 3-MA + Gemcitabine

(50 pg/g). a and b Gemcitabine and 3-MA+gemcitabine inhibit tumor
growth. Results are expressed as the percentage of tumor volume growth
relative to day 0 (***p<0.001). ¢ Histology of xenograft tumors.
Hemaoxylin and eosin dye of tumors showing tumor (7) and necrotic
(NV) areas. d Electron microscopy of tumors under the different treatments
after 21 days. Magnification, x3,000

agents with apoptosis undergo autophagy and cell populations
can recover when cytotoxic drugs are withdrawn. Their ability
to recover may explain recurrent disease and may be a decisive
factor in current treatments. Both selective inhibition of pro-
teins involved in the formation of autophagosomes and indirect
inhibition of autophagy can reduce the recovery of cancer cells
following cytotoxic drug treatment. This indicates the impor-
tance of autophagy in this recovery [38]. Data published by
ourselves and several other authors force us to think about the
bivalent participation of autophagy in pancreatic cancer cell
growth. Although autophagy may be a prosurvival process for
tumor cells in the first steps of tumor formation, the induction
of autophagy could in fact lead to apoptotic cell death. This
model represents the autophagy paradox where both
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Fig. 6 Apoptotic death characterization. a Tumor cells were incu-
bated with 10 mM of 3-MA, 100 uM of the pan-caspase inhibitor
Z-VAD-fmk, 10-1,000 pg/ml of gemcitabine or the different
combinations between them as shown in the figure for 72 h. b

autophagy inhibition and stimulation have the same net effect,
to inhibit tumor growth but with differences in the efficacy of
cell death induction.

Finally, we describe the death mechanism involved when
gemcitabine acts after autophagy inhibition. Several studies
have been performed in an attempt to understand the death
mechanisms induced by natural compounds in tumor cells. It
has been shown that Plumbagin may induce apoptosis in hu-
man pancreatic cancer cells, PANC-1, and BxPC-3 by caspase-
dependent and independent cascades [39]. Indolequinone
ES936 induces caspase-dependent apoptosis in MIAPaCa-2
and BxPC-3 cells but not in PANC-1 cells [40]. Other
substances such as Isoegomaketone on DLD1 human colon
cancer cells [41] and Decursin on malignant tumor (RC-
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Analysis of caspase-3 activity by luminescence as described in the
“Materials and methods” section. ¢ Study of subcellular localiza-
tion of AIF after 24 h of treatment with 3-MA, gemcitabine, or 3-
MA +gemcitabine

58 T/h/SA#4)-derived human prostate cells are able to induce
both types of apoptotic cell death [42]. However, there is no
report that shows which mechanism is activated when
gemcitabine acts on MIAPaCa-2 and PANC-1 cells after
autophagy inhibition. Interestingly, our results show that
MIAPaCa-2 cells die by a caspase-dependent apoptotic path-
way, contrary to PANC-1 cells, which die from a caspase-
independent apoptotic mechanism (Figs. 4 and 6).

In summary, we identified one of the mechanisms in-
volved in the resistance of pancreatic tumors to the treat-
ment of gemcitabine. The identification of this mechanism
will help in the development of more efficient therapies
against this aggressive pathology thus leading to an im-
provement in the patient’s life.
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