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Abstract Targeting of pathways downstream of RAS
represents a promising therapeutic strategy for pancreatic
cancer, the fourth leading cause of cancer-related death in
the USA, since activation of the Raf-MEK-ERK and PI3K-
AKT pathways is found frequently in this disease and is

associated with poor prognosis. Taking advantage of a
panel of human PDAC cell lines and specific inhibitors of
PI3K and/or mTOR, we systematically address the question
whether dual-targeted inhibition of the PI3K and mTOR
pathways offers advantages over single-targeted inhibition
of PI3K in PDAC. We observe greater overall susceptibility
of cell lines to dual inhibition compared to targeting PI3K
alone. However, we find that dual inhibition of PI3K and
mTOR induces autophagy to a greater extent than inhibition
of each target alone. In agreement with this, we show that
combined administration of PI3K/mTOR and autophagy
inhibitors results in increased anti-tumor activity in vitro
and in vivo in models of pancreatic adenocarcinoma.
XL765, a PI3K/mTOR inhibitor used in our in vivo studies,
is currently undergoing clinical evaluation in a variety of
cancer types, while the autophagy inhibitor chloroquine is a
widely used anti-malaria compound. Thus, our studies
provide rationale for clinical development of combinations
of these compounds for the treatment of pancreatic
adenocarcinoma.
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PDAC Pancreatic ductal adenocarcinoma
PI3K Phosphoinositide-3 kinase
mTOR Mammalian target of rapamycin
GI50 Drug concentration inducing 50% growth inhibition
LC50 Drug concentration inducing 50% lethality
AVO Acidic vesicular organelles
3-MA 3-Methyladenine
CQ Chloroquine
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Introduction

The hallmark molecular alterations in pancreatic ductal
adenocarcinoma (PDAC) are activating mutations of the
KRAS oncogene, resulting in constitutive activation of
effector pathways [1, 2]. The KRAS protein is widely
considered to be “undruggable” [3]. Therefore, RAS-
effector pathways, the RAF-MEK-ERK and PI3K path-
ways, in particular, have emerged as high-priority thera-
peutic targets. Both pathways represent promising
therapeutic targets in pancreatic cancer, since presence of
phosphorylated ERK and AKT is found frequently [4, 5]
and is associated with poor prognosis [6]. Initial clinical
observations with selective inhibitors of MEK and PI3
kinase (PI3K) have demonstrated limited tumor activity
[7, 8], a possible consequence of insufficient patient selection
strategies and incomplete information about the complexity
of the targeted molecular networks.

The type-I PI3-Ks (p110α, p110β, p110γ, and p110δ)
transmit signals through synthesis of phosphatidylinositol-
3,4,5-triphosphate (PIP3), which mediates activation of
downstream targets, including AKT. The importance of
PI3K for tumor development and progression has led to the
generation of an increasing number of specific PI3K
inhibitors. While some of these agents target PI3K selectively,
a number of compounds exhibit dual activity against PI3Ks
and the PIKK mTOR, which controls cell growth [9–11].
Despite the well-documented role of PI3K in suppressing
apoptosis in cancer cells, initial experience with dual-targeted
PI3K/mTOR inhibitors in preclinical models of glioblastoma
demonstrated predominantly anti-proliferative effects [12]. In
breast cancer, apoptosis occurred only in cells harboring
HER2 amplification or PIK3CA mutations [13]. In primary
xenograft tumors derived from human PDAC, significant
inhibition of tumor growth with only minimal induction of
apoptosis by the pan-PI3K/mTOR inhibitor NVP-BEZ325
was observed [14].

With the work presented here, we explore whether
dual-targeted inhibition of the PI3K and mTOR pathways
offers advantages over single-targeted inhibition of PI3K in
PDAC and investigate the consequences of cooperative
effects of PI3K and mTOR on autophagy. We show that
combined administration of PI3K/mTOR and autophagy
inhibitors enhances anti-tumor activity in vitro and in vivo
in models of pancreatic adenocarcinoma, thus providing a
basis for rational combination of these compounds for the
treatment of pancreatic adenocarcinoma.

Materials and methods

Reagents Chemical synthesis and characterization of PI3K
inhibitors PI-103 and PIK90 are described by Knight and

colleagues [15]. The following reagents were used: Rapa-
mycin (Calbiochem), EGF (Millipore). CI1040 (PD184352)
was provided by Dr Bain (University of Dundee, UK),
XL765 and XL147 were provided by Exelixis, Inc. All
drugs were diluted in DMSO except for PIK90 which was
diluted in DMSO/H2O 1:1 (v/v). The following antibodies
were used: pS6 (S240/244), p4EBP1 (Thr37/46), pS6K
(Thr389), pAkt (S473), total Akt, beta-actin (Sigma), LC3
(Abcam ab51520). N-benzyloxy-carbonyl-Val-Ala-Asp-flu-
oromethylketone (z-VAD-fmk; R&D Systems), 3-MA,
acridine orange; chloroquine diphosphate was from MP
Biomedicals, protease inhibitors cocktail set III; E-64d,
pepstatin Awere from Calbiochem.

Cell culture Pancreatic cancer cell lines were kindly
provided by S. Gysin, M. McMahon, and E. Collisson
(UCSF, San Francisco, CA, USA). The cells were described
previously [16]. All cells were cultured in high-glucose
DMEM supplemented with 10% FBS (US origin, Valley
Biomedical).

Cell growth inhibition assays Cells were plated in 96-well
plates (density from 2,000 to 6,000 cells per well). Cells
were allowed to attach overnight before drug treatment for
72 h. Increasing doses of each drug in 1:2 serial dilutions
were added in triplicate wells. Each inhibitor was initially
screened at large dose ranges, up to maximal concentration
achievable under tissue culture conditions. The drugs had
different solubility in tissue culture medium, and therefore,
the maximal dose for PI103 was 5 μM, whereas other drugs
were screened up to 20 μM. The final DMSO concentration
was 0.2% or less. Cell viability was determined using the
CellTiter-Glo (CTG) assay (Promega, Madison, WI, USA)
at day 0 (before the drug treatment) and at day 3 post-drug
exposure. Growth inhibition parameters (GI50, LC50) were
calculated as described before [17].

Apoptosis and autophagy analyses Cells were treated with
drugs 24 h after plating and harvested for apoptosis or
autophagy assays at 1, 2, or 3 days after drug treatment.
Apoptosis was measured using the Apoptosis Detection Kit
I (BD Pharmingen) and quantified by Flow Cytometry
(FACS Calibur, BD) using the CellQuest software. All
treatments were done in triplicates and at least 20,000 cells
were acquired from every sample.

Analysis of punctate GFP-LC3 was done in MIAPaCa-2
and Panc10.05 cells stably expressing a GFP-LC3 fusion
construct [18]. Briefly, the cells were plated on glass
coverslips; 24 h later, they were treated with drugs and
fixed with 2% paraformaldehyde at 48 and 72 h after drug
exposure.

Cells were viewed in Vectashield mount medium (Vector
Lab, Inc.) under a Zeiss Axioplan 2 fluorescent microscope
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using 100× 1.3 NA objective and photographed by Zeiss
AxioCam HR camera using Axiovision 4.7 Software.

Acidic vesicular organelles (AVOs) were detected in
drug-treated cells by vital staining with acridine orange.
Acridine orange was added to the cells (1 μg/mL) for
15 min, then washed off with PBS and phenol red-free
growth medium was added. The cells were examined and
photographed using an inverted fluorescent microscope
Zeiss Axiovert S100TV at 40×/0.6 NA using DCM 200
digital camera and ImageJ software. To quantify the
development of AVOs, the acridine orange-stained cells
were trypsinized, washed, resuspended in phenol red-free
growth medium and analyzed at the FACSCalibur. The
degree of AVO formation was expressed as fold increase of
acridine orange fluorescence intensity (FL3) in drug-treated
cells versus control cells.

Preparation of protein lysates and Western blot
analysis The cells were treated with drugs 48 h after
plating and harvested at 4 h post-drug exposure. Protein
lysates were prepared from cells at 70–90% confluency. For
detection of autophagy by LC3-II expression, the lysates
were prepared 48 h post-drug treatment. To further assess
autophagic flux, we detected LC3-II levels in both control
and drug-exposed cells treated with lysosomal cathepsin
inhibitors E64d (5 μg/ml) and pepstatin A (10 μg/ml)
which were added to the culture medium 2 h before lysis.
Autophagy inhibitor 3-MAwas added at 3.5 mM 1 h before
the drugs. Western blot analysis was performed as described
previously [17].

In vivo xenograft tumor studies Female 7 to 9-week-old
Nu/Nu mice (Harlan, FoxN1/nude) were inoculated s.c.
with 107 BxPC-3 cells. Mice were monitored according to
the protocol approved by the University of California, San
Francisco Institutional Animal Care and Use Committee.
When tumors reached about 100 mm3, mice were randomly
assigned to one of six treatment groups: vehicle control,
XL765 30 mg/kg, XL147 100 mg/kg, Chloroquine (CQ)
50 mg/kg, XL765+CQ, and XL147+CQ. XL765 was
solubilized in water/10 mM HCl, XL147 was dissolved in
water, both drugs were administered by oral gavage once a
day, five times a week. CQ was dissolved in saline and
injected i.p. daily, five times a week. Each treatment
regimen was tested in cohorts of eight mice, and the dosing
was continued for 28 days. Tumor sizes were measured
twice weekly in two dimensions using a caliper, tumor size
(cubic millimeter) was calculated as (length×width2)/2. The
doses for drug treatments were chosen as MTD according
to a preceding toxicity study in mice bearing BxPC-3
xenografts. Animals were monitored for the absence of
drug toxicity by monitoring body weight and overall
activity.

Statistical analysis Data are expressed as mean±standard
deviation. Statistical analysis was performed by using
Student's t test (two-tailed). P values of <0.05 were
considered significant.

Results

Greater inhibition of cell growth by dual PI3K/mTOR
inhibitors compared to PI3K-selective inhibitors in a panel
of PDAC cell lines The effect of two PI3K-selective
inhibitors (XL147, PIK90) and the two dual-targeted PI3K/
mTOR inhibitors (XL765 and PI-103) on cell viability was
tested in 13 PDA cell lines by treating cells at increasing drug
doses. As shown in Fig. 1a, a broad spectrum of sensitivities
was observed. Interestingly, the dual-targeted PI3K/mTOR
inhibitor XL765 induced cell killing in many more cell lines
(as indicated by negative survival rate) and at lower
concentrations as compared to the single-targeted inhibitors
XL147 and PIK90. Supplementary Table 1 summarizes GI50
and LC50 (drug concentrations inducing 50% growth
inhibition and 50% lethality, respectively) for four drugs. In
more cell lines (6 out of 13), the LC50 was reached after
treatment with XL765, as compared to the other drugs. A
comparative analysis of relative sensitivity to the four
inhibitors between all the cell lines revealed that individual
cell lines tended to demonstrate similar relative sensitivity to
all inhibitors. In agreement with this, sensitivities for XL147,
XL765, and PIK90 were strongly correlated, while the
correlation with sensitivity to PI103 was weak. For PI103,
a subset of pancreatic cancer cell lines (e.g., BxPC-3, HuP-
T3, HPAF-II) displayed weak or no growth inhibition, and
we were not able to determine the GI50 for them.
Assessment of pAKT levels in PI103-resistant cell lines by
Western blot analysis demonstrated no inhibition of PI3K
signaling after PI103 treatment, while other PI3K inhibitors
clearly inhibited phosphorylation of AKT in these cells
(Supplementary Fig. 1 and data not shown). In addition,
PI103-resistant cell lines demonstrated suppression of pAkt
and cell growth inhibition when dual PI3K/mTOR inhibition
was achieved by combining PIK90 and rapamycin. It is
conceivable that PI103 becomes rapidly inactivated in these
cells, e.g., through active elimination of the drug. This
possibility is currently under investigation in our laboratory.
In summary, these data demonstrate a drug-class effect on
cell viability that is independent of the activity of individual
compounds.

Synergistic induction of apoptotic cell death through
inhibition of PI3K and mTOR To determine whether the
effect of inhibitors on PDAC cell viability was due to cell
killing, we measured apoptosis induction by Annexin V/PI
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Fig. 1 Comparison of sensitivity of pancreatic cancer cell lines to
single PI3K and dual PI3K/mTOR inhibitors. a Drug dose-response of
cell growth inhibition. Thirteen pancreatic cancer cell lines were
treated with increasing doses of the indicated inhibitors and the cell
viability was assessed at day 0 (time of drug addition) and at day 3
after treatment using ATP-based cell viability assay (Promega).
Percentage of growth inhibition at each drug dose was calculated as
described in Materials and methods. b Apoptosis response induced by

single PI3K inhibitor XL147 and dual PI3K/mTOR inhibitor XL765
in pancreatic cancer cells. Apoptosis was determined by total
percentage of annexin V-positive cells by fluorescence-activated cell
sorting (FACS). The apoptosis rate of the untreated control cell
population was subtracted from the drug-treated population to
determine the drug-induced apoptotic cell fraction. Columns, mean
of duplicates; bars, SD. For each duplicate, 40,000 cells were acquired
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staining. As shown in Fig. 1b, treatment with XL147 and
XL765 resulted in different degree of apoptosis induction in
pancreatic cancer cell lines. Similar data were obtained with
PIK90 and PI103 (data not shown). The highest degree of
apoptosis was achieved by treatment with the dual PI3K/
mTOR inhibitor XL765 and the apoptotic response was
inversely correlated with GI50 (Supplementary Fig. 2),
suggesting apoptosis as a likely mechanism underlying cell

death observed in the cell viability assay. To test whether
simultaneous inhibition of PI3K and mTOR with individual
compounds led to enhanced cell killing compared to
inhibition of each target alone, cells were treated with
combinations of the PI3K inhibitors PIK90 or XL147 with the
mTORC1 inhibitor rapamycin and the mTOR kinase inhibitor
PP242 (inhibiting mTORC1 and mTORC2) [9]. As demon-
strated in Fig. 2a, treatment with the drug combinations

Fig. 2 Synergistic effect of com-
binations of PI3K and mTOR
inhibitors on cell viability (a) and
apoptosis (b) of pancreatic
cancer cell line MiaPaCa-2. a
Dose/effect curves for each
inhibitor and their combinations
at fixed molar ratio are presented.
Cell viability was measured at
72 h after treatment with the
drugs. Relative cell viability of
drug-treated cells was calculated
as a fraction of vehicle-treated
control. Points, mean of tripli-
cates; bars, SD. b Combinations
of different PI3K/mTOR inhibi-
tors result in synergistic induc-
tion of apoptosis reaching the
same rate as induced by dual
PI3K/mTOR inhibitors PI-103
and XL765. Apoptosis was de-
termined by FACS analysis as a
total number of annexin
V-positive cells. Drug-induced
apoptosis was calculated by
subtraction of apoptosis of con-
trol cells from that of drug-
treated cells. Columns, mean of
duplicates; bars, SD. For each
duplicate, 40,000 cells were
acquired. The results were
confirmed in at least two
independent experiments
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resulted in potentiation of cell growth inhibition. In agreement
with these findings, combined PI3K/mTOR inhibition also
markedly increased the levels of apoptosis (Fig. 2b). These
data clearly demonstrate that dual inhibition of both, PI3K
and mTOR, results in enhanced cell growth inhibition and
apoptotic cell death compared to inhibition with single-
targeted agents. Additionally, this effect can be recapitulated
by using combinations of single-targeted compounds. It is
also important to note that the mTORC1/mTORC2 inhibitor
PP242, which also inhibits AKT phosphorylation at Ser-473
through its effect on the mTORC2 complex, is not sufficient
for generating the same extent of apoptosis as can be
achieved by inhibition of PI3K/mTOR.

Induction of apoptosis depends on pathway inhibition
following PI3K inhibition We reasoned that the marked
differences between PI3K-selective and dual PI3K/mTOR
inhibitors could be explained by differences in inhibition of
signaling through the target pathways. Four cell lines with
different levels of sensitivity to XL147 and XL765 (based
on GI50) were selected, and cells were treated with
increasing drug doses for 4 h. Western blot analyses for
key proteins involved in PI3K, MEK, and mTOR signaling
were performed. The relatively sensitive cell lines BxPC-3
and Panc8.13 demonstrated inhibition of PI3K as deter-
mined by reduced levels of pAKT (Ser-473) at low
concentrations of the inhibitors (Fig. 3a). In addition,
treatment with XL765 reduced phosphorylation of the
mTOR targets S6, S6K, and 4EBP1 significantly. This
additional inhibition of mTOR activity was associated with
greater apoptosis induction compared to PI3K inhibition
alone (Fig. 3b). In contrast, PI3K activity was only slightly
inhibited in the relatively resistant Panc2.13 cell line with
both inhibitors and in PA-TU8988T following treatment
with XL765. This finding provokes the question whether
inhibition of both pathways is required for induction of
apoptosis in pancreatic cancer cells. Indeed, treatment of
PA-TU8988T cells with XL147 and rapamycin abolished
phosphorylation of AKT, S6, S6K and significantly reduced
p4EBP1, which was associated with a significant increase
in apoptosis rate (Fig. 3d, e). None of the compounds tested
prevented phosphorylation of AKT in Panc2.13 cells. This
was also true for TGX115, a preferential inhibitor of p110β
[15]. The mechanism underlying resistance to PI3K
inhibition in this cell line is currently under investigation.

Autophagy induction as a mediator of sensitivity to PI3K
inhibitors in PDA cell lines Since mTOR is a strong
suppressor of autophagy [19, 20], we reasoned that treating
pancreatic cancer cells with PI3K/mTOR inhibitors could
result in autophagy. To detect the development of AVOs,
MIAPaCa-2 cells were treated with inhibitors for 1–3 days
and then stained with acridine orange. Drug-treated cells

showed abundant lysosomal acidity which was reflected by
bright red fluorescence emitted by acridine orange (Fig. 4a).
In addition, monodansylcadaverine staining demonstrated
accumulation of autophagosomes in MIAPaCa-2 cells after
treatment with PI103 and XL765 (data not shown). We also
evaluated changes in cellular distribution of the autophagy
marker LC3. Two pancreatic cancer cell lines: MIAPaCa-2
and Panc10.05 stably expressing a LC3-GFP construct were
generated. As illustrated in Fig. 4b, PI103 caused an
accumulation of LC3 in a punctate fluorescent pattern,
indicating the redistribution of LC3 to autophagic vacuoles,
whereas most of the untreated cells manifested a diffuse
staining. Furthermore, we examined the PE-lipid conjugation
of endogenous LC3 in cell lysates from drug-treated cells;
the PE-modification of LC3 results in a faster migrating
isoform LC3-II that can be detected by immunoblotting [21].
An increased level of LC3-II was observed in MIAPaCa-2
cells at 72 h post-treatment with PI103 (Fig. 4c), XL765 or
XL147 (Fig. 4f). 3-Methyladenine (3.5 mmol/L), which
inhibits autophagosome sequestration [22, 23] suppressed
levels of the LC3-II form (Fig. 4c). Since LC3-II is subject to
lysosomal degradation during autophagy, we assessed LC3-II
levels in cells treated with lysosomal cathepsin inhibitors
E64d and pepstatin A (lanes labeled E/P). These experiments
confirmed increased LC3-II turnover resulting from cell
exposure to dual PI3K/mTOR inhibition.

To further understand whether efficient induction of
autophagy depends on inhibition of both, PI3K and mTOR,
we treated a panel of pancreatic cancer cells with the dual-
targeted inhibitor XL765, selective PI3K inhibitor XL147,
or a combination of XL147 and rapamycin. We quantified
lysosomal acidity as a surrogate for the induction of
autophagy by analyzing cells stained with acridine orange
by flow cytometry. We compared fluorescence intensity of
acridine orange in drug treated versus control cells. As
demonstrated in Fig. 4d–f, treatment with the dual
inhibitors XL765 and PI103 resulted in significant dose-
dependent AVO induction and LC3-II stimulation. The
selective PI3K inhibitor XL147 also induced AVOs,
although to a lesser extent than XL765. Treatment with
the mTOR inhibitor rapamycin at doses lower than 5 nM
resulted in only minimal autophagy. Markedly higher
levels of autophagy were observed when PI3K and
mTOR inhibitors were combined. In contrast, addition
of rapamycin to XL765 did not significantly enhance
autophagy (Fig. 4e), in agreement with the fact that the
dual inhibitor efficiently inhibits mTOR on its own. Thus,
dual inhibition of PI3K/mTOR results in greater autophagy
induction than does inhibition of each pathway component
alone.

We next assessed the relationship of autophagy and
apoptosis in response to the drugs. We measured autophagy
by acridine orange staining in a subset of cell lines with
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different sensitivity to all four inhibitors. Cell lines
displaying induction of apoptosis following drug treatment
were considered “sensitive”, while cell lines without

evidence for apoptosis induction were considered “resis-
tant”. The resistant cell lines displayed the least degree of
autophagy activation as compared to sensitive cell lines

Fig. 3 Differential biochemical and cellular effects of different doses of
XL765 and XL147 inhibitors on two sensitive (BxPC-3 and Panc 8.13)
and two resistant (Panc 2.13 and PA-TU8988T) cell lines. a Represen-
tative Western blot analysis of PI3K and mTOR target inhibition at 4 h
post-treatment with the indicated doses of drugs. b FACS-based analysis
was used to determine percentage of apoptotic cells at 72 h after
treatment with the indicated doses of drugs. Columns, mean of
duplicates; bars, SD. For each duplicate, 40,000 cells were acquired. c
GI50 concentrations of XL765 and XL147 for each cell line were

determined by cell viability assay at 72 h post-treatment as described in
Materials and methods. GI50s are much lower for BxPC-3 and Panc
8.13 (sensitive cells) than for Panc 2.13 and PA-TU8988T (resistant
cells). d Representative Western blot analysis of PI3K and mTOR target
inhibition at 4 h post-treatment with XL147, rapamycin and their
combination. e Percentage of apoptotic cells at 72 h after treatment with
drugs, as determined by FACS analysis. Columns, mean of duplicates;
bars, SD. For each duplicate, 40,000 cells were acquired
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(Fig. 4g). This suggests that in sensitive cell lines, both
responses are coactivated as has been described in other
systems [24].

Analysis of the temporal relationship between autophagy
and apoptosis in time-course experiments demonstrated that
induction of autophagy preceded the earliest detectable
signs of apoptosis (Fig. 5a). This raised the possibility that
autophagy protected cells from cell death by apoptosis. We
therefore tested whether inhibitors of autophagy or apopto-

sis could shift the cellular response from autophagy to
apoptosis or vice versa. Inhibition of early stages of
autophagy with 3-MA inhibited autophagy but significantly
increased the percentage of apoptotic cells (Fig. 5b–d). In
contrast, pretreatment of cells with the apoptosis inhibitor
z-VAD-fmk abolished apoptosis while it further enhanced
autophagy induced by the dual-targeted agent PI103.
Similar results were obtained with chloroquine, known to
inhibit autophagy at late stages (Fig. 6a). When chloroquine

Fig. 4 Dual PI3K/mTOR inhibition induces autophagy in pancreatic
cancer cells. a Development of acidic vesicular organelles (AVO) in cells
after treatment with dual PI3K/mTOR inhibitor. MIAPaCa-2 cells were
treated with 1.2 μM of PI103 for 48 h, incubated with acridine orange,
washed, and visualized under inverted fluorescent microscope. Red
fluorescent granules indicate formation of AVO as described in Materials
and methods. b Autophagosome formation is induced by dual PI3K/
mTOR inhibitor as indicated by LC3-GFP punctated localization.
MIAPaCa-2 cells stably expressing LC3-GFP were grown on glass
coverslips, treated with 1.2 μM of PI103 for 48 h, fixed and subjected to
fluorescent microscopy. Bar, 10 μm. c Representative Western blot anal-
ysis of LC3-I and LC3-II expression. Cells were pre-treated with
autophagy inhibitor 3-MA for 1 h, then PI-103 was added. Cells were
lysed at 48 h post-drug treatment for protein extraction. The E/P lanes
indicate E64d and pepstatin A added directly to the culture 3 h before
lysis at 10 μg/ml each. Protein lysates were subjected to immuno-
blotting with anti-LC3 and anti-β-actin antibodies. d Dual PI3K/mTOR
inhibitors XL765 and PI103 induce dose-dependent autophagy. Selective
PI3K inhibitor XL147 also induces autophagy which is further enhanced

by addition of rapamycin. BxPC-3 and Panc10.05 or MIAPaCa-2 e cells
were treated with indicated drugs for 48 h, then stained with acridine
orange and analyzed by FACS. The degree of autophagy was determined
as fold change in acridine orange fluorescence intensity (FL3) in drug-
treated cells versus the control cells. Columns, mean of duplicates; bars,
SD. For each duplicate, 40,000 cells were acquired. The results were
confirmed in at least two independent experiments. f LC3-I and LC3-II
expression in BxPC-3 cells which were treated with indicated inhibitors
for 48 h. The E/P lanes indicate E64d and pepstatin A added directly to
the culture 3 h before lysis at 10 μg/ml each. The increase in LC3-II
expression well correlated with FACS analysis showing autophagy
increase in response to PI3K and combined PI3K/mTOR inhibition
(especially in the presence of lysosome inhibitors). g Autophagy
response is higher in drug-sensitive than in resistant cell lines. Three
to four sensitive and resistant cell lines were selected for each of the
indicated inhibitor on the basis of the degree of their apoptosis response
to the inhibitor. The autophagic response of cell lines was compared by
FACS analysis of acridine orange staining as described above. Cell lines
are distributed as groups of sensitive (sens) and resistant (resist)
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was added to XL765 or to a combination of XL147 and
rapamycin, apoptotic cell death was significantly enhanced
in a number of cell lines.

Inhibition of autophagy enhances tumor growth inhibition
in vivo We next explored whether autophagy inhibition
increased the activity of PI3K inhibitors in vivo. Xenograft
tumors derived from BxPC-3 cells were grown in the hind
flanks of nude mice. Treatment with XL147 and XL765,
each alone or in combination with chloroquine, was admin-
istered for 28 days. As shown in Fig. 6b, treatment with
XL147 resulted in some inhibition of tumor growth that was

not enhanced by addition of chloroquine. In contrast, the
combination of XL765 with chloroquine resulted in signif-
icant inhibition of tumor growth, while XL765 alone at the
same dose had no growth inhibitory effect.

Discussion

The present study highlights the PI3K pathway as a valid
therapeutic target in pancreatic adenocarcinoma. This is in
agreement with the consistent occurrence of KRAS muta-

Fig. 4 (continued)

J Mol Med (2011) 89:877–889 885



tions and over-expression of EGFR in this disease, resulting
in activation of downstream pathways, including the PI3K
and Raf-MEK-ERK pathways. Both pathways intersect at
the level of mTOR since AKT and ERK have been
demonstrated to phosphorylate TSC2, resulting in derepres-
sion of mTOR [25]. Furthermore, MAPK signaling can
stimulate mTORC1 activity through p90 ribosomal S6
kinases [26]. Thus, we hypothesized that combined inhibi-
tion of PI3K and mTOR might produce superior cell killing
in pancreatic cancer compared to inhibition of either target
alone through abolishing PI3K and ERK-dependent cell
survival signals.

To test this hypothesis, we utilized selective inhibitors of
PI3K (XL147 and PIK90) and dual-targeted PI3K/mTOR
inhibitors (XL765 and PI103) [15, 27]. We observed that
dual inhibition of PI3K and mTOR by XL765 or PI103
resulted in increased apoptosis induction compared to
inhibition of each target alone. Furthermore, combinations
of selective inhibitors of PI3K with mTOR inhibitors
resulted in additive or synergistic increases in apoptosis.
These findings are contrasting observations reported for
non-small cell lung cancer and glioblastoma where dual
inhibition of PI3K and mTOR resulted in growth inhibition
but not apoptosis [12, 28]. Thus, pancreatic cancer cells
appear to be particularly dependent on PI3K and mTOR
signaling for their survival, an observation highlighting the
tissue-type specificity of therapeutically relevant signal
transduction pathways.

Cell lines undergoing apoptosis in response to treatment
with PI3K inhibitors displayed clear evidence of autophagy,

�Fig. 5 a Time course analysis of autophagy and apoptosis responses
reveals that autophagy precedes apoptosis. MIAPaCa-2 cells were
treated with of PI103 (1.2 μM) for 1–4 days and then stained either
with acridine orange for detection of autophagy or with annexin Vand
PI for detection of apoptosis. The degree of autophagy was determined
as fold change in acridine orange (FL3) fluorescence intensity of drug-
treated cells versus the control cells. Drug-induced apoptosis was
determined by subtraction of apoptosis of control cells from that of
drug-treated cells. Columns, mean of duplicates; bars, SD. For each
duplicate, 40,000 cells were acquired. b, c, d Autophagy/apoptosis
interplay: apoptosis is enhanced by autophagy inhibition and
autophagy is enhanced by apoptosis inhibition. MIAPaCa-2 or
MIAPaCa-2 cells stably expressing LC3-GFP were pretreated with
autophagy inhibitor 3-MA or caspase inhibitor z-VAD-fmk for 1 h,
then treated with PI103 for 72 h and then subjected to autophagy and
apoptosis assays. b Supravital staining with acridine orange was
performed and cells were analyzed by FACS to determine the fold
change in AVO increase. c Cells expressing LC3-GFP were fixed and
visualized by fluorescent microscopy. At least 200 cells were scored
for each treatment to calculate the percentage of cells displaying
punctated GFP-LC3 localization pattern such as in Fig. 4b. The
percentage of cells displaying LC3-GFP autophagosomes well
correlated with autophagy response detected by acridine orange.
Columns, mean of duplicates; bars, SD. The results were obtained in
at least three independent experiments. d Drug-induced apoptosis as
determined by total number of annexin V-positive cells in drug-treated
population compared to control population
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a catabolic process whereby cells autodigest cellular
organelles for energy production [29]. Opposing effects of
autophagy on cell survival have been described in cancer
cells. For example, induction of autophagy prevented death
receptor-mediated apoptosis in sarcoma cells [30]. In
contrast, pharmacological inhibition of autophagy resulted
in increased apoptosis rates in a variety of models,
including glioblastoma treated with temozolomide [22,
31]. In the case of our pancreatic cancer cell line panel,
inhibition of autophagy resulted in significantly increased
rates of apoptotic cell death, in particular in cells treated
with dual-targeted inhibitors. Thus, our data demonstrate a
strong cooperative effect of PI3K and mTOR inhibition on
induction of autophagy.While phosphorylation of S6 kinase, a

substrate of mTORC1, was strongly inhibited in cells treated
with rapamycin, 4EBP1 phosphorylation remained unaffect-
ed. In contrast, dual inhibition of PI3K and mTOR abolished
phosphorylation of this protein, while inhibition of PI3K alone
did not impact phosphorylation of S6K. Thus, interruption of
mTORC1-dependent and independent signaling is required
for activation of autophagy. It is of interest that induction of
the pro-survival mechanism autophagy was most pronounced
in those cells that also displayed evidence of apoptosis. This
observation is consistent with a dual role of the AKT, which is
well known to suppress apoptosis by inhibiting FoxO proteins
[32] and to suppress autophagy through inhibition of FoxO3
[33], and by increasing mitochondrial superoxide as well as
reactive oxygen species [34].

Fig. 6 Apoptosis triggered by PI3K/mTOR inhibitors in enhanced by
autophagy inhibitor chloroquine (CQ) in vitro (a) and in vivo (b). a
BxPC-3 and MIAPaCa-2 cells were preincubated with CQ for 1 h then
treated with different doses of XL765, XL147, or XL147+rapamycin
combination. Cells were harvested at 72 h post-drug treatment, stained
with annexin V/PI and analyzed by FACS to determine the percentage
of total annexin V-positive cells as percentage of apoptotic cells.
Apoptosis of untreated control population was subtracted from the drug-
treated population to determine the drug-induced apoptosis. Columns,
mean of duplicates; bars, SD. For each duplicate, 40,000 cells were

acquired. The results were confirmed in three independent experiments.
b Combined inhibition of PI3K/mTOR signal transduction and
autophagy inhibits tumor growth in vivo. BxPC-3 pancreatic cancer
xenografts were established in mice. Animals were given XL765,
XL147, chloroquine alone or in combination and tumor growth was
monitored for 28 days. Eight animals per group were treated and each
data point is a mean of eight tumors, bars, SEM. Statistical analysis was
performed by using Student's t test (two-tailed). Asterisks indicate
statistically significant difference, P value<0.05
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Inhibition of autophagy resulted in enhanced apoptosis
in vitro and in vivo following treatment with PI3K
inhibitors, in particular dual-targeted PI3K/mTOR inhib-
itors, which are currently undergoing clinical evaluation. It
is important to note that in our in vivo model, administra-
tion of XL765 alone did not inhibit tumor growth. This
observation is in agreement with published results obtained
with NVP-BEZ235, a dual-targeted PI3K/mTOR inhibitor,
in a primary xenograft model of human pancreatic cancer
[14]. In contrast, XL765 in combination with chloroquine
resulted in significant inhibition of tumor growth. These
data strongly suggest clinical evaluation of this combina-
tion, in particular in pancreatic cancer, a disease for which
novel therapeutic approaches are urgently needed.
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