Pancreatic cancers require autophagy
tor tumor growth
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Macroautophagy (autophagy) is a regulated catabolic pathway to degrade cellular organelles and macromolecules.
The role of autophagy in cancer is complex and may differ depending on tumor type or context. Here we show that
pancreatic cancers have a distinct dependence on autophagy. Pancreatic cancer primary tumors and cell lines show
elevated autophagy under basal conditions. Genetic or pharmacologic inhibition of autophagy leads to increased
reactive oxygen species, elevated DNA damage, and a metabolic defect leading to decreased mitochondrial
oxidative phosphorylation. Together, these ultimately result in significant growth suppression of pancreatic
cancer cells in vitro. Most importantly, inhibition of autophagy by genetic means or chloroquine treatment leads
to robust tumor regression and prolonged survival in pancreatic cancer xenografts and genetic mouse models.
These results suggest that, unlike in other cancers where autophagy inhibition may synergize with chemotherapy
or targeted agents by preventing the up-regulation of autophagy as a reactive survival mechanism, autophagy is
actually required for tumorigenic growth of pancreatic cancers de novo, and drugs that inactivate this process may
have a unique clinical utility in treating pancreatic cancers and other malignancies with a similar dependence on
autophagy. As chloroquine and its derivatives are potent inhibitors of autophagy and have been used safely in
human patients for decades for a variety of purposes, these results are immediately translatable to the treatment of
pancreatic cancer patients, and provide a much needed, novel vantage point of attack.
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Pancreatic cancer is highly lethal, with >40,000 cases
diagnosed each year (Jemal et al. 2010). Unfortunately,
the lack of effective treatment options and late diagnosis
results in a dismal 5-year survival of ~5% (Hezel et al.
2006). These tumors show an intense therapeutic resis-
tance to cytotoxic chemotherapies, targeted agents, and
radiotherapy (Li et al. 2004; Ben-Josef and Lawrence 2008;
Brus and Saif 2010). This extreme resistance to a variety
of therapies points to altered cell survival and metabolic
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pathways in these refractory cancers. Although pancre-
atic ductal adenocarcinoma (PDAC) has a well-defined
spectrum of highly recurrent oncogenic lesions—such as
activation of KRAS and loss/silencing/mutation of p53,
INK4A/ARF, and SMAD4—this information has yet to be
translated into effective therapies for the disease (for
review, see Hezel et al. 2006). Activating KRAS muta-
tions are present in the great majority of cases, making
this an ideal target for therapeutic intervention. Unfor-
tunately, effective KRAS inhibitors have yet to be devel-
oped (Van Cutsem et al. 2004). The inhibition of path-
ways downstream from KRAS is a potentially viable
approach to circumventing the difficulties in KRAS in-
hibition (Engelman et al. 2008). However, KRAS has
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a multitude of effectors, many of which are poorly
characterized, making it a significant challenge to com-
pletely shut off the KRAS pathway.

Macroautophagy (referred to as autophagy) is a regu-
lated catabolic pathway to degrade cellular organelles and
macromolecules, allowing the recycling of bioenergetic
components (Kundu and Thompson 2008; Levine and
Kroemer 2008; Mizushima et al. 2008). Autophagy pro-
motes survival in response to nutrient deprivation, but
can also promote cell death (type II programmed cell
death), depending on the tissue type and developmental
context (Levine and Kroemer 2008). In line with the
contextual pro- and anti-survival effects in normal cellu-
lar metabolism, the role of autophagy in cancer is also
complex, with associations with both tumor suppression
and therapeutic resistance in advanced tumors (Liang
et al. 1999; White and DiPaola 2009). For example, the
key autophagy gene, Beclinl, is a haploinsufficient tumor
suppressor gene, as heterozygous mice develop multiple
tumor types (Liang et al. 1999). Additionally, loss of
autophagy can promote aneuploidy and the development
of the transformed phenotype in some cell systems
(Mathew et al. 2009). In contrast, inhibition of autophagy
can synergize with chemotherapy in a mouse model
of lymphoma (Amaravadi et al. 2007). The underlying
mechanism for this synergy appears to be that autophagy
is low under basal conditions in most tumor types, but is
induced upon treatment with chemotherapy as a survival
mechanism. However, there are studies in which auto-
phagy activation has an inverse role, contributing to tumor
cell killing by a variety of agents (Martin et al. 2009;
Hamed et al. 2010). Therefore, it is critical to examine the
contributions of autophagy in particular tumor types or
genetic contexts.

A number of drugs that effectively inhibit autophagy
are available, including chloroquine (CQ) and its deriva-
tives. These compounds block lysosomal acidification
and autophagosome degradation (the last step of the auto-
phagy pathway) (Rubinsztein et al. 2007). Therefore, the
identification of contexts in which autophagy enhances
tumor cell survival would lead to immediately testable
strategies for novel therapies.

In this study, we demonstrate that pancreatic cancers
have constitutively activated autophagy and a profound
requirement for this process, making them uniquely sen-
sitive to autophagy inhibition.

Results

Autophagy is elevated in PDAC cell lines
and primary tumors

As the role of autophagy in cancer is complex and likely
to vary depending on tumor type and other biological
contexts, we sought to explore the importance of auto-
phagy in PDAC biology. The microtubule-associated pro-
tein 1 light chain 3 (LC3) associates with autophagosome
membranes after processing (Ichimura et al. 2000). Total
LC3 levels have been reported to be elevated in PDAC
and proposed to mark active autophagy in these tumors
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(Fujii et al. 2008). However, the functional relevance of
this observation is not clear, since the relationship between
total LC3 levels and autophagy per se is uncertain. To
determine more directly the degree of activated autophagy
in PDAC cell lines, we first assessed the integration of LC3
into autophagosomes using a GFP-LC3 reporter, a standard
assay to measure active autophagy (Klionsky et al. 2008).
GFP-LC3 dots were rare in cultures of nontransformed
human pancreatic ductal cells (HPDE) and a breast cancer
(MCF7) and lung cancer (H460) cell line, with evidence of
puncta in 3%-18% of these cells, consistent with the
findings of others that high levels of autophagy are typi-
cally present in vitro only when cultured cells are deprived
of essential nutrients or placed under other stresses (He and
Klionsky 2009). On the other hand, in all eight PDAC lines
analyzed, GFP-LC3 puncta were detected in 70%-90%
of cells (Fig. 1A), indicating a high degree of autophagy
activation. PDAC cells also had significantly elevated
numbers of puncta per cell as compared with HPDE,
H460, and MCF7 cells (Fig. 1B). As further confirmation
of this increase in autophagic activity, we demonstrated
elevated levels of the lipidated (autophagosome-associated)
form of LC3 (LC3-Il)—a marker for active autophagy
(Klionsky et al. 2008)—in a panel of PDAC lines grown in
nutrient-rich conditions (Supplemental Fig. 1A).

As autophagy is a dynamic process, it is possible that
the accumulation of LC3 puncta and increased LC3-II
expression could result from a bona fide increase in
autophagy or, alternatively, reflect a block in the later
stages of the process, such as impaired autophagosome
degradation. To address this issue, we examined auto-
phagic flux in PDAC cell lines. As shown in Figure 1B,
inhibiting autophagosome degradation by CQ, which
blocks lysosomal acidification and autophagosome deg-
radation (Rubinsztein et al. 2007), further increased the
number of GFP-LC3 puncta in PDAC lines. Additionally,
treatment of PDAC cells with lysosomal protease in-
hibitors dramatically increased LC3-II levels under basal
conditions (Fig. 1C). Thus, autophagic flux is significantly
increased in multiple PDAC lines. Last, as a final measure
for highly activated basal autophagy, we assessed long-
term protein degradation, a dynamic, functional readout
of autophagy. The degradation of normally long-lived
proteins can be assayed by monitoring the expression
of a GFP-Neo fusion protein (Nimmerjahn et al. 2003;
Klionsky et al. 2008). The expression of GFP-Neo
was significantly diminished in 8988T PDAC cells over
a 2-d period (Fig. 1D). This effect was completely in-
hibited by CQ, confirming the role of elevated autophagy
in this process (Fig. 1D). In contrast, MCF7 cells show
only minimal baseline long-term protein degradation,
illustrated by stable GFP-Neo expression over the
same interval (Fig. 1E). Together, these data demon-
strate that autophagy is constitutively activated in PDAC
cell lines in a cell-autonomous manner. Consistent with
the results of these multiple autophagy assays, we found
that key autophagy genes were broadly overexpressed in
PDAC cell lines (Supplemental Fig. 1B).

We next sought to monitor autophagy during the pro-
gression of human PDAC from premalignant pancreatic
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Figure 1. PDAC have high levels of basal
autophagy. (A) PDAC cells and controls
(HPDE [immortalized normal HPDEs],
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MCF7 [breast cancer], and H460 [lung can-
cer]) were infected with a retrovirus express-
ing GFP-LC3, grown in complete media in
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the presence of serum, and then fixed and
analyzed by fluorescence microscopy for the
presence of LC3 dots, which represent auto-
phagic vesicles. Numerous discrete auto-
phagic puncta were present in PDAC cells,
while each of the control cell lines showed
only a diffuse expression of GFP. The per-
centage of autophagic cells (defined as the
- presence of more than five foci) is shown
in the adjacent histogram. The differences
between all eight of the PDAC lines as
compared with HPDE cells are statistically
significant (P < 0.05 by the Fisher’s exact
test). Bar, 20 uM. (B) PDAC cells and con-
trols were cultured under normal growth
conditions, and the number of LC3 puncta
per cell was determined in the absence
and presence of the autophagy inhibitor
CQ. As in A, note the robust increase in
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cant increase upon CQ treatment com-

pared with untreated cells. (C) Autophagic flux in 8988T PDAC cells shown by a robust increase in LC3-II expression upon
inhibition of lysosomal proteases with E64d + pepstatin A as well as CQ at various time points. (D) Long-term protein degradation was
assessed in 8988T cells using a GFP-Neo fusion protein that enters the long-term protein degradation pathway. GFP expression was
monitored by FACS. The Ieft panel shows decreased GFP expression on day 1 and day 2 as compared with day 0, indicating activated
autophagy under basal conditions. The right panel demonstrates that CQ, an inhibitor of autophagy, blocks the long-term protein
degradation in these cells. (E) Long-term protein degradation was assessed in MCF7 cells, as in D. Note the minimal change in GFP
expression, indicating low levels of basal autophagy. This is not affected by the addition of CQ.

intraepithelial neoplasms (PanINs) to advanced tumors.
The cleavage of the LC3 protein allows it to be lipidated
and targeted to autophagic vesicles and has been used to
monitor autophagy (Ketteler and Seed 2008; Sivridis et al.
2010). Using an antibody specific for cleaved LC3, we
analyzed a collection of 25 PanINs and 80 primary PDAC
by immunohistochemistry (IHC) (Fig. 2A,B). Minimal
cytoplasmic staining was observed in the normal pancre-
atic ductal epithelium or in low-grade PanIN-1 and most
PanIN-2 (17 lesions analyzed). In contrast, all high-grade
PanIN-3 and PDAC showed elevated cleaved LC3 stain-
ing, with moderate to strong staining intensity in 81% (65
of 80 PDAC). The staining was frequently in a micro-
vesicular pattern, and less frequently as large vesicles.
This pattern of staining is highly suggestive of auto-
phagosomes (Fig. 2C), a hallmark of autophagy (Mizushima
et al. 2010). Comparable high levels of staining were ob-
served in lymph node metastasis (data not shown). We
also observed high levels of staining in the nerve fibers
infiltrated by tumor (Fig. 2B). Importantly, as an addi-
tional control for the specificity of the staining, we ob-

served strong LC3 staining in a microvesicular pattern in
pancreatic islets (Fig. 2D), consistent with the known role
of constitutive autophagy in B-cell homeostasis (Jung
et al. 2008). As further evidence that autophagy was
indeed activated in pancreatic primary tumors, electron
microscopy showed the presence of autophagosomes
fusing to lysosomes, as well as autophagosomes fused to
lysosomes (autolysosomes) (Fig. 2E). IHC analysis also
revealed that levels of the essential autophagy gene ATG7
(He and Klionsky, 2009) are elevated in the majority of
PDAC examined (57 of 80 tumors) (Supplemental Fig.
1C). Thus, the data using human cell lines, as well as
primary human tumors, demonstrate that autophagy is
up-regulated in the later stages of the progression of
PanIN to PDAC.

PDAC are sensitive to autophagy inhibition
in vitro by CQ

The prominent activation of autophagy in advanced
PDAC and in PDAC cell lines grown in nutrient-rich
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conditions suggests that this process may contribute to
PDAC growth. In order to test this hypothesis, we treated
a collection of PDAC cell lines with CQ. As a control, CQ
was also used to treat cell lines with low basal autopha-
gy—the non-PDAC cell lines H460 and MCF7. We found
that CQ markedly decreased the proliferation of all four
PDAC cell lines treated, but had minimal effects on H460
and MCF?7 cells (Fig. 3A). Correspondingly, the inhibitory
concentration 50 (IC50) of CQ was much lower across a
larger panel of PDAC cell lines compared with IC50 levels
observed in the MCF7 and H460 cells (Fig. 3B). CQ
treatment also robustly attenuated anchorage-indepen-
dent growth of multiple PDAC cell lines while having
modest effects on H460 and MCF7 cells (Fig. 3C). Similar
results were obtained with a second inhibitor of auto-
phagy, bafilomycin Al, which acts via inhibition of an
H*-ATPase responsible for acidification of autophagolyso-
somes (Fig. 3D; Rubinsztein et al. 2007). Thus, in keeping
with their elevated basal autophagy, PDAC cell lines
exhibit a marked sensitivity to CQ.

Autophagy inhibition by RNAI attenuates
PDAC growth

As the chemical inhibitors of autophagy used above affect
lysosomal function, they may impact other cellular pro-
cesses in addition to autophagy. To further validate the
importance of autophagy in PDAC tumorigenicity, we
genetically inactivated this process using two different
siRNAs to ATGS5, a ubiquitin-like protein essential for
autophagosome expansion and completion (Levine and
Kroemer 2008). These siRNAs suppressed expression of
the ATGS5 protein and inhibited autophagy (Fig. 4A,B).
Additionally, ATG5 siRNAs inhibited soft agar growth of
8988T cells by >50%, while not significantly affecting
H460 cells (Fig. 4C). Similar results were obtained with
suppression of ATG5 expression by retroviral shRNAs to
ATGS (Fig. 4D,E). RNAI to ATGS5 also suppressed growth
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PaniN-3 Figure 2. (A) Activated autophagy was
assessed by THC for cleaved LC3 at differ-
ent stages of primary PDAC. LC3 is low or
absent in normal exocrine pancreas and in
low-grade PanIN-1 and PanIN-2 lesions,
whereas staining is up-regulated and ex-
hibits a vesicular staining pattern in all
high-grade PanIN-3 (A) and PDAC (B). (N)
Nerve bundle with tumor infiltration, dem-
onstrating robust LC3 expression. (C) High-
powered magnification of a tumor cell
showing vesicular staining (arrows) sugges-
tive of autophagosomes. (Nu) Nucleus. (D)
A representative islet showing high levels
of vesicular staining and consistent with
known constitutive autophagy in B cells.
(E) Transmission electron microscopy of a
pancreatic tumor showing an autophago-
some fusing to a lysosome (panel i; [arrow]
autophagosome; [arrowhead] lysosome), and
autophagosomes fused to lysosomes (auto-

in multiple additional PDAC cell lines, as did siRNAs
to Lamp2, a dominant-negative mutant of Rab7, and
shRNAs to ATG3—proteins critical for autophagy (Sup-
plemental Fig. 2; Tanaka et al. 2000; Gutierrez et al. 2004;
Radoshevich et al. 2010). Taken together, these data
illustrate that PDAC lines depend on autophagy for
continued growth and tumorigenesis.

Autophagy inhibition in PDAC results in increased
reactive oxygen species (ROS), DNA damage,
and altered cell metabolism

Autophagy has been shown to be regulated by ROS (Chen
et al. 2007; Scherz-Shouval et al. 2007; Dewaele et al.
2010). In turn, the loss of autophagy can induce ROS,
leading to DNA damage (Mathew et al. 2009). As in-
flammation and ROS are associated with both Ras trans-
formation and the initiation of PDAC (Irani et al. 1997;
Chu et al. 2007; Guerra et al. 2007), it is possible that the
elevated basal autophagy in PDAC may also serve as an
adaptation to prevent the accumulation of cytotoxic
levels of ROS, thereby allowing sustained tumor growth.
Correspondingly, inhibition of autophagy in 8988T cells
by CQ treatment and siRNA to ATG5 resulted in an in-
crease in total ROS levels (Fig. 5A) as well as mitochon-
drial ROS (Fig. 5B). Conversely, inhibition of ROS with
the antioxidant N-Acetyl cysteine (NAC) significantly
attenuated the levels of basal autophagy in 8988T and
Pancl cells (Fig. 5C,D). Consistent with a cross-regula-
tion of ROS and autophagy in PDAC, treatment of HPDE
cells with hydrogen peroxide induced autophagy in a ro-
bust manner (Fig. 5E).

To determine if the accumulation of ROS in these cells
results in DNA damage, we assessed for markers of DNA
double-strand breaks (DSBs). Strikingly, the inhibition of
autophagy resulted in an increase in DNA damage, as
reflected by the greater number of 53BP1 foci in CQ or
ATGS5 siRNA-treated PDAC cells (Fig. 6A,B). Neutral
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comet assays revealed increased tail moments in CQ-
treated cells (Fig. 6C), confirming the presence of in-
creased DSBs. These effects were mitigated by concurrent
treatment with NAC, demonstrating that they are medi-
ated by ROS (Fig. 6A,B). Importantly, NAC also partially
rescued cell proliferation and clonogenic growth of the
CQ or ATG5 siRNA-treated cells (Fig. 6D,E). Together,
these data demonstrate that autophagy serves to control
ROS levels and, ultimately, DNA damage in PDAC cells,
allowing for continued tumor growth.

We speculated that the increased mitochondrial ROS
seen with autophagy inhibition by CQ and RNAi may
arise from impairment in mitochondrial function. As
autophagy has a known role in mitochondrial quality
control by degrading damaged mitochondria (Priault et al.
2005), we assessed whether inhibition of autophagy leads
to a decrease in mitochondrial function. To this end, we
measured the effect of either CQ treatment or shRNAs to
ATG5 on oxidative phosphorylation in 8988T PDAC
cells. As shown in Figure 7A, oxygen consumption was
severely decreased upon CQ treatment. Consistent with
these data, inhibition of autophagy using shRNAs to
ATG5 also decreased oxygen consumption (Fig. 7B).
Therefore, autophagy inhibition in PDAC cells leads to
a decrease in oxidative phosphorylation. Consistent with
the decrease in oxidative phosphorylation was that CQ
treatment of these cells caused a significantly elevated
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Figure 3. Inhibition of autophagy in
PDAC cell lines attenuates growth and
. tumorigenicity in vitro. (A) Growth curves
v of four different PDAC cell lines (8988T,
9550 BXPC3, 8902, and Pancl) and control cell
lines H460 and MCF7 treated with CQ
(6.25 uM and 12.5 wM) to inhibit autophagy
or with PBS as a control. The PDAC cells
showed a dose-dependent robust suppres-
sion of growth, whereas H460 and MCF7
cells with low basal autophagy were only
minimally affected. (B) IC50 of CQ in
micromolar in a panel of PDAC lines and
H460 and MCF7 cells. Note the low IC50
values for the PDAC lines as compared
with MCF7 and H460. (C) Soft agar assays
were performed to assess for the ability of
CQ (10 wM) to inhibit anchorage-indepen-
dent growth. Colony formation was sup-
pressed in 8988T and Pancl cells, but not
MCEF7 and H460 cells. The histogram be-
Iow shows quantitation of these assays
relative to untreated cells. Error bars rep-
resent triplicates. (D) Bafilomycin Al, an
inhibitor of lysosomal acidication and
autophagy, attenuates PDAC anchorage-
independent growth. Cells were seeded in
soft agar and treated with 5 nM bafilomycin
Al (charcoal bar) or vehicle (light-gray bar).
Data are expressed relative to control, with
error bars representing standard deviations
of triplicates. Note the robust reduction in
Pancl and 8988T PDAC cells but not in
H460 and MCF7 cells.
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uptake of glucose and production of lactate (Fig. 7C),
indicating that there was a compensatory switch to
glycolysis in response to impaired oxidative phosphory-
lation. Importantly, these cells show a significant de-
crease in intracellular ATP (Fig. 7D) upon autophagy
inhibition, likely reflecting the inability of these cells to
maintain normal energy production.

The reduction in oxidative phosphorylation could re-
flect an accumulation of damaged mitochondria due to
suppression of mitophagy (the autophagic degradation of
mitochondria). However, we were unable to demonstrate
significant basal mitophagy in PDAC cells even in the
presence of CQ (Supplemental Fig. 3A; data not shown).
Consistent with these findings, there did not appear to
be a significant increase in mitochondrial mass upon
autophagy inhibition by CQ treatment (Fig. 7E). Addi-
tionally, as damaged (depolarized) mitochondria are typ-
ically targeted for mitophagy (Twig et al. 2008), we next
assessed mitochondrial membrane potential in PDAC
cells upon autophagy inhibition. As shown in Figure 7F,
there was no significant increase in membrane depolar-
ization upon autophagy inhibition. Together, these data
suggest that the mitochondria themselves are functional,
and that the decrease in oxidative phosphorylation may
reflect a decrease in carbon substrates that fuel the TCA
cycle. To determine if this was indeed the case, we at-
tempted to rescue the effect of inhibiting autophagy in
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Figure 4. (A) Cells were transfected with
two different siRNAs against the essential
autophagy gene ATGS5 (siA and B) or with a
control, scrambled siRNA. Shown is a rep-
resentative Western blot comparing ATG5
expression with a control siRNA. The bot-
tom panel is an actin loading control. (B)
ATGS siRNA transfected 8988T cells were
assessed for basal autophagy using the
GFP-LC3 assay. The histogram below
shows the percentage of autophagic cells
(more than five puncta), and reveals sta-
tistically significant reductions in the
siATG5-expressing cells (asterisks) com-
pared with the control (P < 0.05 Fisher’s
exact test). (C) Cells were transfected with
control or siRNAs to ATG5 and soft agar
were assays performed. Both siRNAs sig-
nificantly inhibited anchorage-independent
growth of 8988T PDAC cells but not H460
cells. The histogram shows quantitation
expressed relative to control. Error bars
represent triplicates. (D) Two shRNAs to
ATGS5 (HP2 and HP7) suppress expression
of ATG5. (E) ATG5 shRNAs decrease soft
agar growth of 8988T PDAC cells, corre-

*

sponding to the efficiency of knockdown. Results shown are from three independent experiments performed in triplicate. Asterisks
show a statistically significant decrease as compared with control (P < 0.05 by t-test).

PDAC cells with CQ by supplementing the cells with
excess pyruvate, which would provide substrates for the
TCA cycle. Indeed, pyruvate was able to partially rescue
CQ sensitivity, as illustrated by markedly increased IC50
values in pyruvate-treated cells (Fig. 7G). The addition
of pyruvate also mitigated the decrease in ATP by CQ
treatment (Supplemental Fig. 3C). Therefore, the data
indicate that PDAC rely on autophagy for proper energy
homeostasis by supplying bioenergetic intermediates to
fuel oxidative phosphorylation.

In vivo inhibition of autophagy has a potent effect
on PDAC growth

We next sought to test whether inhibition of autophagy is
a potential therapeutic approach against PDAC in vivo.
8988T PDAC cells and H460 lung cancer cells were used
to represent “high” and “low” basal autophagy lines,
respectively. These were grown as xenografts until tu-
mors were ~0.5-1 cm and then separated into two
cohorts, treated by intraperitoneal injection of PBS or
CQ. Mirroring the in vitro studies, CQ had minimal effect
both on tumor-specific survival and tumor volumes in
H460 xenografts (Supplemental Fig. 4A,B). In contrast,
8988T PDAC xenografts had a robust response to CQ
treatment (Fig. 8A,B). All eight control mice died from
PDAC by 140 d (median 117 d), whereas only one of eight
CQ-treated animals died of PDAC by the time the
experiment was terminated at ~180 d (Fig. 8A). Remark-
ably, there was a sustained complete tumor regression in
four of eight mice (Fig. 8B). CQ did not cause any evident
side effects in the treated animals. Thus, CQ can both
prolong survival and eradicate tumors in mice at dosages
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that are well tolerated. We also observed a robust re-
sponse to CQ in Pancl xenografts (Fig. 8F) and in an
orthotopic PDAC model with 8988T cells grown in the
pancreata of nude mice (Supplemental Fig. 4C,D).

To confirm that we were inhibiting autophagy in
tumors, we measured p62 expression, a scaffold protein
known to be degraded by autophagy (Bjorkoy et al. 2009).
Western blot and IHC showed that the levels of p62 were
increased in treated 8988T xenografts compared with
untreated controls (Fig. 8C,D). Additionally, there was
an increase in DNA damage in CQ-treated tumors, as as-
sessed by IHC for yH2AX expression (Fig. 8E). Therefore,
as in our in vitro studies, the anti-proliferative effect of
CQ in PDAC xenografts is associated with attenuated
autophagy and elevated DNA damage.

As further confirmation of the importance of auto-
phagy in PDAC growth in vivo, we inhibited autophagy in
8988T cells using two shRNAs to ATG5 and assessed
their ability to grow as xenografts. As shown in Figure 8G,
both shRNAs robustly diminished tumor growth, as
evidenced by decreased tumor volumes as compared with
controls.

We next sought to determine whether autophagy in-
hibition was effective in blocking tumor growth in an
autochthonous PDAC model, which may provide a more
faithful system for preclinical studies (Hingorani et al.
2003; Bardeesy et al. 2006). These models recapitulate the
extreme therapeutic resistance seen in these tumors,
with minimal prolongation of survival with the standard
therapy, gemcitabine (Olive et al. 2009). Other targeted
therapies have had negligible or little effect on median
survival in these models: cyclopamine (6-d increase)
(Feldmann et al. 2008), and dasatinib (no increase) (Morton



Pancreatic cancers require autophagy

"Ml SIATG5
‘[ siCtrl

| | ca
g0 M Ctrl

Figure 5. Autophagy is regulated by ROS
in PDAC. (A) The Ieft panel shows 8988T
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curve). The right panel shows a similar
increase in ROS when autophagy is in-
hibited by siRNA to ATG5. (B) Inhibition
of autophagy by treatment with CQ in-
creases mitochondrial ROS, as evidenced
by increased MitoSOX staining. (C) Treat-
ment of 8988T PDAC cells with 3 mM
NAC diminishes basal autophagy, shown
by the disappearance of GFP-LC3-labeled
autophagosomes and the presence of only
diffuse signal in the top panels. Below,
a histogram shows quantitation of these
results, expressed as percentage of auto-
phagic cells. Asterisks indicate that the
difference is statistically significant (P <
0.05 by Fisher’s exact test). (D) Treat-
ment of Pancl cells with NAC attenuates
basal autophagy similar to 8988T cells.
The histogram below shows quantitation
of the assay, with the asterisk representing
a statistically significant decrease com-
pared with control by Fisher’s exact test
(P < 0.05). (E) Treatment of HPDE immor-
talized human ductal cells with 0.5 mM
hydrogen peroxide (H,O,) leads to a sig-
nificant increase in autophagy, shown by
a significant increase in GFP-LC3 auto-
phagosomes (asterisks show a significant

difference as compared with control by Fisher’s exact test; P < 0.05). (HBSS) Hank’s buffered salt solution (serum and amino acid

starvation) is included as a control for autophagy induction.

et al. 2010). To date, the most effective strategy of com-
bining inhibition of the Hedgehog pathway with gemci-
tabine increased median survival by 14 d (Olive et al.
2009) and is the basis for several human clinical trials
currently under development. Our studies employed a sim-
ilar Kras-driven genetically engineered mouse model
(GEMM) of PDAC (Hingorani et al. 2003; Bardeesy et al.
2006). Mice were treated with CQ following the estab-
lishment of advanced PanINs or focal PDAC and moni-
tored for PDAC progression. As observed in the xenograft
and orthotopic models, CQ treatment led to a significant
increase in survival in the Kras-driven PDAC GEMM,
leading to a robust 27-d increase in median survival as a
monotherapy (Fig. 8H).

Discussion

In summary, we showed that autophagy has a critical role
in PDAC pathogenesis. Autophagy is highly activated in
the later stages of PDAC transformation in a cell-auton-
omous fashion, and is required for continued malignant
growth in vitro and in vivo. Whereas the prevailing view
is that autophagy is induced by environmental stress
stimuli, including nutrient deprivation and chemothera-

peutic agents (Kundu and Thompson 2008; Mizushima
et al. 2008), PDAC cells exhibit constitutive autophagy
under basal conditions. Our results suggest that this is an
acquired alteration that enables PDAC growth by pre-
venting the accumulation of genotoxic levels of ROS as
well as sustaining oxidative phosphorylation by provid-
ing bioenergetic intermediates. The dependence of PDAC
on this pathway is exploitable for therapeutic benefit.

Autophagy may act to promote tumorigenesis in other
types of cancer, but it may not be as prevalent or as
pronounced as in PDAC, in which the overwhelming
majority of tumors are dependent on this process. In this
regard, our data are consistent with recent work from
White and colleagues (Guo et al. 2011) showing that
transformation by oncogenic RAS may cause an addic-
tion to autophagy to maintain energy balance.

However, further work must be performed to deter-
mine the specific roles of autophagy in other tumor types.

The positive role for autophagy in the maintenance
of advanced PDAC stands in contrast to a number of
other malignancies, in which genetic evidence from
human specimens and mouse models shows that inacti-
vation of autophagy can promote tumorigenesis (Liang
et al. 1999; Mathew et al. 2009). However, our results do
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Figure 6. (A) Inhibition of autophagy in
8988T PDAC cells with CQ leads to an
increase in DNA damage. The top panels
show the results from cells expressing a
GFP-53BP1 fusion construct. Note the in-
crease in foci upon CQ treatment, indicat-
ing an increase in DNA DSBs. This was
mitigated by concurrent treatment with
NAC. The histogram below shows quanti-
p! tation from a representative assay, with
a single asterisk representing statistical
significance compared with control and
a double asterisk representing statistical
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significance compared with CQ treatment
(P < 0.05 Fisher’s exact test). (B) Inhibition
Day of autophagy using two siRNAs to ATG5
(siA and B) increases DNA DSBs, measured
by 53BP1 foci (charcoal bars) and expressed
as percentage of cells with >10 foci. A
single asterisk indicates that the increase
in 53BP1 foci is statistically significant
compared with control (P < 0.05 Fisher’s
exact test). The light-gray bars show the
effect of NAC on 53BP1 foci in a particular
experiment. The double asterisk indicates
a statistically significant decrease in foci
as compared with the corresponding un-

treated cells (charcoal bar), demonstrating that NAC inhibits the DNA damage caused by autophagy inhibition. (C) 8988T PDAC
cells were treated with CQ and subjected to a neutral comet assay to measure the amount of DSBs. Data are expressed as average tail
moment (tail moment is the tail length multiplied by the percentage of DNA in the tail). Note the increase upon treatment with CQ as
compared with control (asterisk indicates statistical significance; P < 0.05 by ¢-test). (D) Clonogenic survival assays were performed on
8988T cells transfected with either a control siRNA (charcoal bar) or an siRNA to ATG5 (light-gray bar), and results are expressed as
surviving fraction relative to control. Note the significant reduction in surviving fraction with inhibition of autophagy by RNAi.
Identical assays were performed in the presence of 1 mM NAC to inhibit ROS. This led to an increase in surviving fraction in ATG5-
suppressed cells, indicating a partial rescue by NAC. (E) 8988T cells were treated with CQ with (broken line) or without (solid line)
NAC, and proliferation was measured. There was a robust increase in growth with concomitant NAC treatment.

not necessarily preclude such a tumor suppression func-
tion in PDAC. Since ROS is required to promote cellular
transformation, yet at very high levels is cytotoxic, it is
possible that the role of autophagy is biphasic. A loss of
autophagy during early stages of cancer may promote
the protumorigenic genomic instability seen in PDAC
(Kimmelman et al. 2008), whereas in highly metaboli-
cally active PDAC cells, autophagy may restrain oxi-
dative damage from reaching cytotoxic levels as well as
maintain energy homeostasis.

Previous studies have suggested that autophagy can
contribute to chemotherapeutic resistance rather than
tumor maintenance per se in certain contexts. For exam-
ple, Thompson and colleagues (Amaravadi et al. 2007)
have elegantly demonstrated in a lymphoma model that
treatment of mice with CQ resulted in a growth impair-
ment of tumors, but no tumor regression unless com-
bined with restoration of p53 expression or akylating
chemotherapy. Cooperation of autophagy inhibition with
chemotherapy has also been observed in leukemia (Carew
et al. 2007; Bellodi et al. 2009), and may reflect the up-
regulation of autophagy as a possible survival mechanism
in response to chemotherapeutic agents (Hippert et al.
2006). PDAC, in contrast, is characterized by a critical
role of autophagy for tumorigenicity under basal condi-
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tions. We believe that this represents a unique aspect of
the biology of PDAC and possibly other Ras-driven
tumors. As cytotoxic agents (e.g., H,O,) increase auto-
phagy in pancreatic cells, this process could have an
additional function, potentially contributing to the pro-
nounced therapeutic resistance that characterizes PDAC.
The dependence of PDAC on autophagy may provide a
much needed target for therapeutic intervention in a dis-
ease with limited effective therapies. In fact, CQ and its
derivatives—which effectively inhibit autophagy and, in
our studies, result in PDAC regression—have been safely
used in patients for many years as anti-malarial therapies
or for theumatologic conditions. In fact, the doses in the
range of those used in our studies are safely achievable in
human patients (Tett et al. 1989; Munster et al. 2002).
Given our findings, there is compelling rationale to begin
trials in PDAC using these drugs targeting autophagy.

Materials and methods

Cell culture and reagents

Tumor cell lines were obtained from the American Type Culture
Collection or the German Collection of Microorganisms and
Cell Cultures. The establishment and characterization of the
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Figure 7. PDAC metabolism is altered by
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cells (left panel) and lactate secretion (right panel). Note the significant increase in glucose uptake as well as increased lactate secretion
in cells in which autophagy is inhibited by CQ, indicating an increase in glycolysis. (Asterisk shows a statistically significant change by
t-test.) (D) Inhibition of autophagy results in a decrease in intracellular ATP. Results are expressed as a fold of control and are
normalized to protein concentration. Data are from three independent experiments, with error bars representing standard deviations.
The asterisk shows a statistically significant decrease compared with control by a t-test. (E) Autophagy inhibition does not result in an
increase in mitochondrial mass. Western blotting for TOM20 or Porin (mitochondrial proteins) does not show increases upon inhibition
of lysosomal proteases plus CQ for the indicated time periods. Mitochondrial mass was also determined by quantitative real-time PCR
using two different primers for mitochondrial DNA (a and b). Data shown are from two independent experiments performed in
triplicate. Expression was normalized using primers for nuclear-derived DNA and expressed as fold of control. There was no significant
increase in mitochondrial mass in response to CQ treatment. (F) Mitochondrial membrane potential was measured using JC1. The
uncoupler CCCP was included as a positive control for depolarized mitochondria. The top panel shows a representative experiment
showing no increase in mitochondrial membrane depolarization upon CQ treatment. The graph below shows data from two independent
experiments. (G) The addition of methyl pyruvate (MP) protects PDAC cells from autophagy inhibition by CQ. 8988T cells were treated
with the indicated concentration of MP and subjected to IC50 assays with increasing doses of CQ. As depicted in the bar graph, the IC50s

markedly increase with increasing concentrations of MP, indicating that it is protecting cells from the inhibitory effects of CQ.

near-normal immortalized HPDE cells were reported previously
(Furukawa et al. 1996; Liu et al. 1998). Typically, Lipofectamine
2000 (Invitrogen, 11668) was used to transfect cells with plas-
mids, and RNAiMax (Invitrogen, 13778) was used for siRNAs.
All siRNAs were used at a final concentration of 20 nM.

Plasmids and RNAi

pBabe-LC3-GFP was constructed by subcloning EGFP-LC3 from
EGFP-LC3 (Addgene, 11546) into pBabe-puro. 53BP1-GFP fusion
plasmid was a generous gift from Randall King (Harvard School of
Public Health). The GFP-Neo construct has been described pre-
viously (Nimmerjahn et al. 2003). The Rab7 dominant-negative
(T22N) was a generous gift from Dr. Andrew Thorburn (Univer-
sity of Colorado Cancer Center). ATG5 and Lamp2 siRNAs were
synthesized by Invitrogen: ATG5: siA, CAAUCCCAUCCAGA
GUUGCUUGUGA; siB, AGUGAACAUCUGAGCUACCCGG
AUA. Lamp2: siA, UCAGGAUAAGGUUGCUUCAGUUAUU;
siB, GCAGCACCAUUAAGUAUCUAGACUU. ATG5 shRNAs
were a generous gift from Xiao-Feng Zhu (Zhou et al. 2009).

Autophagy assays

Long-term protein degradation monitoring using Neo-GFP has
been described previously (Nimmerjahn et al. 2003). In brief,

cells were transfected with Neo-GFP using lipid-based trans-
fection. Fresh medium containing the indicated drugs was added
daily. At the specified time point, cells were trypsinized and
fixed in 70% ethanol and stored at 4°C until the day of analysis.
Fixed cells were washed twice with cold PBS twice and analyzed
by FACS for GFP expression. Ten-thousand cells were analyzed
in each experiment. Virus encoding EGFP-LC3 was packaged in
293T cells and stable cell lines were created by standard infection
protocols in the presence of polybrene and selected with puro-
mycin for at least 2 d. To assess for autophagy, cells were plated
on multitest slides, treated as indicated, and fixed with 4%
paraformaldehyde. Typically, at least 200 cells were counted, and
cells with more than five puncta were considered autophagy-
positive. To determine the number of foci per cell, deconvolu-
tion images were taken using a Zeiss Axio Imager Z1 and a
three-dimensional reconstruction was created. The total num-
ber of foci was counted in a minimum of 60 cells. To detect
mitophagy, two different assays were used. First, cells were
transfected with an mCherry-Parkin fusion protein and Parkin
foci were scored. Alternatively, 8988T cells stably expressing
LC3-GFP were treated with or without CQ (25 uM) for 4 h. Cells
were fixed with 4% paraformaldehyde, followed by immunoflu-
orescence staining with antibody against TOM20 and Cy3-
conjugated secondary antibody. Deconvolution images were
taken using a Zeiss Axio Imager Z1 to detect colocalization
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A ] E WA O e e Figure 8. Inhibition of autophagy using
L\ A I R K] CQ robustly suppresses PDAC tumor
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191 below as a loading control. (D) IHC analy-
sis of xenografts harvested at different time
054 points after CQ treatment (days O, 1, 2, and
ca 7). Similar to the Western blot analysis, p62
o expression is increased over time, as in-
GO =2 200 55 dicated by the stronger brown staining, as
Deys compared with untreated (day 0). (E) IHC
was performed on xenografts to assess
YH2AX expression, a marker for DNA damage. This expression, depicted by brown nuclear staining, is highly up-regulated in the
CQ-treated xenografts, indicating an increase in DNA damage. Shown here is a representative image from a xenograft harvested from
a mouse treated with CQ for 7 d or an untreated control. The histogram below shows quantitation of these results from two control
tumors and two treated tumors, shown as the average number of positive staining cells per 20X field (at least 10 fields were counted for
each sample). Error bars represent standard deviations. (F) CQ treatment prolongs PDAC-specific survival in mice carrying Pancl
xenografts. Experiment was performed as in A, with 10 mice per group. The difference in survival was significant by log-rank test. Sixty
percent of the treated mice were alive at 90 d compared with 10% of the controls. (G) Suppression of ATG5 expression by shRNAs
decreases 8988T xenograft growth. Cells were infected with two different shRNAs to ATG5 (HP2 and HP7) or control retroviruses and
injected into the flanks of nude mice (n = 12 for each group). Tumor volume was measured weekly. Note the robust decrease in volume
as compared with control. This was statistically significant by a t-test for HP2 versus Ctrl ([*] P = 0.02) and a strong statistical trend for
HP7 versus Ctrl ([*] P = 0.06). (H) Survival is prolonged in the Kras-driven genetic mouse model of PDAC by CQ treatment. Mice began
treatment at 8 wk of age (n = 8). Survival is compared with an IP PBS-treated control cohort of identical genotype (n = 12). The difference
in survival is significant by log-rank test.
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of TOM20-labeled mitochondria and GFP-LC3-labeled auto- Cell proliferation assay

phagosomes. Cells were plated in 24-well plates at 5000 cells per well. The day

after plating, cells were treated with CQ at the indicated
Soft agar assay concentrations. Cells were fixed in 10% formalin and stained
with 0.1% crystal violet. Dye was extracted with 10% acetic acid

Five-thousand cells per well were seeded in medium containing and the relative proliferation was determined by OD at 595 nm.

0.5% agarose on top of bottom agar containing 1% agar (Nobel
Agar, BD 214230). After 10-14 d, colonies were stained with
p-iodonitrotetrazolium violet (Sigma, 18377) and five fields were

. . . IC50 assay
counted under low power, with positive colonies scored based on
control colony size. If indicated, inhibitors were added at the Cells were plated in 96-well plates and treated by serial dilution
time agar plates were made, with 200 pL of medium containing of CQ the day after plating for 48-72 h. Cell viability was
inhibitors added every 3 d. For RNAi experiments, cells were measured using the Cell-Titer-Glow assay (Promega, G7570)
seeded day after transfection. Experiments were performed in according to the manufacturer’s instructions. The IC50 was
triplicate. calculated using a sigmoidal model using BioDataFit 1.02.
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Clonogenic survival assay

Cells were plated in 6-cm dishes at 200 cells per dish in growth
medium with 15% FBS and treated with CQ the day after
seeding. Cells were pretreated with NAC the day before seeding.
After 7 d, cells were fixed in 80% methanol and stained with
0.2% crystal violet and colonies were counted. The surviving
fraction was calculated using the plating efficiency.

Expression analysis

For quantitative RT-PCR, mRNA was isolated by using Trizol
per the manufacturer’s instructions and was DNase-treated.
cDNA was reverse-transcribed using the Thermoscript RT-
PCR system (Invitrogen, 11146). Real-time PCR were performed
using SYBR Green in a Bio-Rad Chromo4 Thermocycler. Primer
sequences are available on request. Western blot analysis was
performed according to standard protocols. IHC was performed
via standard protocols. The following antibodies were used for
Western or THC: LC3-I (Novus Biologicals, NB600-1384),
cleaved LC3 (Abgent, Apl805a), p62 (Abnova, HO0008878-
MOL1), actin (Sigma, A2066), ATG5 (Cell Signaling, 2630), yH2AX
(Millipore, 05-636), ATG7 (Epitomics, 2504-1), and Lamp2
(Abcam, ab25631).

Electron microscopy

Fresh tissue from the primary lesion was fixed immediately in
2.5% glutaraldehyde for 3 h at room temperature. After post-
fixation in 1% osmium tetroxide for 1 h and dehydration, the
samples were embedded in a mixture of epon-araldite. Conven-
tional thin sections from four blocks were collected on uncoated
grids, stained with uranil and lead citrate, and examined in a
Leo912 electron microscope.

DNA damage assays

8988T cells were transduced with retrovirus encoding a p53BP1-
GFP fusion protein containing a portion of the 53BP1 protein
(~1700 base pairs, including a tudor domain, which we and
others have shown to form foci in response to DNA damage).
Cells were treated as indicated, plated on multitest slides, and
fixed with 4% paraformaldehyde. Cells with >10 GFP foci were
scored as positive. Neutral comet assays were performed accord-
ing to the manufacturer’s instructions (Trevigen). Briefly, cells
were treated as indicated for 24 h, combined with low-melting
agarose (catalog no. 4250-050-02), and then mounted on Comet-
Slide (catalog no. 4250-200-03). Following cell lysis (catalog no.
4250-050-01) and unwinding of DNA, the cells were electrophor-
esed for 10 min. Slides were fixed with ethanol and stained by
DAPL One-hundred-fifty randomly selected cells from each sam-
ple were analyzed using CometScore software (http://autocomet.
com). DNA damage was determined by tail moment (tail length
multiplied by the percentage of DNA in the tail).

Mouse treatment studies

For xenografts, 2 million cells suspended in 100 pL of Hanks
buffered saline solution were injected subcutaneously into the
lower flank of NCr nude mice (Taconic). Tumors were grown
until they reached 0.5-1 cm in greatest dimension, and mice
were separated into two groups matched for tumor volume.
Daily intraperitoneal injection was performed with CQ at 60 mg/
kg in 100 pL of PBS or 100 pL of PBS only daily. Tumors were
measured twice weekly after the start of treatment using
calipers, and volume was calculated by the formula (length X

Pancreatic cancers require autophagy

width?)/2. All xenograft and orthotopic animal experiments were
approved by the Institutional Animal Care and Use Committee
under protocol numbers 04-114 and 04-605. Tumor-specific
death was determined by a tumor reaching >2 cm in maximal
dimension, a tumor causing the mouse to be moribund, skin
ulceration, and death caused by the tumor. For shRNA studies,
8988T cells were infected with the two retroviral shRNAs or
control and subjected to a short puromycin selection, and then
2 million cells were injected into the flanks of nude mice. Mea-
surements were taken as above. For orthotopic assays, 500,000
8988T cells expressing luciferase were implanted into the tail of
the pancreas in Matrigel. Mice were randomized to receive CQ
or PBS daily (as above), beginning 10 d after injection, and
luciferase imaging was performed weekly at the Longwood Small
Animal Imaging Facility. Cohorts of genetically engineered mice
were generated from a single colony (LSL-KrasG12D; p53 L/+)
(Bardeesy et al. 2006) under protocol 2005N00148. At 8 wk of
age, treatment was initiated (IP PBS for one cohort and IP CQ for
the other). Pancreatic cancer survival was compared using
Kaplan-Meier analysis.

Mitochondrial/metabolism studies

Oxygen consumption measurements: Cells were seeded in a 24-
well Seahorse plate, and oxygen consumption rates (OCRs) were
measured using the Seahorse XF24 instrument (Seahorse Bio-
sciences). Basal mitochondrial respiration (3 mM glucose) and
leak (respiration nonlinked to mitochondrial ATP synthesis,
2 uM oligomycin) were measured. Nonmitochondrial OCRs were
obtained by adding 2 wM antimycin A and uncoupled respiration
was obtained by FCCP (5 wM). To determine the membrane
potential of the mitochondria, JC1 dye was used (Invitrogen) ac-
cording to the manufacturer’s instructions. In brief, after the
indicated treatments, cells were stained with 2 uM JC1 for 15
min. The uncoupler CCCP (50 pM) was included as a positive
control. Cells were resuspended in PBS and FACS was performed
using a BD FACSCanto Il HTS. Data were analyzed by Flow]JO.
To determine mitochondrial biomass changes upon CQ treat-
ment, cells were treated for the indicated periods of time and
then subjected to Western blot analysis with antibodies to
mitochondrial proteins, TOM20 (Santa Cruz Biotechnology),
and Porin (MitoSciences). Alternatively, quantitative PCR was
performed on genomic DNA (as above) using primers for mito-
chondrial-derived DNA and was normalized using sequences
from nuclear-derived DNA. Primer sequences are available on
request. For the metabolite flux studies, ~2 X 10° to 3 X 10° cells
were plated in a six-well plate and treated with CQ as indicated
for 3 d. Medium was collected, and glucose and lactate levels in
the medium were analyzed using a metabolite analyzer (Nova
Flex BioProfiles). The rates shown were calculated from the
difference in metabolite concentration to the medium from a
blank well and normalized to cell number for each individual
well. ATP was measured using the ATP Bioluminescence Assay
kit CLS II (Roche, 11699695001) per the manufacturer’s in-
structions. In brief, cells were boiled in boiling buffer at 100°C
and supernatants were collected after a quick spin. ATP levels
were analyzed by measuring luminescence after addition of
luciferase reagent to supernatant and were normalized by protein
concentration.
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