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Pancreatic ductal adenocarcinoma (PDAC) is one of the few cancer types where the 
5-year survival rate shows no improvement.

Despite conflicting evidence, the majority of data points to an essential role for autoph-
agy in PDAC growth and survival, in particular constitutively activated autophagy, can 
provide crucial fuel to PDAC tumor cells in their nutrient-deprived environment.

Autophagy, which is required for cell homeostasis, can both suppress and promote 
tumorigenesis and tumor survival in a context-dependent manner. Protein by protein, 
the mystery of how PDAC abuses the cell’s homeostasis system for its malignant growth 
has recently begun to be unraveled. In this review, we focus on how autophagy is 
responsible for growth and development of PDAC tumors and where autophagy and 
the mechanisms controlling it fit into PDAC metabolism. Understanding the range of 
pathways controlling autophagy and their interplay in PDAC could open the way for new 
therapeutic avenues.
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iNTRODUCTiON

Pancreatic cancer is a disease in which malignant cells originate in pancreatic tissue, leading to 
over 200,000 deaths per year worldwide—making pancreatic cancer the ninth leading cause of 
death from cancer (1). Eighty-five percent of pancreatic cancer cases are pancreatic ductal adeno-
carcinomas (PDACs), and there is currently no effective screening tool to detect early malignant 
or premalignant tumors. This makes PDAC one of the most deadly common cancers, as diagnosis 
is most likely to be at an advanced stage, with metastatic or locally advanced disease (2). Median 
patient survival is only 6–9 months (3) and only about 4% of patients live 5 years after diagnosis (4).

Defining features of PDAC include a high rate of KRAS activating mutations (>90%), a reprogram-
ming of cellular metabolism, a hypervascular and hypoxic microenvironment, and susceptibility to 
both local invasion and metastasis (2). Therapeutic resistance of PDAC to radiotherapy, targeted 
agents, and chemotherapy means that new therapeutic avenues are urgently needed. One avenue 
would be to target the autophagic pathway as a number of studies have linked autophagy to PDAC 
survival and progression.

Macroautophagy (hereafter referred to as autophagy) is an evolutionarily conserved membrane-
mediated process that delivers cytoplasmic constituents to lysosomes for degradation and component 
recycling. This complex process is mediated by at least 18 autophagy genes (Atg genes) in mammals 
(5). Upon autophagy induction triggered by cell stress, double membrane autophagosomes form 
and engulf cytosolic proteins and damaged organelles, either through a non-selective process or a 
selective receptor mediated autophagy, such as mitophagy (6). Autophagy initiation is controlled by 
the ULK kinase complex and the VPS34 phosphoinositol-3-phosphate (PtdIns3P)-kinase complex 
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containing Beclin-1, which integrate stress signals from the mTOR 
complex 1 (mTORC1). When mTORC1 activity is inhibited, the 
ULK and the Beclin-1 complex translocate to the initiation site 
marked by ATG9 (7). The production of PtdIns3P by the Beclin-1 
complex allows binding of WIPI2, recruitment of ATG12-5-16, 
and lipidation of the LC3/GABARAP family (8). Lipidated LC3 
(LC3-II) is required for autophagosome formation, and detection 
of LC3-II by immunoblotting or immunofluorescence is the most 
established method of monitoring autophagy.

In normal conditions, autophagy is a homeostatic mechanism 
that serves to degrade damaged proteins and organelles that may 
diminish cellular fitness and integrity. The levels of autophagy can 
also be changed in response to a variety of intracellular and extra-
cellular stresses, such as starvation, ER stress, hypoxia, oxidative 
stress, and pathogen invasion. The role of autophagy in cancer 
is complex with both tumor-survival and tumor-suppressive 
roles, which are dependent on tumor type, stage, and genetic 
lesions. Autophagy is thought to inhibit malignant transforma-
tion under normal conditions and is required for anticancer 
immunosurveillance (9). However, autophagy in cells which are 
already malignant frequently supports tumor progression and 
anticancer therapy resistance, by providing a means for cells to 
survive intracellular and extracellular stress (9).

Autophagy is tightly regulated starting from transcriptional 
activation to posttranslational protein modification (10), and 
the regulation of autophagy in PDAC is gradually becoming 
elucidated. Transcriptional control of autophagosome–lyso-
some function has been shown to drive PDAC metabolism (11), 
whereas starvation-induced vacuolar protein 1 (VMP1) expres-
sion in pancreatic acinar cells drives early autophagy through 
VMP1 association with the early autophagic structures on the 
ER membrane (12, 13). Autophagy inhibition or loss has been 
shown to lead to tumor regression in PDAC xenograft models 
and death in PDAC cell lines (14). Autophagy supports PDAC 
cell survival by a range of mechanisms, including autophagic 
secretion of alanine by pancreatic stellate cells (PSCs) for tumor 
metabolism (15) and prevention of ER stress (16). The well docu-
mented role of autophagy for survival of PDAC and the potential 
for therapy through autophagy modulation has been explored 
in PDAC cell lines, where autophagy blockage has been shown 
to reduce chemoresistance (14). In one study involving a small 
number of human patients, inhibition of autophagy did not show 
any significant therapeutic effect (17).

The focus of this review will be the role of autophagy in PDAC, 
a cancer type in which extensive evidence currently points to a 
dependence on autophagy for tumor growth, development, and 
metabolism (14, 18), although there are also studies highlighting 
autophagy-independent PDAC cell line and tumors (19, 20).

DUAL ROLe OF AUTOPHAGY iN CANCeR

It is now accepted that autophagy can suppress or promote tumo-
rigenesis and tumor survival depending on cellular context and 
stage in tumor development, this characteristic is referred to as a 
“double-edged sword” (21) (Figure 1).

Defects in the autophagic machinery in mouse cancer models 
have been connected to malignant transformation in a number 

of studies, and indeed, the tumor-suppressive properties of 
Beclin-1 provided the first evidence of this (22). More recently, 
mice heterozygous for activating molecule in Beclin-1-regulated 
autophagy (AMBRA1) were also shown to have an increased rate 
of tumorigenesis (23). The scaffold protein AMBRA1 was shown 
to promote the binding of protein phosphatase 2A to the c-Myc 
transcription factor and, when mTOR is inhibited, causes c-Myc 
to be dephosphorylated consequently followed by a reduction in 
cell division (23). Other mechanisms through which autophagy 
functions in an oncosuppressive role include protection of the 
cell from mutagenic reactive oxygen species (ROS) accumula-
tion, DNA damage, genomic instability, and oncogenic proteins, 
hyperactivation of which activates autophagy (9). While this 
suppressive function typically allows the cells to survive, pro-
longed autophagy activation may result in caspase-independent 
autophagic-programmed cell death (24). Autophagic cell death is 
poorly defined but is associated with autophagosome formation 
and depends on autophagy proteins, although it is controversial 
whether cells truly die via autophagy, particularly as there are 
no distinct markers of the process (25). Autophagy may also 
contribute to oncogene-induced senescence, demonstrated by 
depletion of ATG5 by shRNA which inhibits oncogene-induced 
senescence in human fibroblasts (26). There is a growing body of 
evidence showing that defects in autophagic machinery prevent 
malignant cell proliferation, for example, metastatic carcinoma 
cell lines where Beclin-1 or ATG5 is downregulated are unable to 
survive (27), and siRNA depletion of the essential autophagy gene 
ATG7 enhances apoptosis in colon cancer cells (28).

In contrast, autophagy may allow established tumors to 
survive and progress by reducing their sensitivity to stress and 
cell death signals. Enhanced autophagic response in advanced 
human tumors correlated with an invasive phenotype and poor 
prognosis (29). Autophagy also supports tumor cell survival by 
increasing ATP levels during hypoxia, nutrient deprivation, and 
detachment from the extracellular matrix, all of which may occur 
in tumors and would usually result in cell death (9). A number 
of anticancer therapies have been shown to induce autophagy in 
human cancer cell lines (30), which may cause cells to become 
resistant to the therapy, and autophagy inhibition can re-sensitize 
previously resistant cells to therapy (31).

In summary, the role of autophagy in cancer appears to change 
during tumor progression. Autophagy protects healthy cells from 
malignant transformation by maintaining cellular homeostasis 
and normal metabolism, but after malignant transformation, 
when presumably autophagy has been suppressed, restoration of 
autophagy promotes tumor progression, invasion, and metasta-
sis (9). The pro-survival role of autophagy in tumors has been 
explored as a potential therapeutic target in a number of cell-
based studies and clinical trials.

MOLeCULAR CONTROL OF 
AUTOPHAGY iN PANCReATiC 
CANCeR AND iTS DeveLOPMeNT

Autophagy is crucial for maintaining cellular homeostasis 
and has a dual role in cancer as discussed above. It is therefore 
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FiGURe 1 | Summary diagram indicating the stimuli that induce autophagy in pancreatic ductal adenocarcinoma (PDAC) and regulation of 
autophagy through different stages of cancer progression.
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important to understand autophagy regulation as a degradation 
and stress-control pathway. The TOR and RAS–cAMP–PKA sign-
aling cascades negatively regulate autophagy and sense nutrient 
deprivation (which activates autophagy), although details on how 
multiple signaling mechanisms coordinate in order to control 
autophagy are not fully understood (32) (Figure 1). Molecular 
control of autophagy has been widely studied, and the process is 
tightly regulated at various levels (10).

One of the levels of autophagy regulation is transcriptional 
control. Transcription of LC3 is upregulated during starvation 
in mammalian cells (10), a process dependent on the FoxO3 
transcription factor (33). Epigenetic changes have also been 
shown to regulate autophagy, such as the hyperacetylation of 
histones through histone deacetylase inhibitor treatment, which 
activates autophagy (34). Posttranslational modification of the 
autophagy machinery includes phosphorylation of Beclin-1 in 
response to autophagic stimuli, which is required for maximal 
autophagy (35).

Despite the accumulation of information on molecular 
control of autophagy, evidence is just emerging showing these 

mechanisms (transcriptional, epigenetic, or posttranslational) 
controlling autophagy are active in PDAC. The evidence on 
autophagy control in PDAC will be summarized for the purpose 
of this review.

Molecular Control of Autophagy  
in PDAC Survival
A major route in the development of PDAC is through acinar 
cell damage and dysfunction. Pancreatic acinar cells produce and 
secrete digestive enzymes and proteases, which require a very 
high protein biosynthetic rate and an extensive rough endoplas-
mic reticulum network. Consequently, acinar cells are prone to 
accumulation of misfolded proteins and ER stress (36, 37). The 
latter can be involved in the pathogenesis of pancreatitis, which 
in turn causes inflammation of the exocrine pancreas that may 
lead to development of PDAC (38). This is particularly likely in 
the case of chronic pancreatitis (39).

Autophagy is required for the maintenance of acinar cell 
physiology, as demonstrated by in vivo loss of ATG7 in pancreatic 
epithelial cells leading to pronounced acinar cell damage and 
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loss followed by chronic pancreatitis (16). Primary acinar cells 
depleted of ATG7 displayed an impaired autophagic canonical 
flux as LC3-I and p62 protein levels were elevated. Impaired 
autophagy can lead to an increase in misfolded proteins that 
undergo ubiquitination and are bound by p62, leading to ER 
stress and mitochondrial damage (40). Conditional ATG7 knock-
out mice, in which ATG7 was lacking in all pancreatic epithelial 
cells, displayed an increase in damaged mitochondria and ER 
stress, resulting in accumulation of ROS in the pancreata. To 
counteract these disruptive processes, ATG7-depleted primary 
acinar cells and pancreata upregulate the transcription nuclear 
factor erythroid 2-related factor 2 (NRF2), which can stimulate 
an antioxidative response (16, 41).

A way in which autophagy in acinar cells may be controlled 
is through VMP1, which triggers the formation of LC3 positive 
vacuoles when stably expressed in the pancreatic acinar cells 
of transgenic mice (12). Cell starvation and mTORC1 inhibi-
tion induce VMP1 expression (12), and VMP1 is thought to 
function through interaction with Beclin-1 and recruitment of 
the PtdIns3P-kinase complex at the phagophore (42). VMP1 
transiently localizes with early autophagic structures on the ER 
membrane (13) and co-localizes with ULK1 at early autophagic 
structures (13). Furthermore, RNAi experiments in PANC1 cells 
show that oncogenic KRAS requires VMP1 to induce autophagy. 
In PDAC cells, VMP1 is upregulated via a KRAS–PI3K–AKT1–
GLI3-p300 pathway (43). This is of particular interest given that 
VMP1 was originally identified in rats as a pancreatitis-induced 
protein restricted to acinar cells (44), so expression of this protein 
is likely to be an autophagy regulator in PDAC.

As discussed above, accumulation of misfolded proteins and 
ER stress can be involved in pathogenesis of pancreatitis. ROS 
generation, which has been shown to regulate autophagy, might 
contribute to this process (45). In PDAC cell lines, ROS inhibition 
with an antioxidant significantly reduced basal autophagy levels 
and, conversely, autophagy inhibition resulted in an increase in 
ROS levels, confirming a cross-regulation of ROS and autophagy 
in PDAC (14). The role of ROS and autophagy in PDAC may 
be biphasic—during early stages of cancer low autophagy levels 
allow ROS to promote pro-tumorigenic genomic instability 
required for transformation, whereas in more progressed PDAC 
cells, autophagy protects the cells from cytotoxic ROS accumula-
tion (14). This has been demonstrated by an increase in markers 
of double-strand breaks such as 53BP1 foci in PDAC cells where 
autophagy is inhibited, and this DNA damage in PDAC is thought 
to allow increasing tumor growth (14).

Molecular Control of Autophagy in PDAC 
Development
There is a range of evidence showing that PDAC tumors have con-
stitutively activated autophagy and are dependent on autophagy 
for survival and development. Measurement of LC3 puncta and 
LC3-II levels in PDAC cell lines shows elevated basal autophagy 
levels compared to non-cancerous pancreatic cells and other 
cancer cell lines (14). Immunohistochemistry analysis of samples 
from a range of human pancreatic tumors has shown an increase 
in autophagy levels during the progression from premalignant 
pancreatic intraepithelial neoplasms (PanINs) to more advanced 

PDAC (14). The role of autophagy in PDAC progression was 
probed further by the use of the chloroquine (CQ), which raises 
the lysosomal pH and thereby inhibits autophagy, to treat mice 
with advanced PanIN or PDAC, which suppressed tumor growth 
in vivo (14).

However, in a separate mouse study, it has been shown that 
autophagy deficiency increases PanIN development and tumor 
initiation, although it makes PanIN progression to PDAC 
less likely (46). This is supported by evidence showing that 
autophagy-deficient ATG7−/− mice show enhanced RAS-driven 
PanIN formation but do not develop PDAC (20).

The functions of the RAS oncogene and TP53 tumor suppres-
sor in tumorigenesis have been described in detail elsewhere, and 
aberrations of both of these proteins appear to be cooperative in 
their contribution to malignancy (47). As well as the high rate 
of KRAS activating mutations, sequence analysis has shown that 
PDACs demonstrate a mixture of tumor suppressor gene muta-
tions, with TP53 being mutated or inactivated in 75% of PDAC 
and mutant TP53 being shown to drive pancreatic cancer (48). 
Autophagy inhibition by CQ treatment or RNAi has been shown 
to inhibit growth of PDAC cell lines harboring TP53 mutations. 
Furthermore, patient-derived xenografts with TP53 mutations 
grow slower after autophagy inhibition (46).

In contrast, TP53 status has been shown to determine the 
role of autophagy in tumor development in mice KRAS mutant 
pancreatic tumors, where PDAC formation is accelerated by 
autophagy inhibition in cases where TP53 is absent (20). This 
may be because TP53-deficient tumors and cell lines have lower 
numbers of autophagosomes, so their viability is not dependent 
on the process (20). This indicates that autophagy is not always 
critical to PDAC tumor development.

Another study indicates that autophagy is dispensable for 
growth of KRAS mutant tumors and cell lines (19). Forty-seven 
human cancer cell lines were treated with the CQ derivative Lys01 
or shRNA to remove autophagic machinery components such as 
ATG7, revealing that KRAS-mutated cells are no more dependent 
on autophagy than their wild-type counterparts (19). This was 
supported by in  vivo experiments where autophagy inhibition 
did not reduce growth of a KRAS mutant tumor derived from 
the PDAC cell line Panc10.05 (19). These findings raise questions 
regarding the assumption that inhibition of autophagy reduces 
cell growth and viability of KRAS mutant PDAC cells and could 
mean that the function of autophagy is to support tumor growth 
through host tissues, such as cancer-associated fibroblasts (49).

Hypoxia-induced Autophagy in PDAC
Preexisting vasculature of normal tissue has been shown to be 
insufficient to support the requirements of tumors for nutrients 
and oxygen, and in particular, the pancreatic tumor microenvi-
ronment has been found to be hypoxic (50). Higher tumor levels 
of hypoxia as measured by hypoxia-inducible factor 1α (HIF-1α) 
expression have been shown to correlate with poor prognosis in 
patients with PDAC (51, 52).

The cellular response to hypoxia may contribute to elevated 
basal autophagy levels in PDAC, as autophagy can be induced 
by hypoxia in several ways. First, HIF-1α has been shown to 
upregulate Bcl-2/adenovirus E1B 19-kDa protein-interacting 
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protein 3 (BNIP3) and BNIP3 like protein (BNIP3L). BNIP3 
and BNIP3L subsequently disrupt the Bcl-2–Beclin-1 complex 
in an mTOR-independent way, which induces autophagy (53). 
This mechanism has been demonstrated in various cancer cell 
lines, including prostate cancer and salivary adenoid cystic car-
cinoma, and we speculate that this process may occur in PDAC 
(54, 55). In contrast, another study suggests hypoxia-induced 
autophagy in tumor cells is dependent on AMP-activated 
protein kinase and mTOR, thus excluding a role for HIF-1α, 
BNIP3, and BNIP3L (56). In a hypoxic tumor microenviron-
ment, the unfolded protein response can facilitate autophagy. 
This mechanism involves the PKR-like endoplasmic reticulum 
kinase-activating transcription factor 4 (ATF4) pathway. 
ATF4 is able to bind a cyclic AMP response element binding 
site in the LC3B promoter inducing LC3B transcription (57). 
This ATF4-mediated transcriptional LC3B induction results 
in replenishment of LC3B levels during extended periods of 
hypoxia characterized by high autophagic flux (58).

Evidence for the connection between autophagy and hypoxia 
in PDAC tumors is high levels of LC3, which has been shown to 
be associated with the hypoxic marker carbonic anhydrase IX at 
the peripheral area of the pancreatic cancer tissue (59). Under 
intermittent hypoxia, pancreatic cancer cells demonstrated 
enhanced invasive ability and increased levels of the cancer stem 
cells (CSC) marker CD133. In these cells, enhanced autophagy 
was correlated with elevated HIF-1α levels. The metastatic ability 
and epithelial-to-mesenchymal transition of pancreatic CSC was 
also associated with HIF-1α and autophagy (60). These findings 
are consistent with a previous report showing autophagy to 
increase survival and migration of pancreatic tumor-initiating 
CSCs under hypoxic conditions (61). Recent research in the 
pathways underlying hypoxia in PDAC revealed that hypoxia 
induces ROS production which subsequently inhibits the pAKT/
mTORC1 pathway, inducing autophagy. This process results in a 
decrease in MUC4 protein levels (an oncogenic transmembrane 
protein expressed during the early preneoplastic stage). MUC4 
degradation decreases growth and survival, potentially providing 
other stressed cells with required metabolites (62).

In conclusion, although there is significant evidence linking 
hypoxia and autophagy in PDAC and the translational relevance 
of this connection, the precise mechanism for hypoxia-induced 
autophagy in PDAC is not fully elucidated.

MOLeCULAR PATHwAYS iNvOLveD iN 
AUTOPHAGY AND iTS iMPACT ON 
PANCReATiC CANCeR MeTABOLiSM

Autophagy plays a major role in PDAC metabolism, although not 
all pathways involved in activating and reprogramming autophagy 
in this context are fully elucidated. Autophagy in PDAC can be 
seen as part of a broader transcriptional program that coordinates 
lysosome function and nutrient sensing by the MiT/TFE subclass 
of basic helix–loop–helix transcription factors including TFE3, 
MITF, and TFEB, ensuring sufficient levels of intracellular amino 
acids (11). PDAC cells display an increased lysosomal biogenesis 
accompanying their expanded autophagosome compartment. 

In normal cells under nutrient stress, biogenesis of autophagy–
lysosome proteins is under control of the MiT/TFE transcription 
factors (63). RNAseq data across 10 tumor types revealed a high 
relative expression of these transcription factors in PDAC (11). 
MiT/TFE proteins act selectively in PDAC cells to regulate a 
broad autophagy–lysosome program under basal conditions. 
Despite displaying intact mTORC1 signaling, which phospho-
rylates MiT/TFE proteins in fed conditions in non-PDAC cells 
and ensures their cytoplasmic retention (64), PDAC cells show 
constitutive nuclear localization of each MiT/TFE protein. The 
cytoplasmic retention mechanism of MiT/TFE in PDAC cells is 
overwritten by importin-8 (IPO8), a member of the importin-β 
family of nucleocytoplasmic transporters (65). In PDAC cells, in 
contrast to non-PDAC cells, IPO8 binds TFE3 resulting in its 
nuclear translocation and upregulation of its transcriptional pro-
gram regardless of the nutritional condition (11). Endogenous 
binding of IPO8 to MITF or TFEB was not shown; however, a 
combinational depletion of IPO8 and its homolog IPO7 in PDAC 
cells decreased MITF and TFEB protein levels.

Depletion of MiT/TFE proteins across several PDAC cell lines 
revealed a regulatory role for MiT/TFE proteins in autophagic 
flux and lysosomal catabolism. This enables efficient processing 
of cargo from autophagy and macropinocytosis. Thus, the MiT/
TFE protein system provides PDAC cells with both intracellular 
and extracellular nutrient supplies (11). In nutrient-depleted 
conditions, PDAC cells rely on the autophagy–lysosome system 
to maintain intracellular amino acid pools. In vitro, silencing of 
MiT/TFE proteins impaired growth of PDAC cells. TFE3 and 
MITF were also required for in vivo xenograft growth of several 
PDAC cell lines (11).

In summary, overriding MiT/TFE inactivation by mTORC1 via 
IPO8-driven nuclear import enables PDAC cells to maintain their 
intracellular amino acid pool by activation of both autophagy and 
lysosomal catabolism (Figure 2) (11). This system resembles the 
constitutive nuclear import of the pro-oncogenic protein eIF4E 
(a downstream target of mTORC1) in acute myeloid leukemia 
patients by IPO8 (66) and might be a general mechanism used by 
several cancer types.

In addition to MiT/TFE-regulated autophagic-lysosomal 
catabolism, PDACs are also dependent on mitochondrial 
oxidative phosphorylation for their energy supply. Using an 
inducible mouse model of mutated KRAS in a TP53 heterozygous 
background, Viale et al. showed that repression of mutant KRAS 
resulted in regressed growth of implanted cells isolated from 
primary tumors, followed by a relapse after 4–5 months (67). This 
suggests that a fraction of dormant tumor cells survive oncogene 
ablation [surviving cells (SCs)]. SCs may possess CSC character-
istics as only CD133+ CD44high cells were able to avoid apoptosis 
(67–69). Transcriptomics analysis showed genes involved in the 
mitochondrial electron transport chain (ETC), lysosome activity, 
and autophagy are upregulated in SCs. A hyperactive ETC and 
increased ROS production are hallmarks of SCs. SCs operate 
close to their maximum respiratory chain capacity and fail to 
increase glycolysis upon oxidative phosphorylation inhibition in 
a manner sufficient to maintain ATP production. Furthermore, 
SCs seem to rely more on pyruvate and palmitate than glucose 
and glutamine to generate TCA intermediates (67). This is 
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FiGURe 2 | Overview of the molecular pathways involved in autophagy and its impact on pancreatic cancer metabolism. Constitutive nuclear import of 
MiT/TFE proteins by importin-8 (IPO8) upregulates the autophagic-lysosomal machinery in pancreatic ductal adenocarcinoma (PDAC) (11). Autophagy fuels the TCA 
cycle by amino acid production, shifting the usage of glucose from glycolysis to Ser/Gly biosynthesis (67). This mechanism is further strengthened by pancreatic 
stellate cells (PSCs) secreting alanine upon autophagy stimulation by unknown PDAC factors (15). Furthermore, the necessity for palmitate feeding oxidative 
phosphorylation is upregulated in PDAC. Citrate, produced during the TCA cycle, is used for fatty acid biosynthesis, leading to lipid droplet formation and 
microlipophagy (67). This process, together with the macropinocytotic uptake of extracellular proteins, amplifies the autophagic system in PDAC (11, 67). Arrows 
and names in bold mark an upregulated pathway in PDAC.
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consistent with previous data reporting activation of anabolic 
glucose and glutamine metabolism in PDAC by oncogenic KRAS 
(70, 71).

The dependence on oxidative phosphorylation by SCs for 
their survival was demonstrated by oligomycin treatment of 
a tumor regression mouse model. Tumors were grown in a 
mutant KRAS/TP53 heterozygous-inducible mouse model and 
regressed upon doxycycline withdrawal. When reintroducing 
mutant KRAS, 25% of oligomycin-treated mice survived longer 
than 60  days while vehicle-treated mice survived on average 

15  days (67). Mitochondrial respiration would thus make an 
attractive druggable target to eradicate SCs in PDAC. The ETC 
dependence of SCs is consistent with previous reports showing 
both normal and leukemic stem cells rely on mitochondrial 
respiration (Figure 2) (72).

The role of autophagy in pancreatic cancer metabolism is 
not restricted to just PDAC cells, but cells surrounding tumors 
also use autophagy for their energy supply. The surrounding 
environment heavily influences PDAC metabolism, for example, 
the stroma enveloping PDAC cells impairs vascularization of 
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TABLe 1 | Overview of autophagy-related pancreatic ductal adenocarcinoma (PDAC) therapies currently being tested in clinical trials listed on the US 
website http://Clinicaltrials.gov.

Aim Agent Trial design NCT number

Autophagy inhibition in PDAC and assessment of JNK1 as PDAC 
biomarker

Hydroxychloroquine (HCQ)
Gemcitabine

Phase I/II NCT01506973

Determine the ability of HCQ to improve a pre-operative regime of 
gemcitabine/nab-paclitaxel in patients with potential resectable PDAC

HCQ
Gemcitabine
Abraxane

Randomized phase II NCT01978184

Test efficacy of HCQ/gemcitabine combined treatment in PDAC patients 
before surgery

HCQ
Gemcitabine

Phase I/II NCT01128296

Determine whether a combinational therapy of HCQ/radio therapy/
capecitabine can control tumor growth

HCQ
Capecitabine
Proton/photon radio therapy

Phase II NCT01494155
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tumors leading to a hypoxic, nutrient-poor environment (73). 
Recently, a new role has been described for stroma-associated 
PSCs in governing PDAC metabolism. When treating PDAC 
cells with conditioned medium from a human PSC cell line, the 
oxygen consumption ratio in PDAC cells increased independ-
ent of the presence of serum (15). This effect was attributed to 
alanine secreted by PSCs. The increase in intracellular alanine 
concentrations in PDAC cells by PSC-derived alanine could even 
be further induced by silencing of GPT1, the alanine transami-
nase responsible for transamination of alanine to form pyruvate 
and glutamate. Alanine-derived pyruvate did not contribute 
to glycolytic intermediates but was used in mitochondria as a 
major source for the TCA cycle as citrate was the main recipient 
of carbon originated from alanine (15). This alanine-derived 
carbon would then further fuel fatty acid biosynthesis and could 
supplant glucose-derived carbon in TCA cycle metabolism, 
enabling glucose to be used for additional biosynthetic functions 
(for example, serine/glycine biosynthesis) (15, 71).

Surprisingly, treatment of PSCs with PDAC-conditioned 
medium significantly increased autophagic flux in PSCs and 
depletion of ATG5 and ATG7 in PSCs abolished alanine secre-
tion. These findings reveal a two-way intra-tumor metabolic 
crosstalk in which PDAC signals to PSCs resulting in autophagy 
induction in the latter, followed by PSC-derived alanine secretion 
which can fuel the TCA cycle in PDAC. This process is of sig-
nificant importance under low-nutrient conditions, which mimic 
the nutrient-deprived PDAC environment. In vivo, co-injection 
of PDAC cells with autophagy-impaired PSCs decreased tumor 
growth and kinetics, also in orthotopic assays.

An unresolved question in the PDAC–PSC crosstalk is how 
PDAC stimulates autophagic flux in PSCs (Figure  2). Just as 
autophagy inhibitors in PSCs may be effective, this could be a 
new avenue for therapeutic intervention, restraining PDAC 
growth and sensitizing tumors to chemotherapy. One possible 
mechanism may be regulated by TGF-β1 secretion from PDAC. 
Activation of PSCs by TGF-β1 transforms them to an activated 
myofibroblast-like phenotype where synthesis of excessive 
amount of extracellular matrix proteins causes fibrous tissue 
formation (74). Furthermore, TGF-β1 was shown to induce 
autophagy in hepatic stellate cells (75) so a similar mechanism 
may be at play in PSCs although other cytokines secreted by 
PDAC cells could also be involved in this process.

Future therapies targeting the metabolism of PDAC are likely 
to be directed toward fighting a multifront battle. The autophagic 
component is one important aspect of this battle but will need to 
be part of a combined approach to drain or disrupt PDAC energy 
supplies.

POTeNTiAL FOR PDAC THeRAPY 
THROUGH AUTOPHAGY MODULATiON

Autophagy inhibition is a promising avenue for therapeutic 
treatment of PDAC. One of the first clinical trials aimed at 
inhibiting autophagy in PDAC used hydroxychloroquine (HCQ), 
which did not demonstrate a significant therapeutic effect as a 
monotherapy (17). However, the HCQ doses tested in this study 
may have been inadequate to consistently inhibit autophagy, and 
patients tested were suffering from previously treated metastatic 
tumors. It should be noted at this point that the antiproliferative 
effects of CQ were shown to be autophagy independent as both 
ATG7-deficient and -proficient cells were equally sensitive to CQ 
(19). This implies that data from clinical trials involving CQ as 
an autophagy inhibitor should be interpreted with caution. More 
promising were results from Yang et al. who showed CSCs in vivo 
were more susceptible to gemcitabine treatment upon autophagy 
inhibition, and combined treatment was more effective than 
either agent alone in preventing pancreatic tumor formation (18). 
In addition, as Viale et al. proved in SCs that ETC, lipophagy, and 
autophagy are all critical for the survival of SCs (67), inhibition of 
autophagy alone still leaves alternative pathways for PDAC energy 
production. Thus, the potential efficacy of a monotherapy inhibit-
ing autophagy in PDAC is low, and combinational therapies are 
preferential. An overview of autophagy-related PDAC therapies 
currently being tested in clinical trials listed on the US website 
http://Clinicaltrials.gov can be found in Table 1.

Investigation is ongoing into a number of possibilities for 
combinational PDAC treatment involving autophagy inhibition. 
MAPK and NF-κB inhibition could be a promising strategy. 
PANC1 and MIA-PaCa-2 PDAC cell lines were treated with 
U0126 (a MAPK inhibitor) or caffeic acid phenethyl ester (CAPE, 
an NF-κB inhibitor), producing a strong inhibition of tumor 
cell growth without inducing apoptosis. Autophagy inhibition 
by (3-MA, an inhibitor of PI3K, which blocks autophagosome 
formation) followed by PDAC treatment with U0126 or CAPE 

http://Clinicaltrials.gov
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://Clinicaltrials.gov
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caused a significant apoptotic response (76). A combinational 
treatment including MAPK/NF-κB/autophagy inhibitors might 
thus be an interesting avenue.

More evidence supporting a combinational therapy involving 
NF-κB inhibitors was provided by Yang et al. (18). This study also 
emphasizes the need for reliable prognostic markers for PDAC. 
The high metastatic potential and resistance to chemotherapy 
and radiation therapy in several cancers have been linked 
to CSCs (77–79). Presence of CSCs is associated with poor 
outcome for patients diagnosed with pancreatic cancer (80). 
A putative marker for CSCs, other than the aforementioned 
CD133 and CD44, is aldehyde hydrogenase 1 (ALDH1) (81). 
Another marker associated with poor prognostic outcome in 
several cancers is osteopontin (OPN), a secreted glycoprotein 
able to interact with CD44 and activate several downstream 
signaling pathways such as growth factor receptor signaling via 
PI3K/AKT, NF-κB, and MEK/ERK (82–85). High expression of 
LC3 combined with high levels of ALDH1 is associated with 
shorter overall survival and disease-free survival in pancreatic 
cancers patients, making coexpression of LC3/ALDH1 a valuable 
prognostic PDAC marker (18). Autophagy inhibition by silencing 
of ATG5, ATG7, or Beclin-1 in vivo rendered tumors markedly 
more susceptible to gemcitabine treatment. A combined treat-
ment of CQ and gemcitabine was more effective than either 
agent alone in preventing pancreatic tumor formation in  vivo 
(18). Autophagy blockade boosted the susceptibility of pancreatic 
CSCs to gemcitabine and thus enhanced the efficacy of gemcit-
abine against pancreatic cancer. OPN was found to upregulate 
CSC activity by activating autophagy. OPN can exert its functions 
by triggering the NF-κB, MEK/ERK, and p38 MAPK in PDAC 
cells. Pretreatment with BAY 1170–82, an NF-κB inhibitor, could 
effectively block the OPN-mediated LC3-II increase in PANC1 
cells (18). A role for OPN is also found in breast cancer, where 
its expression associates with cancer aggressiveness. Depletion 
of OPN in breast cancer cells inhibited the class I PI3K/AKT/
mTOR pathway, promoted expression of LC3 and Beclin-1, and 
increased apoptosis (86). Pharmacological autophagy and NF-κB 
inhibition have not been tested in this context.

KRAS was considered another interesting prognostic marker 
for PDAC. As oncogenic KRAS has been described as a contribut-
ing factor in PDAC addiction to autophagy, it was suggested that 
the mutation status of RAS could identify patients who would 
be more susceptible for HCQ treatment (87). This biomarker 
avenue turned out not to be beneficial for patient selection as 
oncogenic KRAS did not always promote autophagy (88). As 
mentioned above, oncogenic KRAS can have both stimulating 
and repressive effects on autophagy, and these differing effects 
are tumor cell-specific and context-dependent. Considering 
CQ sensitivity, KRAS activation rendered some cell lines more 
susceptible to CQ while others became more resistant (88). This 
is in line with the findings of Rosenfeldt et al. who suggest that 
in the absence of TP53, autophagy is no longer required for 
KRAS-mediated tumor development in PDAC, although this 
study does not indicate that p53 status predicts the response 
to anti-autophagic therapy for a developed tumor (20). Thus, 
the quest for suitable biomarkers identifying PDAC patients 
susceptible to autophagy inhibition is currently still ongoing.

CONCLUSiON AND FUTURe DiReCTiONS

Autophagy has roles both in protection from malignant trans-
formation and in promotion of tumor progression and survival. 
In the case of PDAC, a significant body of evidence points to a 
pro-tumorigenic autophagy role, where the constitutive activa-
tion of this process allows cell survival and promotes metabolism.

The mechanisms for this are diverse and require consideration 
of both the tumor itself and the surrounding tissue, such as stroma-
associated PSCs, which provide metabolic support for the tumor 
by secreting alanine through cancer cell-stimulated autophagy, 
hence fueling the TCA cycle, Ser/Gly biosynthesis, and fatty acid 
synthesis in PDAC cells (15). Within the PDAC cells, it is thought 
that autophagy is constitutively active and is regulated through 
transcriptional control (11) and ROS-related signaling (45). 
Surrounded by a stressful environment, therefore, one way PDAC 
cells can upregulate their energy production components to fuel 
their expansion and migration is through autophagy. Autophagic 
genes and flux are upregulated in PDAC, as are the lysosomal and 
oxidative phosphorylation systems (67). MiT/TFE proteins play a 
crucial role in the basal transcriptional upregulation of autophagy 
in PDAC (11). Furthermore, upregulated autophagy is important 
for survival of these cells, as demonstrated by studies where 
autophagy is either pharmacologically or genetically impaired, 
resulting in loss of viability in PDAC cell lines and pancreatic 
cancer xenograft regression (14). PDAC progression has also 
been shown to rely on autophagy, although this appears to be 
dependent on TP53 status. In cases where TP53 is absent, tumors 
and cell lines are actually accelerated by autophagy inhibition 
(20), highlighting the need for biomarkers to report autophagy 
inhibition in PDAC.

Pancreatic cancer is a cancer of unmet need (89). The 
requirement of many pancreatic cancers for constitutively 
activated autophagy makes targeting this pathway an attractive 
new therapeutic avenue. However, due to the various feedback 
loops, crosstalk and parallel energy supply systems in PDAC, it 
might be challenging to impair PDACs’ energy metabolism by 
autophagy inhibition on its own. Early clinical trials have shown 
that autophagy inhibition as a monotherapy may not be sufficient 
(17), but clinical trials involving combination treatment of an 
autophagy inhibitor and chemotherapy treatments are ongoing. 
In this light, the development of new, more effective upstream 
autophagy inhibitors of autophagy also has great potential.

AUTHOR CONTRiBUTiONS

MN and TVA wrote most of the manuscript and made the figures. 
JL, JS, and KR thoroughly revised and amended the manuscript. 
ST conceived, thoroughly revised, and amended the manuscript.

FUNDiNG

The work done in the lab of ST was supported by the Francis Crick 
Institute which receives its core funding from Cancer Research 
UK (FC001187), the UK Medical Research Council (FC001187), 
the Wellcome Trust (FC001187), and Astellas Pharmaceuticals 
(both ST and KR).

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive


9

New et al. Autophagy in Pancreatic Cancer

Frontiers in Oncology | www.frontiersin.org March 2017 | Volume 7 | Article 28

ReFeReNCeS

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer 
statistics. CA Cancer J Clin (2013) 61:69–90. doi:10.3322/caac.20107 

2. Ryan DP, Hong TS, Bardeesy N. Pancreatic adenocarcinoma. N Engl J Med 
(2015) 371:1039–49. doi:10.1056/NEJMra1404198 

3. Rasheed ZA, Matsui W, Maitra A. Pathology of Pancreatic Stroma in PDAC. 
Trivandrum: Transworld Research Network (2012).

4. Vincent A, Herman J, Schulick R, Hruban RH, Goggins M. Pancreatic cancer. 
Lancet (2011) 378:607–20. doi:10.1016/S0140-6736(10)62307-0 

5. Mizushima N, Levine B. Autophagy in mammalian development and 
differentiation. Nat Cell Biol (2010) 12:823. doi:10.1038/ncb0910-823 

6. Lamb CA, Yoshimori T, Tooze SA. The autophagosome: origins unknown, 
biogenesis complex. Nat Rev Mol Cell Biol (2013) 14:759–74. doi:10.1038/
nrm3696 

7. Karanasios E, Walker SA, Okkenhaug H, Manifava M, Hummel E, 
Zimmermann H, et al. Autophagy initiation by ULK complex assembly on 
ER tubulovesicular regions marked by ATG9 vesicles. Nat Commun (2016) 
7:12420. doi:10.1038/ncomms12420 

8. Dooley HC, Razi M, Polson HEJ, Girardin SE, Wilson MI, Tooze SA. WIPI2 
links LC3 conjugation with PI3P, autophagosome formation, and pathogen 
clearance by recruiting Atg12–5-16L1. Mol Cell (2014) 55:238. doi:10.1016/j.
molcel.2014.05.021 

9. Galluzzi L, Pietrocola F, Bravo-San Pedro JM, Amaravadi RK, Baehrecke 
EH, Cecconi F, et  al. Autophagy in malignant transformation and cancer 
progression. EMBO J (2015) 34:856–80. doi:10.15252/embj.201490784 

10. He C, Klionsky DJ. Regulation mechanisms and signaling pathways of 
autophagy. Annu Rev Genet (2009) 43:67–93. doi:10.1146/annurev-genet- 
102808-114910 

11. Perera RM, Stoykova S, Nicolay BN, Ross KN, Fitamant J, Boukhali M, et al. 
Transcriptional control of autophagy-lysosome function drives pancreatic 
cancer metabolism. Nature (2015) 524:361–5. doi:10.1038/nature14587 

12. Ropolo A, Grasso D, Pardo R, Sacchetti ML, Archange C, Lo Re A, et  al. 
The pancreatitis-induced vacuole membrane protein 1 triggers autophagy 
in mammalian cells. J Biol Chem (2007) 282:37124–33. doi:10.1074/jbc.
M706956200 

13. Itakura E, Mizushima N. Characterization of autophagosome formation site 
by a hierarchical analysis of mammalian Atg proteins. Autophagy (2010) 
6:764–76. doi:10.4161/auto.6.6.12709 

14. Yang S, Wang X, Contino G, Liesa M, Sahin E, Ying H, et  al. Pancreatic 
cancers require autophagy for tumor growth. Genes Dev (2011) 25:717–29. 
doi:10.1101/gad.2016111 

15. Sousa CM, Biancur DE, Wang X, Halbrook CJ, Sherman MH, Zhang L, 
et al. Pancreatic stellate cells support tumour metabolism through autophagic 
alanine secretion. Nature (2016) 536:479–83. doi:10.1038/nature19084 

16. Antonucci L, Fagman JB, Kim JY, Todoric J, Gukovsky I, Mackey M, 
et  al. Basal autophagy maintains pancreatic acinar cell homeostasis and 
protein synthesis and prevents ER stress. Proc Natl Acad Sci U S A (2015) 
112:E6166–74. doi:10.1073/pnas.1519384112 

17. Wolpin BM, Rubinson DA, Wang X, Chan JA, Cleary JM, Enzinger PC, 
et  al. Phase II and pharmacodynamic study of autophagy inhibition using 
hydroxychloroquine in patients with metastatic pancreatic adenocarcinoma. 
Oncologist (2014) 19:637. doi:10.1634/theoncologist.2014-0086 

18. Yang M-C, Wang H-C, Hou Y-C, Tung H-L, Chiu T-J, Shan Y-S. Blockade 
of autophagy reduces pancreatic cancer stem cell activity and potentiates the 
tumoricidal effect of gemcitabine. Mol Cancer (2015) 14:179. doi:10.1186/
s12943-015-0449-3 

19. Eng CH, Wang Z, Tkach D, Toral-Barza L, Ugwonali S, Liu S, et  al. 
Macroautophagy is dispensable for growth of KRAS mutant tumors and 
chloroquine efficacy. Proc Natl Acad Sci U S A (2016) 113:182–7. doi:10.1073/
pnas.1515617113 

20. Rosenfeldt MT, O’Prey J, Morton JP, Nixon C, MacKay G, Mrowinska A, 
et  al. p53 status determines the role of autophagy in pancreatic tumour 
development. Nature (2013) 504:296–300. doi:10.1038/nature12865 

21. Shintani T, Klionsky DJ. Autophagy in health and disease: a double-edged 
sword. Science (2004) 306:990–5. doi:10.1126/science.1099993 

22. Liang XH, Jackson S, Seaman M, Brown K, Kempkes B, Hibshoosh H, et al. 
Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature 
(1999) 402:672–6. doi:10.1038/45257 

23. Cianfanelli V, Fuoco C, Lorente M, Salazar M, Quondamatteo F, Gherardini 
PF, et al. AMBRA1 links autophagy to cell proliferation and tumorigenesis by 
promoting c-Myc dephosphorylation and degradation. Nat Cell Biol (2014) 
17:20–30. doi:10.1038/ncb3072 

24. Tsujimoto Y, Shimizu S. Another way to die: autophagic programmed cell 
death. Cell Death Differ (2005) 12:1528–34. doi:10.1038/sj.cdd.4401777 

25. Liu Y, Levine B. Autosis and autophagic cell death: the dark side of autophagy. 
Cell Death Differ (2015) 22:367–76. doi:10.1038/cdd.2014.143 

26. Young ARJ, Narita M, Ferreira M, Kirschner K, Sadaie M, Darot JFJ, et al. 
Autophagy mediates the mitotic senescence transition. Genes Dev (2009) 
23:798–803. doi:10.1101/gad.519709 

27. Peng Y-F, Shi Y-H, Ding Z-B, Ke A-W, Gu C-Y, Hui B, et  al. Autophagy 
inhibition suppresses pulmonary metastasis of HCC in mice via impair-
ing anoikis resistance and colonization of HCC cells. Autophagy (2013) 
9:2056–68. doi:10.4161/auto.26398 

28. Sato K, Tsuchihara K, Fujii S, Sugiyama M, Goya T, Atomi Y, et al. Autophagy 
is activated in colorectal cancer cells and contributes to the tolerance to 
nutrient deprivation. Cancer Res (2007) 67:9677–84. doi:10.1158/0008-5472.
CAN-07-1462 

29. Mikhaylova O, Stratton Y, Hall D, Kellner E, Ehmer B, Drew AF, et  al. 
VHL-regulated MiR-204 suppresses tumor growth through inhibition of 
LC3B-mediated autophagy in renal clear cell carcinoma. Cancer Cell (2012) 
21:532–46. doi:10.1016/j.ccr.2012.02.019 

30. Yang ZJ, Chee CE, Huang S, Sinicrope FA. The role of autophagy in 
cancer: therapeutic implications. Mol Cancer Ther (2011) 10:1533–41. 
doi:10.1158/1535-7163.MCT-11-0047 

31. Hu Y-L, Jahangiri A, DeLay M, Aghi MK. Tumor cell autophagy as an 
adaptive response mediating resistance to treatments such as antiangiogenic 
therapy. Cancer Res (2012) 72:4294–9. doi:10.1158/0008-5472.CAN-12-1076 

32. Kroemer G, Mariño G, Levine B. Autophagy and the integrated stress 
response. Mol Cell (2010) 40:280–93. doi:10.1016/j.molcel.2010.09.023 

33. Mammucari C, Milan G, Romanello V, Masiero E, Rudolf R, Del Piccolo P, 
et al. FoxO3 controls autophagy in skeletal muscle in vivo. Cell Metab (2007) 
6:458–71. doi:10.1016/j.cmet.2007.11.001 

34. Cao Q, Yu C, Xue R, Hsueh W, Pan P, Chen Z, et  al. Autophagy induced 
by suberoylanilide hydroxamic acid in Hela S3 cells involves inhibition of 
protein kinase B and up-regulation of Beclin 1. Int J Biochem Cell Biol (2008) 
40:272–83. doi:10.1016/j.biocel.2007.07.020 

35. Fogel AI, Dlouhy BJ, Wang C, Ryu S-W, Neutzner A, Hasson SA, et  al. 
Role of membrane association and Atg14-dependent phosphorylation in 
beclin-1-mediated autophagy. Mol Cell Biol (2013) 33:3675–88. doi:10.1128/
MCB.00079-13 

36. Logsdon CD, Ji B. The role of protein synthesis and digestive enzymes 
in acinar cell injury. Nat Rev Gastroenterol Hepatol (2013) 10:362–70. 
doi:10.1038/nrgastro.2013.36 

37. Wang M, Kaufman RJ. The impact of the endoplasmic reticulum pro-
tein-folding environment on cancer development. Nat Rev Cancer (2014) 
14:581–97. doi:10.1038/nrc3800 

38. Hausmann S, Kong B, Michalski C, Erkan M, Friess H. The role of 
inflammation in pancreatic cancer. Adv Exp Med Biol (2014) 816:129–51. 
doi:10.1007/978-3-0348-0837-8_6 

39. Sah RP, Garg SK, Dixit AK, Dudeja V, Dawra RK, Saluja AK. Endoplasmic 
reticulum stress is chronically activated in chronic pancreatitis. J Biol Chem 
(2014) 289:27551–61. doi:10.1074/jbc.M113.528174 

40. Komatsu M, Kurokawa H, Waguri S, Taguchi K, Kobayashi A, Ichimura Y, 
et  al. The selective autophagy substrate p62 activates the stress responsive 
transcription factor Nrf2 through inactivation of Keap1. Nat Cell Biol (2010) 
12:213–23. doi:10.1038/ncb2021 

41. Itoh K, Tong KI, Yamamoto M. Molecular mechanism activating Nrf2-
Keap1 pathway in regulation of adaptive response to electrophiles. Free 
Radic Biol Med (2004) 36:1208–13. doi:10.1016/j.freeradbiomed.2004. 
02.075 

42. Molejon MI, Ropolo A, Vaccaro MI. VMP1 is a new player in the regulation 
of the autophagy-specific phosphatidylinositol 3-kinase complex activation. 
Autophagy (2013) 9:933–5. doi:10.4161/auto.24390 

43. Lo Ré AE, Fernández-Barrena MG, Almada LL, Mills LD, Elsawa SF, Lund G, 
et al. Novel AKT1-GLI3-VMP1 pathway mediates KRAS oncogene-induced 
autophagy in cancer cells. J Biol Chem (2012) 287:25325–34. doi:10.1074/
jbc.M112.370809 

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.3322/caac.20107
https://doi.org/10.1056/NEJMra1404198
https://doi.org/10.1016/S0140-6736(10)62307-0
https://doi.org/10.1038/ncb0910-823
https://doi.org/10.1038/nrm3696
https://doi.org/10.1038/nrm3696
https://doi.org/10.1038/ncomms12420
https://doi.org/10.1016/j.molcel.2014.05.021
https://doi.org/10.1016/j.molcel.2014.05.021
https://doi.org/10.15252/embj.201490784
https://doi.org/10.1146/annurev-genet-102808-114910
https://doi.org/10.1146/annurev-genet-102808-114910
https://doi.org/10.1038/nature14587
https://doi.org/10.1074/jbc.M706956200
https://doi.org/10.1074/jbc.M706956200
https://doi.org/10.4161/auto.6.6.12709
https://doi.org/10.1101/gad.2016111
https://doi.org/10.1038/nature19084
https://doi.org/10.1073/pnas.1519384112
https://doi.org/10.1634/theoncologist.2014-0086
https://doi.org/10.1186/s12943-015-0449-3
https://doi.org/10.1186/s12943-015-0449-3
https://doi.org/10.1073/pnas.1515617113
https://doi.org/10.1073/pnas.1515617113
https://doi.org/10.1038/nature12865
https://doi.org/10.1126/science.1099993
https://doi.org/10.1038/45257
https://doi.org/10.1038/ncb3072
https://doi.org/10.1038/sj.cdd.4401777
https://doi.org/10.1038/cdd.2014.143
https://doi.org/10.1101/gad.519709
https://doi.org/10.4161/auto.26398
https://doi.org/10.1158/0008-5472.CAN-07-1462
https://doi.org/10.1158/0008-5472.CAN-07-1462
https://doi.org/10.1016/j.ccr.2012.02.019
https://doi.org/10.1158/1535-7163.MCT-11-0047
https://doi.org/10.1158/0008-5472.CAN-12-1076
https://doi.org/10.1016/j.molcel.2010.09.023
https://doi.org/10.1016/j.cmet.2007.11.001
https://doi.org/10.1016/j.biocel.2007.07.020
https://doi.org/10.1128/MCB.00079-13
https://doi.org/10.1128/MCB.00079-13
https://doi.org/10.1038/nrgastro.2013.36
https://doi.org/10.1038/nrc3800
https://doi.org/10.1007/978-3-0348-0837-8_6
https://doi.org/10.1074/jbc.M113.528174
https://doi.org/10.1038/ncb2021
https://doi.org/10.1016/j.freeradbiomed.2004.02.075
https://doi.org/10.1016/j.freeradbiomed.2004.02.075
https://doi.org/10.4161/auto.24390
https://doi.org/10.1074/jbc.M112.370809
https://doi.org/10.1074/jbc.M112.370809


10

New et al. Autophagy in Pancreatic Cancer

Frontiers in Oncology | www.frontiersin.org March 2017 | Volume 7 | Article 28

44. Dusetti NJ, Jiang Y, Vaccaro MI, Tomasini R, Azizi Samir A, Calvo EL, et al. 
Cloning and expression of the rat vacuole membrane protein 1 (VMP1), 
a new gene activated in pancreas with acute pancreatitis, which promotes 
vacuole formation. Biochem Biophys Res Commun (2002) 290:641–9. 
doi:10.1006/bbrc.2001.6244 

45. Filomeni G, De Zio D, Cecconi F. Oxidative stress and autophagy: the clash 
between damage and metabolic needs. Cell Death Differ (2015) 22:377–88. 
doi:10.1038/cdd.2014.150 

46. Yang A, Kimmelman AC. Inhibition of autophagy attenuates pancreatic 
cancer growth independent of TP53/TRP53 status. Autophagy (2014) 
10:1683–4. doi:10.1158/2159-8290.CD-14-0362 

47. Solomon H, Brosh R, Buganim Y, Rotter V. Inactivation of the p53 tumor 
suppressor gene and activation of the Ras oncogene: cooperative events in 
tumorigenesis. Discov Med (2010) 9:448–54. 

48. Weissmueller S, Manchado E, Saborowski M, Morris JP, Wagenblast E, 
Davis CA, et  al. Mutant p53 drives pancreatic cancer metastasis through 
cell- autonomous PDGF receptor β signaling. Cell (2014) 157:382–94. 
doi:10.1016/j.cell.2014.01.066 

49. Capparelli C, Guido C, Whitaker-Menezes D, Bonuccelli G, Balliet 
R, Pestell TG, et  al. Autophagy and senescence in cancer-associated 
fibroblasts metabolically supports tumor growth and metastasis via glycol-
ysis and ketone production. Cell Cycle (2012) 11:2285–302. doi:10.4161/ 
cc.20718 

50. Koong AC, Mehta VK, Le QT, Fisher GA, Terris DJ, Brown JM, et  al. 
Pancreatic tumors show high levels of hypoxia. Int J Radiat Oncol Biol Phys 
(2000) 48:919–22. doi:10.1016/S0360-3016(00)00803-8 

51. Hoffmann A-C, Mori R, Vallbohmer D, Brabender J, Klein E, Drebber U, 
et al. High expression of HIF1a is a predictor of clinical outcome in patients 
with pancreatic ductal adenocarcinomas and correlated to PDGFA, VEGF, 
and bFGF. Neoplasia (2008) 10:674–9. doi:10.1593/neo.08292 

52. Hamidi T, Cano CE, Grasso D, Garcia MN, Sandi MJ, Calvo EL, et  al. 
Nupr1-aurora kinase a pathway provides protection against metabolic 
stress-mediated autophagic-associated cell death. Clin Cancer Res (2012) 
18:5234–46. doi:10.1158/1078-0432.CCR-12-0026 

53. Bellot G, Garcia-Medina R, Gounon P, Chiche J, Roux D, Pouyssegur J, 
et  al. Hypoxia-induced autophagy is mediated through hypoxia-inducible 
factor induction of BNIP3 and BNIP3L via their BH3 domains. Mol Cell 
Biol (2009) 29:2570–81. doi:10.1128/MCB.00166-09 

54. Bellot G, Garcia-Medina R, Gounon P, Chiche J, Roux D, Pouysségur J, 
et  al. Hypoxia-induced autophagy is mediated through hypoxia-inducible 
factor induction of BNIP3 and BNIP3L via their BH3 domains. Mol Cell 
Biol (2009) 29:2570–81. doi:10.1128/MCB.00166-09 

55. Wu H, Huang S, Chen Z, Liu W, Zhou X, Zhang D. Hypoxia-induced autoph-
agy contributes to the invasion of salivary adenoid cystic carcinoma through 
the HIF-1α/BNIP3 signaling pathway. Mol Med Rep (2015) 12:6467–74. 
doi:10.3892/mmr.2015.4255 

56. Papandreou I, Lim AL, Laderoute K, Denko NC. Hypoxia signals autophagy 
in tumor cells via AMPK activity, independent of HIF-1, BNIP3, and BNIP3L. 
Cell Death Differ (2008) 15:1572–81. doi:10.1038/cdd.2008.84 

57. Rzymski T, Milani M, Pike L, Buffa F, Mellor HR, Winchester L, et  al. 
Regulation of autophagy by ATF4 in response to severe hypoxia. Oncogene 
(2010) 29:4424–35. doi:10.1038/onc.2010.191 

58. Rouschop KMA, van den Beucken T, Dubois L, Niessen H, Bussink J, 
Savelkouls K, et  al. The unfolded protein response protects human tumor 
cells during hypoxia through regulation of the autophagy genes MAP1LC3B 
and ATG5. J Clin Invest (2010) 120:127–41. doi:10.1172/JCI40027 

59. Fujii S, Mitsunaga S, Yamazaki M, Hasebe T, Ishii G, Kojima M, et  al. 
Autophagy is activated in pancreatic cancer cells and correlates with poor 
patient outcome. Cancer Sci (2008) 99:1813–9. doi:10.1111/j.1349-7006.2008. 
00893.x 

60. Zhu H, Wang D, Zhang L, Xie X, Wu Y, Liu Y, et al. Upregulation of auto-
phagy by hypoxia-inducible factor-1α promotes EMT and metastatic ability 
of CD133+ pancreatic cancer stem-like cells during intermittent hypoxia. 
Oncol Rep (2014) 32:935–42. doi:10.3892/or.2014.3298 

61. Rausch V, Liu L, Apel A, Rettig T, Gladkich J, Labsch S, et  al. Autophagy 
mediates survival of pancreatic tumour-initiating cells in a hypoxic micro-
environment. J Pathol (2012) 227:325–35. doi:10.1002/path.3994 

62. Joshi S, Kumar S, Ponnusamy MP, Batra SK. Hypoxia-induced oxi-
dative stress promotes MUC4 degradation via autophagy to enhance 

pancreatic cancer cells survival. Oncogene (2016) 35:5882–92. doi:10.1038/ 
onc.2016.119 

63. Roczniak-Ferguson A, Petit CS, Froehlich F, Qian S, Ky J, Angarola B, et al. 
The transcription factor TFEB links mTORC1 signaling to transcriptional 
control of lysosome homeostasis. Sci Signal (2012) 5:ra42. doi:10.1126/
scisignal.2002790 

64. Settembre C, Di Malta C, Polito VA, Garcia Arencibia M, Vetrini F, Erdin 
S, et  al. TFEB links autophagy to lysosomal biogenesis. Science (2011) 
332:1429–33. doi:10.1126/science.1204592 

65. Christie M, Chang C-W, Róna G, Smith KM, Stewart AG, Takeda AAS, et al. 
Structural biology and regulation of protein import into the nucleus. J Mol 
Biol (2016) 428:2060–90. doi:10.1016/j.jmb.2015.10.023 

66. Volpon L, Culjkovic-Kraljacic B, Osborne MJ, Ramteke A, Sun Q, Niesman 
A, et  al. Importin 8 mediates m7G cap-sensitive nuclear import of the 
eukaryotic translation initiation factor eIF4E. Proc Natl Acad Sci U S A 
(2016) 113:5263–8. doi:10.1073/pnas.1524291113 

67. Viale A, Pettazzoni P, Lyssiotis CA, Ying H, Sánchez N, Marchesini M, et al. 
Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial 
function. Nature (2014) 514:628–32. doi:10.1038/nature13611 

68. Li C, Heidt DG, Dalerba P, Burant CF, Zhang L, Adsay V, et al. Identification of 
pancreatic cancer stem cells. Cancer Res (2007) 67:1030–7. doi:10.1158/0008-
5472.CAN-06-2030 

69. Hermann PC, Huber SL, Herrler T, Aicher A, Ellwart JW, Guba M, et  al. 
Distinct populations of cancer stem cells determine tumor growth and met-
astatic activity in human pancreatic cancer. Cell Stem Cell (2007) 1:313–23. 
doi:10.1016/j.stem.2007.06.002 

70. Gaglio D, Metallo CM, Gameiro PA, Hiller K, Danna LS, Balestrieri C, et al. 
Oncogenic K-Ras decouples glucose and glutamine metabolism to support 
cancer cell growth. Mol Syst Biol (2011) 7:523. doi:10.1038/msb.2011.56 

71. Son J, Lyssiotis CA, Ying H, Wang X, Hua S, Ligorio M, et  al. Glutamine 
supports pancreatic cancer growth through a KRAS-regulated metabolic 
pathway. Nature (2013) 496:101–5. doi:10.1038/nature12040 

72. Samudio I, Harmancey R, Fiegl M, Kantarjian H, Konopleva M, Korchin 
B, et  al. Pharmacologic inhibition of fatty acid oxidation sensitizes human 
leukemia cells to apoptosis induction. J Clin Invest (2010) 120:142–56. 
doi:10.1172/JCI38942 

73. Feig C, Gopinathan A, Neesse A, Chan DS, Cook N, Tuveson DA. The 
pancreas cancer microenvironment. Clin Cancer Res (2012) 18:4266–76. 
doi:10.1158/1078-0432.CCR-11-3114 

74. Tang D, Wang D, Yuan Z, Xue X, Zhang Y, An Y, et al. Persistent activation 
of pancreatic stellate cells creates a microenvironment favorable for the 
malignant behavior of pancreatic ductal adenocarcinoma. Int J Cancer (2013) 
132:993–1003. doi:10.1002/ijc.27715 

75. Fu M-Y, He Y-J, Lv X, Liu Z-H, Shen Y, Ye G-R, et al. Transforming growth 
factor-β1 reduces apoptosis via autophagy activation in hepatic stellate cells. 
Mol Med Rep (2014) 10:1282–8. doi:10.3892/mmr.2014.2383 

76. Papademetrio DL, Lompardía SL, Simunovich T, Costantino S, Mihalez 
CY, Cavaliere V, et  al. Inhibition of survival pathways MAPK and NF-kB 
triggers apoptosis in pancreatic ductal adenocarcinoma cells via suppres-
sion of autophagy. Target Oncol (2016) 11:183–95. doi:10.1007/s11523- 
015-0388-3 

77. Clevers H. The cancer stem cell: premises, promises and challenges. Nat 
Med (2011) 17:313–9. doi:10.1038/nm.2304 

78. Li X, Lewis MT, Huang J, Gutierrez C, Osborne CK, Wu M-F, et al. Intrinsic 
resistance of tumorigenic breast cancer cells to chemotherapy. J Natl Cancer 
Inst (2008) 100:672–9. doi:10.1093/jnci/djn123 

79. Lee CJ, Dosch J, Simeone DM. Pancreatic cancer stem cells. J Clin Oncol 
(2008) 26:2806–12. doi:10.1200/JCO.2008.16.6702 

80. Rajeshkumar NV, Rasheed ZA, García-García E, López-Ríos F, Fujiwara K, 
Matsui WH, et  al. A combination of DR5 agonistic monoclonal antibody 
with gemcitabine targets pancreatic cancer stem cells and results in long-term 
disease control in human pancreatic cancer model. Mol Cancer Ther (2010) 
9:2582–92. doi:10.1158/1535-7163.MCT-10-0370 

81. Kim MP, Fleming JB, Wang H, Abbruzzese JL, Choi W, Kopetz S, et al. ALDH 
activity selectively defines an enhanced tumor-initiating cell population 
relative to CD133 expression in human pancreatic adenocarcinoma. PLoS 
One (2011) 6:e20636. doi:10.1371/journal.pone.0020636 

82. Denhardt DT, Guo X. Osteopontin: a protein with diverse functions. FASEB 
J (1993) 7:1475–82. 

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.1006/bbrc.2001.6244
https://doi.org/10.1038/cdd.2014.150
https://doi.org/10.1158/2159-8290.CD-14-0362
https://doi.org/10.1016/j.cell.2014.01.066
https://doi.org/10.4161/cc.20718
https://doi.org/10.4161/cc.20718
https://doi.org/10.1016/S0360-3016(00)00803-8
https://doi.org/10.1593/neo.08292
https://doi.org/10.1158/1078-0432.CCR-12-0026
https://doi.org/10.1128/MCB.00166-09
https://doi.org/10.1128/MCB.00166-09
https://doi.org/10.3892/mmr.2015.4255
https://doi.org/10.1038/cdd.2008.84
https://doi.org/10.1038/onc.2010.191
https://doi.org/10.1172/JCI40027
https://doi.org/10.1111/j.1349-7006.2008.00893.x
https://doi.org/10.1111/j.1349-7006.2008.00893.x
https://doi.org/10.3892/or.2014.3298
https://doi.org/10.1002/path.3994
https://doi.org/10.1038/onc.2016.119
https://doi.org/10.1038/onc.2016.119
https://doi.org/10.1126/scisignal.2002790
https://doi.org/10.1126/scisignal.2002790
https://doi.org/10.1126/science.1204592
https://doi.org/10.1016/j.jmb.2015.10.023
https://doi.org/10.1073/pnas.1524291113
https://doi.org/10.1038/nature13611
https://doi.org/10.1158/0008-5472.CAN-06-2030
https://doi.org/10.1158/0008-5472.CAN-06-2030
https://doi.org/10.1016/j.stem.2007.06.002
https://doi.org/10.1038/msb.2011.56
https://doi.org/10.1038/nature12040
https://doi.org/10.1172/JCI38942
https://doi.org/10.1158/1078-0432.CCR-11-3114
https://doi.org/10.1002/ijc.27715
https://doi.org/10.3892/mmr.2014.2383
https://doi.org/10.1007/s11523-015-0388-3
https://doi.org/10.1007/s11523-015-0388-3
https://doi.org/10.1038/nm.2304
https://doi.org/10.1093/jnci/djn123
https://doi.org/10.1200/JCO.2008.16.6702
https://doi.org/10.1158/1535-7163.MCT-10-0370
https://doi.org/10.1371/journal.pone.0020636


11

New et al. Autophagy in Pancreatic Cancer

Frontiers in Oncology | www.frontiersin.org March 2017 | Volume 7 | Article 28

83. Rangaswami H, Bulbule A, Kundu GC. Osteopontin: role in cell signaling 
and cancer progression. Trends Cell Biol (2006) 16:79–87. doi:10.1016/j.
tcb.2005.12.005 

84. Bellahcène A, Castronovo V, Ogbureke KUE, Fisher LW, Fedarko NS. Small 
integrin-binding ligand N-linked glycoproteins (SIBLINGs): multifunctional 
proteins in cancer. Nat Rev Cancer (2008) 8:212–26. doi:10.1038/nrc2345 

85. Johnston NIF, Gunasekharan VK, Ravindranath A, O’Connell C, Johnston 
PG, El-Tanani MK. Osteopontin as a target for cancer therapy. Front Biosci 
(2008) 13:4361–72. doi:10.2741/3009 

86. Zhang H, Guo M, Chen J-H, Wang Z, Du X-F, Liu P-X, et al. Osteopontin 
knockdown inhibits αv,β3 integrin-induced cell migration and invasion 
and promotes apoptosis of breast cancer cells by inducing autophagy and 
inactivating the PI3K/Akt/mTOR pathway. Cell Physiol Biochem (2014) 
33:991–1002. doi:10.1159/000358670 

87. Guo JY, Chen H-Y, Mathew R, Fan J, Strohecker AM, Karsli-Uzunbas G, 
et  al. Activated Ras requires autophagy to maintain oxidative metabolism 
and tumorigenesis. Genes Dev (2011) 25:460–70. doi:10.1101/gad.2016311 

88. Morgan MJ, Gamez G, Menke C, Hernandez A, Thorburn J, Gidan F, et al. 
Regulation of autophagy and chloroquine sensitivity by oncogenic RAS 
in  vitro is context-dependent. Autophagy (2014) 10:1814–26. doi:10.4161/
auto.32135 

89. Cancer Research UK. (2016). Available from: www.cancerresearchuk.org

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Copyright © 2017 New, Van Acker, Long, Sakamaki, Ryan and Tooze. This is 
an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) or licensor are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.1016/j.tcb.2005.12.005
https://doi.org/10.1016/j.tcb.2005.12.005
https://doi.org/10.1038/nrc2345
https://doi.org/10.2741/3009
https://doi.org/10.1159/000358670
https://doi.org/10.1101/gad.2016311
https://doi.org/10.4161/auto.32135
https://doi.org/10.4161/auto.32135
http://www.cancerresearchuk.org
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Molecular Pathways Controlling Autophagy in Pancreatic Cancer
	Introduction
	Dual Role of Autophagy in Cancer
	Molecular Control of Autophagy in Pancreatic Cancer and Its Development
	Molecular Control of Autophagy 
in PDAC Survival
	Molecular Control of Autophagy in PDAC Development
	Hypoxia-Induced Autophagy in PDAC

	Molecular Pathways Involved in Autophagy and Its Impact on Pancreatic Cancer Metabolism
	Potential for PDAC Therapy through Autophagy Modulation
	Conclusion and Future Directions
	Author Contributions
	Funding
	References


