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Pancreatic ductal adenocarcinomas (PDA) are extremely
aggressive cancers and currently available therapies are only
minimally effective in treating this disease. Tackling this dev-
astating cancer has been a major challenge to the scientific and
medical communities, in part due to its intense therapeutic
resistance. One of the aspects of this tumor that contributes to
its aggressive behavior is its altered cellular metabolism. Indeed,
PDA cells seem to possess the ability to adapt their metabolism
to the particular environment to which they are exposed, includ-
ing utilizing diverse fuel sources depending on their availabil-
ity. Moreover, PDA tumors are efficient at recycling various
metabolic substrates through activation of different salvage
pathways such as autophagy and macropinocytosis. Together,
these diverse metabolic adaptations allow PDA cells to survive
and thrive in harsh environments that may lack nutrients and
oxygen. Not surprisingly, given its central role in the pathogen-
esis of this tumor, oncogenic Kras plays a critical role in much
of the metabolic reprogramming seen in PDA. In this review,
we discuss the metabolic landscape of PDA tumors, including
the molecular underpinnings of the key regulatory nodes, and
describe how such pathways can be exploited for future diagnos-
tic and therapeutic approaches

Introduction

Pancreatic ductal adenocarcinomas epidemiology

With 45 220 new cases estimated for 2013 in the USA, pancreatic
cancer is the 12th most common cancer, representing 2.7% of all the
new cancer diagnoses in the USA (1,2). Despite not being one of the
most prevalent cancers, it is by far one of the deadliest, with a 5 year
survival of ~7% (2). It ranks fourth in cancer mortality and accounts
for ~7% of all cancer-related deaths (1-3). With <10% of pancreatic
cancers being diagnosed as localized disease (confined to primary
site) (2), the majority of patients are not amenable to potentially cura-
tive surgical resection.

The normal pancreas is made up of two classes of cells: endocrine
(hormone secreting) and exocrine (digestive enzyme producing).
Depending on the cell of origin, pancreatic cancers can also be classi-
fied as endocrine or exocrine tumors. Roughly 90% of all pancreatic
cancers are pancreatic ductal adenocarcinomas (PDA), an exocrine
pancreatic tumor that resembles the cells lining the pancreatic duct
(4,5). This tumor type will be the focus of this review.

Abbreviations: AMPK, adenosine monophosphate-activated protein kinase;
ATP, adenosine triphosphate; HBP, hexosamine biosynthesis pathway; HIF,
hypoxia inducible factor; LDHA, lactate dehydrogenase A; LKBI, liver kinase
B1; MEK, mitogen-activated protein kinase kinase; NAD, nicotinamide ade-
nine dinucleotide; NADPH, reduced nicotinamide adenine dinucleotide phos-
phate; NOX, NADPH oxidase; PDA, pancreatic ductal adenocarcinoma; PPP,
pentose phosphate pathway; ROS, reactive oxygen species; TCA, tricarboxylic
acid.

Key characteristics of PDA

PDA have several defining features that influence its aggressive biol-
ogy and resistance to multiple therapeutic modalities. These tumors
are characterized by a distinct and exuberant stromal reaction (des-
moplasia) (6,7), hypovascularization (8-11), genomic complexity
(12-14) and an altered metabolism (15-17). This metabolic rewiring
in PDA is critical to the growth of the tumor and is the subject of this
review.

As mentioned above, PDA is characterized by a desmoplastic reac-
tion, which often forms the bulk of the tumor mass (4,18). The PDA
stroma is heterogeneous and is comprised of multiple cell types includ-
ing pancreatic stellate cells, various leukocytes and endothelial cells,
as well as a complex extracellular matrix (18-20). This dense fibrotic
tissue, together with the poor vascularization limits access to the cir-
culation, which has been shown to impair drug delivery (10,11,21).
It also creates an hypoxic tumor microenvironment, known to nega-
tively influence the response to radiotherapy in many cancer types
(8,9,22). In addition, the PDA microenvironment is highly immuno-
suppressive (23-27), which has implications in immunotherapy for
this disease (24).

The majority of PDA have Kras mutations, with 90% possessing
activating mutations in this oncogene (28-31). In PDA, Kras is most
commonly mutated at the G12 residue (G12D and G12V). This muta-
tion affects the interaction site with GTPase activating proteins (GAPs),
and therefore mutant proteins are guanosine triphosphate hydrolysis
impaired, resulting in a constitutively active (guanosine triphosphate-
bound) form of Kras. Like the other members of the RAS family of
GTPases, Kras acts as a molecular switch, transducing signals from
membrane-bound receptors to signaling pathways in the cell. By acti-
vating central signaling pathways in the cell such as mitogen-activated
protein kinase kinase (MEK)/extracellular signal-regulated kinase
(ERK) or PI3K/AKT pathways, Kras activity results in increased pro-
liferation, cell growth, decreased apoptosis and increased invasiveness
phenotypes (30,32,33). The Kras oncogene is considered a PDA driver
mutation and, accordingly, it can be found mutated in early stages of
tumor progression. Although rarely detectable in normal pancreas and
chronic pancreatitis, the frequency of Kras mutation increases with the
grade of the neoplasia to being nearly universal in advanced PDA (31).
Consequently, its expression in the pancreas can drive the initiation of
the disease in various mouse models (15,34-39).

In addition to Kras mutations, inactivating mutations or dele-
tions are frequently seen in tumor suppressor genes, including p53,
CDKN2A (INK4a/Arf) and Smad4 (21,40,41). Unfortunately, these
recurrent genetic events have not provided any tractable therapeutic
targets. Although there has been a significant effort to identify novel
mutations in PDA tumors, such studies have not resulted in the iden-
tification of many recurrent driver events (42—44). However, it is now
recognized that the PDA genomic landscape is highly complex with
a particularly high rate of deletions and fold-back inversions (13),
as well as frequent amplifications, deletions and complex rearrange-
ments (12). In addition to a large amount of intertumoral heterogene-
ity, there is also significant intratumoral heterogeneity that may have
implications on the intense therapeutic resistance (45).

Tumor metabolism

Normal, quiescent cells typically metabolize glucose to pyruvate,
which can then enter the tricarboxylic acid (TCA) cycle where energy
in the form of adenosine triphosphate (ATP) is efficiently produced by
oxidative phosphorylation (46). Dividing cells, however, rely heavily
on glycolysis, which allows for the production of energy along with
building blocks required to generate a daughter cell (47). Similarly,
metabolism in cancer cells is also altered to facilitate proliferation.
An important distinction is that the metabolic networks in cancer cells
are rewired to be independent of extracellular controls (46). In fact,
the altered metabolism of tumor cells is now considered a hallmark
of cancer (48). One of the main features of the metabolism of cancer
cells is the emphasis on anabolic reactions required for de novo syn-
thesis of proteins, nucleic acids and lipids (47,49,50). In order to fuel
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these processes, cancer cells may differ from normal cells in both the
energy sources they utilize and how these fuel sources are metabolized
(51-53). For example many cancer cells have developed a reliance on
the amino acid glutamine in addition to glucose to help meet their bio-
synthetic needs (54,55). In this review, we will focus on the altered
metabolism found in PDA, in particular those adaptations that are criti-
cal for the growth and maintenance of this aggressive tumor (Figure 1).

Kras-driven metabolic alterations in PDA

In addition to its well-studied roles in cancer cell proliferation, sur-
vival or metastasis, oncogenic Kras has been recently shown to have a
key role in multiple aspects of PDA metabolism. In fact, it appears to
have a prominent role in the metabolic rewiring of these tumors and
this may be one of its critical roles in PDA pathogenesis.

Scavenging/recycling

Macroautophagy (hereafter referred to as autophagy) is a catabolic
process that consists of the self-degradation of cellular organelles and
molecular complexes (for review see ref. 56). In a cell, damaged or
unnecessary organelles, proteins or protein aggregates are sequestered
in a double membrane structure known as an autophagosome. The
autophagosome eventually fuses with a lysosome creating an autol-
ysosome, leading to the degradation and release of its contents. The
degraded proteins (amino acids) and organelles (amino acids, lipids
and nucleosides) are recycled back into the cytoplasm and used in the
biosynthesis of proteins or nucleic acids, or for other anabolic or bio-
energetic reactions. Because of its biological importance, the process is
tightly controlled, with each step of autophagic progression being reg-
ulated by different complexes of proteins. Both the autophagic process
and its regulation have been reviewed extensively elsewhere (57-62).
There are three types of autophagy; macroautophagy, microautophagy
and chaperone-mediated autophagy, which differ in terms of how cargo
gets to the lysosome (63). Here, we will focus on macroautophagy.

Autophagy can act as a quality control mechanism in the cell by
clearing damaged structures, including misfolded proteins, protein
aggregates or dysfunctional organelles. Therefore, it is typically
present at low levels in various tissues as a homeostatic mechanism.
Different stimuli can trigger autophagy, thereby increasing it above
baseline. One of the most well-studied and potent autophagy stimuli
is starvation (lack of nutrients), which is regulated by the mammalian
target of rapamycin (mTOR) complex (64). Other cellular stresses
including protein damage, reactive oxygen species (ROS) or DNA
damage are also known triggers of autophagy (58,65,60).

In cancer progression, autophagy has important but opposing roles
(67,68). It has been demonstrated that autophagy can be both pro- and
antitumorigenic. It is antitumorigenic due to the quality control func-
tion that it exerts: removing damaged organelles and protein aggre-
gates, thereby mitigating oxidative stress, tissue damage and genomic
instability; all protumorigenic factors that can promote tumor ini-
tiation. In established tumors, however, autophagy can fuel cellular
proliferation in the nutrient-poor hypoxic regions in the tumor (68).
Consistent with this, autophagy is found to be upregulated in tumors,
particularly in nutrient-poor regions (69). It supports tumor cell sur-
vival via recycling cargo and generating substrates such as amino
acids, fatty acids, nucleotides and ATP (70). Adding to this already
complex role in cancer, autophagy is also linked with therapeutic
resistance (71,72). In breast cancer for example autophagy upregula-
tion increases resistance to hormonal therapy, playing a crucial role
in the establishment of resistant tumors (73). Similarly, in lymphoma
models, autophagy inhibition synergizes with cytotoxic chemotherapy
(74). A recent study has shown that blocking autophagy in PDA cells
via expression of a specific micro RNA enhances radiation response
(75). However, it is important to note that there are some situations
where inhibition of autophagy has been reported to mitigate the effect
of a particular therapeutic agent in certain cancer types (71,76).

In Kras-driven tumors, autophagy has been shown to be required
for tumor growth (77,78). Inhibiting autophagy also impairs Kras
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transformation of non-malignant breast cells (79). Similarly, trans-
formation of mammary epithelial cells or immortalized mouse kidney
cells by Hras also requires autophagy (80,81). Whereas in some cancer
types, autophagy seems to be triggered as a reaction to various stress-
ors (DNA damage, ROS, protein damage, lack of nutrients, etc.); in
PDA, basal autophagy levels are unusually high (77). This appears to
be cell autonomous, as high levels of autophagy are also observed in
cell culture under nutrient-replete conditions. In PDA models, inhibi-
tion of autophagy both genetically (ATGS depletion) or pharmacologi-
cally (chloroquine treatment) results in the inhibition of tumor growth
in vitro and in vivo (77). The elevated basal autophagy appears to pro-
vide PDA cells with additional nutrients that can fuel the TCA cycle.
Indeed, inhibition of autophagy resulted in decreased ATP production
and impaired oxidative phosphorylation in PDA cells. Moreover, the
impact of autophagy inhibition on PDA growth could be attenuated by
adding back the metabolite pyruvate. Thus, autophagy appears to be a
critical component of PDA metabolism. Similarly, autophagy inhibi-
tion in other tumor types has also been shown to impair mitochondrial
metabolism (78) and in some contexts glycolysis (80,82).

In addition to utilizing intracellular substrates to recycle metabolites,
PDA cells have the ability to take up and degrade extracellular mac-
romolecules to fuel metabolism. Macropinocytosis is a form of endo-
cytosis used by cells to engulf large portions of the extracellular space
(83-85). Cells can extend their plasma membrane, folding it back onto
the cell and creating a barrier around a portion of the extracellular fluid.
This large, irregular, double membrane vesicle is known as a macropino-
some. The macropinosome is internalized along with the extracellular
fluid and associated molecules (proteins, bacteria, virus and even apop-
totic bodies) (83—85) and then undergoes a step of maturation acquiring
characteristics of an early endosome. It can then fuse with the lysosome,
degrading its contents or, alternatively, it can be recycled back to the cell
membrane, releasing the contents to the extracellular space.

It has been known for several decades that oncogenic Ras can pro-
mote macropinocytosis (86). Recently, PDA cell lines and tumors
that possess activating Kras mutations were reported to show high
levels of macropinocytosis (87). Macropinocytosis was shown to pro-
mote the uptake of extracellular albumin, which was then degraded
in the lysosome. Interestingly, the amino acids that were produced
by this degradation were shown to fuel cellular metabolism. In this
elegant experiment, carbon-13 yeast protein was included in growth
media. Kras-transformed cells consumed the protein and the liberated
carbon-13 labeled amino acids were metabolized in the TCA cycle.
Importantly, pharmacological inhibition of macropinocytosis showed
significant antitumor responses in PDA xenografts (87).

In addition to recycling amino acids, Ras-transformed cells also
appear to scavenge extracellular lipids as their primary source of fatty
acids (88). Such lipids are hydrolyzed to form fatty acids and glycerol.
The fatty acids can be used to fuel the TCA cycle, whereas the glyc-
erol, the other product of lipid hydrolysis, can be converted into dihy-
droxyacetone, an intermediate of glycolysis (89). Alternatively, such
fatty acids, which constitute a key component of the cellular mem-
brane, can be used directly to make membranes in daughter cells (90).

Under normal conditions, the biosynthesis of fatty acids uses pyru-
vate, a product of glycolysis, which is converted to acetyl-CoA—a
major precursor of fatty acids. These biosynthetic reactions require
oxygen consumption and reduced nicotinamide adenine dinucleotide
phosphate (NADPH). In cancer cells, scavenging substrates from the
extracellular media to meet their fatty acid needs allows for the con-
servation of other rate-limiting molecules, such as NADPH, to be used
for other functions such as redox balance (discussed below). Although
this fatty acid scavenging appears to be a property of Ras-transformed
cells, it has not yet been demonstrated specifically in PDA cells.

Together, the data from these studies illustrate that PDA cells are
efficient in recycling and scavenging molecules to promote their own
survival. Kras mutations appear to drive these mechanisms in the
tumor, allowing tumor cells to adapt to environments where the access
to nutrients can be diminished. Additionally, scavenging may allow for
the conservation of energy and biomass so resources can be devoted
to critical and rate-limiting processes such as NADPH biosynthesis,
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Fig. 1. A typical PDA cell is depicted showing schematics of representative metabolic pathways that are altered in the disease in response to oncogenic
Kras. Enzymes whose expression is increased by Kras are indicated with an asterisk. Increased glucose uptake fuels glycolysis (leading to increased lactate
production), anabolic pathways such as the non-oxidative arm of the PPP (producing ribose for nucleotide biosynthesis) and the HBP (producing precursors
for glycosylation). Glutamine is a key metabolite that is utilized to fuel the TCA cycle and maintains redox homeostasis in PDA through a novel pathway
(shown in orange) that leads to NADPH production. PDA are efficient metabolic scavengers and use autophagy (intracellular) and macropinocytosis
(extracellular) to provide metabolic substrates through cargo degradation via the lysosome. Lipids are also taken up extracellularly to provide fatty

acids. HK1/2, hexokinase 1 and 2; PFK1, phosphofructokinase 1; ME1, malic enzyme; GOT1/GOT2, aspartate aminotransferase 1 and 2; MDH1, malate
dehydrogenase; GLS, glutaminase; GFPT1, glutamine fructose-6-phosphate amidotransferase; RPIA, ribose 5-phosphate isomerase A; RPE, ribulose-
5-phosphate-3-epimerase; Asp, aspartate; OAA, oxaloacetate; GOP, glucose 6-phosphate; RuSP, ribulose 5-phosphate; RSP, ribose 5-phosphate; X5P,
xylulose 5-phosphate. LDH, lactate dehydrogenase; aKG, alpha keto-glutarate; GIcN6P, glucosamine-6-phosphate; UPD-GlcNAc, uridine diphosphate
N-acetylglucosamine; MCT, onocarboxylate transporter; GLUT, glucose transporter.
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which will be discussed below. Importantly, these pathways have the
potential for therapeutic targeting as chloroquine and its derivative
hydroxychloroquine can inhibit autophagy through their interference
with lysosomal acidification (71). Since autophagy and macropinocy-
tosis converge at the level of the lysosome, these drugs would poten-
tially attenuate both processes. Indeed, there are many clinical trials
in various cancers, including PDA, incorporating hydroxychloroquine
into the treatment regimen (http://clinicaltrials.gov/). Additionally, as
macropinocytosis was shown to take up albumin in PDA, this could be
used to help deliver drugs to the tumor. It is tempting to speculate that
the recent success of the addition of nab-paclitaxel (an albumin bound
paclitaxel) to gemcitabine in metastatic pancreatic cancer patients
(91) was in part due to the increased delivery to the tumor by macropi-
nocytosis. Lastly, as autophagy is often a reactive survival mechanism
to metabolic stress, inhibiting this process using hydroxychloroquine,
may increase the efficacy of inhibitors to other metabolic pathways.

Anabolic glucose metabolism

Like many other cancer types, PDA exhibit an elevated capacity
for glucose uptake (15). Similar to the scavenging characteristics
described previously, the metabolic changes involving glucose are also
in part driven by oncogenic Kras. For example glycolysis is enhanced
downstream of Kras in different and complementary ways. The glu-
cose transporter GLUT1 is transcriptionally upregulated in response to
Kras mutations in both PDA and other tumor types leading to increased
glucose uptake (15,92). Additionally, key glycolysis enzymes such as
HK1, HK2 and PFK1 are transcriptionally upregulated downstream of
Kras activation (15,93,94). One of the fates of the glycolysis-derived
pyruvate is its conversion to lactate by the enzyme lactate dehydroge-
nase. Oncogenic Kras has been shown to increase the expression of
lactate dehydrogenase A (LDHA) through increasing its transcription
(15,95). Additionally, PDA cells can upregulate LDHA levels and activ-
ity through posttranslational modification of the enzyme. Acetylation
of LDHA at the lysine 5 residue reduces its activity and targets LDHA
for lysosomal degradation. PDA cells and primary tumors were shown
to have reduced levels of this particular acetylation, resulting in greater
LDHA activity (96). Interestingly, a recent study suggested that lactate
can be used as alternative fuel by certain PDA cells, thereby promot-
ing proliferation (9). Given the elevated glycolysis in PDA, leading to
increased lactate production, the ability to utilize lactate could provide
an additional advantage to PDA cells. Indeed, the inhibition of gly-
colysis through suppressing LDHA expression by RNA interference
decreased the growth of PDA cells (96).

Using a genetically engineered mouse model of PDA where
KrasY!?P expression is induced in the pancreas by feeding mice doxy-
cycline, it was shown that oncogenic Kras is required for tumor main-
tenance, due in part to a Kras-specific rewiring of anabolic glucose
metabolism (15). The metabolic rewiring by Kras is complex, and
PDA metabolic pathways are divergent from normal cells in unique
ways. In particular, the elevated glycolytic flux is shunted to various
anabolic pathways. The pentose phosphate pathway (PPP) is a side
branch of glycolysis that generates five carbon sugars (ribose-5-phos-
phate) from six carbon sugars, to be used in nucleotide biosynthesis.
In parallel, it generates reducing equivalents in the form of NADPH
for use in redox control and biosynthesis of different molecules such
as fatty acids (47,97). The PPP can be visualized as having an oxida-
tive and a non-oxidative arm. The oxidation steps use glucose-6-phos-
phate to generate two reducing equivalents in the form of NADPH.
The non-oxidative reactions of the PPP are primarily used to produce
ribose-5-phosphate. The non-oxidative reactions are also important to
generate six carbon sugars from five carbon sugars, which can be used
to support glycolysis. The oxidative and non-oxidative arm of PPP
can be decoupled, and cells can regulate the relative contribution and
output of the two arms of the PPP according to their needs (requiring
more NADPH than ribose for example) (97).

In PDA, the PPP is important for tumor maintenance, again, as it
generates the ribose moiety of DNA used to duplicate the genome dur-
ing the generation of daughter cells. Unexpectedly, oncogenic Kras
leads to an increase in flux specifically through the non-oxidative
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arm of PPP, resulting in the generation of more ribose 5-phosphate,
which can be utilized for DNA/RNA biosynthesis. This occurs inde-
pendently of the NADPH-generating oxidative arm. Kras activation
leads to increased transcription of two non-oxidative PPP enzymes,
ribose 5-phosphate isomerase A and ribulose-5-phosphate-3-epimer-
ase, which lead to increased flux through the non-oxidative arm (15).
Importantly, inhibition of this pathway through suppressing expression
of either ribose 5-phosphate isomerase A or ribulose-5-phosphate-
3-epimerase results in decreased PDA growth both in vitro and in vivo.

Another glucose-dependent pathway that is upregulated by oncogenic
Kras in PDA is the hexosamine biosynthesis pathway (HBP). This path-
way leads to production of uridine diphosphate—N-acetylglucosamine
and other nucleotide hexosamines, which are the major substrates for
glycosylation of proteins and lipids, including many cytoplasmic and
nuclear proteins on their serine or threonine residues (98). The HBP
uses glucose and glutamine to generate uridine diphosphate—N-acetyl-
glucosamine, acting as a bridge between glycolysis and glutaminolysis.
Glucose entry into the HBP is regulated by its first and rate-limiting
enzyme, glutamine fructose-6-phosphate amidotransferase (GFPT1).
This enzyme catalyzes the conversion of fructose-6-phosphate and glu-
tamine to glucosamine-6-phosphate and glutamate, respectively (99). In
a negative-feedback loop, the HBP final product, uridine diphosphate—
N-acetylglucosamine, inhibits GFPT1 activity self-regulating this
pathway (100).The HBP coordinates nutrient uptake, partially through
modulating the glycosylation and membrane localization of growth
factor receptors (101). Additionally, the HBP and protein glycosyla-
tion have been found to be increased in different cancers (98,102). In
general, glycosylation is a protumorigenic modification that triggers
cancer-related phenotypes such as motility, proliferation and angiogen-
esis (103,104). In PDA, oncogenic Kras increases glucose flux through
the HBP by upregulating GFPT1 expression (15). Consistent with this,
suppression of Kras resulted in a decrease in total cellular O-linked gly-
cosylation in PDA cells. Inhibition of the HBP in PDA cells by RNA
interference-mediated suppression of GFPT1 resulted in a decrease in
clonogenic growth and xenograft growth in mice (15).

One of the interesting aspects of many of the glucose metabolic
changes seen in PDA is that they appear to be driven by the activa-
tion of the Raf/MEK/extracellular signal-regulated kinase path-
way by oncogenic Kras (15). Indeed, pharmacological inhibition of
MEK leads to a decrease in many of the rate-limiting enzymes that
are upregulated by Kras and decreases in the respective downstream
metabolites. This effect on transcription is mediated by the c-Myc
oncogene as a significant fraction of the metabolic gene transcripts
that were upregulated by oncogenic Kras have Myc binding ele-
ments in their promoters. Functionally, RNA interference-mediated
suppression of c-Myc expression resulted in decreased expression of
the same metabolic enzymes regulated by Kras and the correspond-
ing downstream metabolites (15). Although there are no clinical grade
inhibitors to most of the metabolic enzymes discussed above (GFPT1,
ribose S-phosphate isomerase A, ribulose-5-phosphate-3-epimerase),
MEK inhibitors are being used in clinical trials for multiple tumor
types (105). Therefore, utilizing MEK inhibitors based on their ability
to inhibit anabolic glucose metabolism in PDA in combination with
other therapeutic agents may be a useful strategy. In fact, the avail-
able data suggest potentially attractive therapeutic combinations. For
example as MEK signaling pathways were shown to control expres-
sion of key enzymes of the non-oxidative arm of the PPP (15), a sig-
nificant source of ribonucleotides for de novo DNA synthesis in the
cell, combining DNA damaging therapies such as radiation with MEK
inhibitors, could potentially achieve a synergetic effect.

Glutamine metabolism

Glutamine is the most abundant free amino acid in the blood (106).
It has been studied for its role in cancer due to the fact that it appears
to be required for the growth of many tumor types (107). It is a sig-
nificant source of carbon in cancer cells, supporting anabolic pro-
cesses through glutaminolysis (glutamine metabolism generating
a-ketoglutarate) (54). Glutamine is also a precursor of glutathione
(through its conversion to glutamate by glutaminase), a major cellular
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antioxidant. It is also the source of amino groups for non-essential
amino acids such as alanine, aspartate, serine and glycine. The nitro-
gen group, released in the conversion of glutamine to glutamate also
feeds the synthesis of nucleotides and the HBP. For a comprehensive
review on glutamine metabolism see (54,108).

Asdiscussed above, oncogenic Kras in PDA does not impact flux through
the oxidative and NADPH-generating arm of PPP (15). Additionally, glu-
cose deprivation, while impairing PDA growth, has minimal effects on
cellular redox state in PDA cells (16). Together, this suggests that PDA uti-
lize alternative mechanisms to maintain redox balance. Indeed, glutamine
withdrawal results in a significant increase in ROS in PDA cells and it was
shown that glutamine metabolism is critical for redox balance in PDA (16).

Canonical metabolism of the glutamine carbon skeleton generates
a-ketoglutarate in the mitochondria to fuel the TCA cycle, and this
relies on glutamate dehydrogenase (GLUDI) for the conversion of
glutamate to o-ketoglutarate (54). The a-ketoglutarate can be used
for anapleurosis, ultimately leading to the generation of intermediates
used for biomass such as nucleic acids, proteins and lipids (109-111).
In contrast, PDA cell lines do not rely on GLUDI. Instead they use the
aspartate transaminase (GOT2) to generate anaplerotic a-ketoglutarate
in the mitochondria. This reaction simultaneously creates aspartate
from oxaloacetate, which is released into the cytoplasm. Cytosolic
aspartate is then acted on by the cytosolic aspartate aminotransferase
(GOT1) to convert glutamine-derived aspartate back into oxaloacetate.
This oxaloacetate is subsequently converted into malate by malate
dehydrogenase (MDHI1) and then pyruvate and NADPH by malic
enzyme. Indeed, this pathway appears to be a critical source of cyto-
solic NADPH in PDA cells (16). Importantly, this alternative branch of
glutamine metabolism is required for PDA growth as depletion of any
of the key enzymes of this pathway (GOT1, MDHI or malic enzyme)
suppressed in vitro growth and xenograft growth (16). Moreover, the
NADPH produced by this pathway was critical to support PDA growth
via its role in redox balance, as restoration of redox state by adding
N-acetylcysteine or reduced glutathione could rescue growth upon
suppression of any of these key enzymes. Moreover, this alternative
glutamine metabolism was shown to be Kras dependent, as oncogenic
Kras drives the expression of GOT1 while repressing GLUD1 in PDA
cells (16). Interestingly, GOT1 was dispensable for the proliferation of
normal cells, indicating that this pathway may be therapeutically trac-
table. Although no bona fide GOT1 inhibitors are currently available,
other key enzymes in the glutamine metabolism have known inhibi-
tors. One example is glutaminase and its inhibitor bis-2-(5-phenylacet-
amido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES), that decreases
PDA cell viability in vitro (16). As seen in this same study, a major
outcome of the unique glutamine metabolism in PDA is the production
of NADPH, which results in an increased ability of PDA cells to cope
with oxidative damage. One could think of a combined therapy target-
ing glutamine metabolism (such as glutaminase inhibition) along with
classical ROS generating therapies such as radiation or chemotherapy.
These therapies should synergize and effectively kill PDA cells.

Although the NADPH produced by this novel pathway is critical for
PDA via its role in maintaining reduced glutathione pools, NADPH
has many key roles in normal and particularly in tumor cells. NADPH
is required for many aspects of biosynthesis and is thought to be limit-
ing for tumor growth. A dividing cell for example requires significant
pools of NADPH for the synthesis of fatty acids when compared with
anormal cell in quiescence (47,97). Additionally, DNA synthesis, and
particularly the conversion of ribonucleotides to deoxyribonucleo-
tides (via ribonucleotide reductase), requires NADPH as the electron
donor, explaining in part the large quantities of NADPH required
by proliferating cells (97). Although the data suggest a critical role
of NADPH production in PDA redox balance, NADPH is probably
needed for all of these biosynthetic processes in PDA and detailed
studies assessing the utilization of NADPH under different conditions
during PDA pathogenesis are needed to define its precise roles.

ROS balance

ROS are produced during cellular metabolism. They can cause oxida-
tive damage in cells (lipid, protein and DNA oxidation—the latter is
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a major cause of mutations), which in normal cells may lead to cell
death through apoptosis when in excess (112—114). It is important to
note that ROS are not simply toxic byproducts of cellular metabolism
or damaged mitochondria. In fact, ROS are also important signaling
molecules that have roles in such diverse processes as inflammation,
immune response, adhesion or cellular migration (115-117).

Cancer cells often have higher levels of ROS than normal coun-
ter parts, as a result of either mitochondrial damage, increased meta-
bolic rates or elevated expression of oxidizing enzymes (118-120).
Indeed, ROS have been shown to act as signaling molecules in differ-
ent cancer-related cellular behaviors. ROS generated by tumor cells
can promote cell motility (and ultimately metastasis) in a cell autono-
mous or non-autonomous way by acting in the stroma and impairing
stromal mobility-inhibitory activity (115,121,122). In fact, ROS have
been shown to be critical for Kras transformation (123) and growth
of Kras-transformed PDA (124). For example superoxide (02°),
a byproduct of mitochondrial respiration, is a prosurvival factor in
PDA as scavenging O2~ inhibits cell growth (125,126). Moreover,
oncogenic Kras promotes the production of superoxide by increasing
levels of NADPH oxidase 2 (NOX2), an enzyme that transfers elec-
trons from NADPH, coupling them to molecular oxygen. This activity
appears to be important for PDA growth as inhibition of NOX2 in
PDA cell lines impairs clonogenic growth (124). Similarly, the ROS
produced by NOX4 appears to promote PDA survival as demonstrated
by suppression of NOX4 expression (127).

Given the aforementioned roles of ROS in various cellular pro-
cesses, it is not surprising that ROS would have both pro- and anti-
tumorigenic effects. Indeed, this delicate balance is probably why
PDA and other tumors have developed multiple mechanisms to bal-
ance the production and scavenging of these molecules. The redox
state in a cell is determined by multiple factors including the balance
of NADP+/NADPH to maintain pools of reduced glutathione (128).
The reduced species (NADPH) allow for the maintenance of pools
of reduced glutathione, which is critical for glutathione oxidation,
a key pathway to reduce the levels of peroxide in the cell. As dis-
cussed above, one of the main roles of glutamine in PDA is to produce
NADPH through a novel metabolic pathway to allow proper redox
balance (16). Another way by which PDA can regulate the redox
state is through NRF2, a transcription factor targeting genes in drug
metabolism and ROS response (129,130). In the cell, NRF2 is stabi-
lized upon different stresses. It then accumulates in the cell nucleus
to promote transcription of multiple target genes involved in the ROS
response including glutathione reductase, superoxide dismutase 3,
NQOI1 and thioredoxin (130). Recently, it was shown that the Kras
oncogene, expressed at physiological levels, can upregulate NRF2,
leading to decreased cellular ROS levels (131). Consistent with this,
NREF2 is found overexpressed in PDA (132), and the higher availabil-
ity of NRF2 in PDA could represent an increased potential of these
cells to respond to ROS, thereby protecting PDA cells against their
potentially detrimental effects. In addition to Kras, other oncogenes
such as B-Raf and c-Myc can induce NRF2 expression to promote
ROS detoxification. Importantly, NRF2 was shown to be critical for
Kras-driven tumorigenisis in PDA models (131). Together, these data
show that PDA have developed multiple mechanisms to control ROS
levels and this has significant implications on tumor progression.

Hypoxia

As described above, areas within PDA tumors are hypoxic (8,9),
which is probably a result of the hypovascular nature of the tissue.
This hypoxic microenvironment has implications on its complex biol-
ogy and in particular its cellular metabolism. Indeed, a recent study
characterizing the hypoxic regions in PDA tumors suggested that
hypoxia enhanced activity of the HBP (9).

The hypoxia inducible factor 1 alpha (HIF1a) is a central player in
hypoxia response. At low oxygen concentrations in the cell, HIFla
is stabilized and translocates into the nucleus where it acts as a tran-
scription factor triggering many hypoxic responses. The regulation of
HIF1a stabilization is complex and very tightly regulated by ubiqui-
tin-mediated proteosomal degradation (for review please see ref. 133).
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One of the consequences of HIF1a activation is the metabolic rewir-
ing allowing a cell to subsist in low-oxygen environment. Namely, it
leads to an increase in glycolysis by upregulating key genes such as
HK, pyruvate kinase M2 and LDHA among others (133), as well as
a shift to the non-oxidative arm of PPP by upregulation of transkel-
otases (TKT and TKTL2) expression (134). HIF1a also coordinates a
decrease in the entry of glucose carbon into the TCA cycle, a benefi-
cial adaptation under hypoxia due to the lack of oxygen, which acts
as an electron acceptor during oxidative phosphorylation. One of the
mechanisms by which HIF1a accomplishes this decrease in glucose
flux through the TCA cycle is by increasing transcription of pyruvate
dehydrogenase kinase (135). Pyruvate dehydrogenase kinase phos-
phorylates and inhibits pyruvate dehydrogenase, the enzyme that con-
verts pyruvate to acetyl-CoA.

In colon cancers with Kras mutations, target genes of both HIF1a
and HIF2a expression are induced downstream of oncogenic Kras
(95), creating a state of ‘aerobic-hypoxia’. This is consistent with the
findings that Ras-transformed cells have similar metabolic profiles
as hypoxic cells (55). In PDA, HIFla has been shown to mediate
metabolic changes downstream of MUC1 (136) and interference with
HIF1lo function has antitumor effects on PDA cells in vitro and in
vivo (137,138). Another hypoxia response induced by HIF 1o activity
is the activation of autophagy (139,140). As autophagy is a critical
mechanism for PDA cell metabolism under normoxic conditions, it
may have additional roles in the setting of hypoxia. Indeed, autophagy
appears to promote tumor-initiating cells in PDA cultures under
hypoxic conditions (141).

PDA tumor suppressor genes are linked to metabolism

Oncogenic Kras, a key driver of PDA pathogenesis and a regulator
of PDA metabolism, exists in the context of additional genetic altera-
tions in tumor suppressor genes that in many cases have been shown
to constrain malignant progression (142). Importantly, several of these
genes have links to cellular metabolism (143). Thus, the metabolic
consequences of Kras mutations in PDA or even Kras-independent
metabolic changes are probably modulated by the constellation of
tumor suppressor gene alterations. Additionally, these tumor suppres-
sor mutations may alter the dependency of a tumor on particular meta-
bolic pathways.

One such example is the tumor suppressor p53, which is well known
for its roles in apoptosis and growth arrest. As a transcription factor,
it can promote the transcription of genes that lead to growth arrest at
G, phase, having a cell cycle ‘check-point’ function that guards cells
against genotoxic insult coming from various sources such as irradia-
tion, hypoxia or drug-induced genotoxic damage. Alternatively, it can
promote apoptosis in response to certain stimuli (144—147). p53 is the
most commonly mutated gene in cancer, with over half of all human
tumors possessing mutations altering pS3 function (144). In PDA, p53
is mutated in the majority of tumors (41), and its frequency increases
with tumor progression (40,148,149). As further proof of its important
role in PDA progression, deletion or mutation of p53 accelerates the
development of PDA tumors in Kras-driven genetic mouse models of
the disease (35,150).

p53 has been shown to regulate multiple aspects of cellular metab-
olism. Overall, the net effect of p53 expression appears to promote
oxidative phosphorylation and attenuate glycolysis although there are
certainly particular tissues and cellular contexts where this may differ.
The reader is directed to several excellent reviews on this topic (151—
155). Therefore, in cancers where p53 would be absent or mutated
(such as the majority of PDA), one would expect to see increases in
glycolysis and decreases in oxidative phosphorylation. For example
p53 promotes expression of SCO2, a member of the COX-2 assembly
involved in the electron transport chain that increases levels of mito-
chondrial respiration while decreasing glycolysis (156). Furthermore,
glutamine is a major fuel source of the TCA cycle in many cancers as
it can supply TCA cycle intermediates(105). pS3 can upregulate glu-
taminase 2, which increases the conversion of glutamine to glutamate
that can be ultimately used to make aKG (157,158). The net effect of
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this can lead to increased flux through the TCA cycle and increased
oxidative phosphorylation.

There are multiple ways by which p53 can attenuate glycolysis,
including promoting the inactivation of phosphoglycerate mutase
(159) and repressing the glucose transporters GLUT1 and GLUT4
(160). p53 also upregulates TP53-induced glycolysis and apoptosis
regulator, a fructose-2,6-bisphosphatase that lowers the intracellular
concentration of fructose-2,6-bisphosphate resulting in a decrease
in glycolysis and an increase in oxidative phosphorylation (161).
Furthermore, p53 also influences the PPP, by binding to and inhib-
iting the activation of glucose-6-phosphate dehydrogenase, the first
rate-limiting step enzyme of the PPP (162).

Additionally, recent data have suggested that p53 status may influ-
ence the role of autophagy in PDA progression using a PDA geneti-
cally engineered mouse model where Kras is activated concurrently
with ATGS or ATG7 loss and both copies of p53 are embryonically
deleted. In the setting of combined loss of p53 and autophagy impair-
ment, tumor formation may actually be accelerated. This is in con-
trast to tumors where Kras is activated and autophagy abrogated in
the setting of an intact p53 locus. Here, tumor progression is com-
pletely inhibited (163). One issue not addressed in this study con-
cerns the way p53 is mutated/lost in a physiological cancer setting.
In this study, the homozygous deletion of p5S3 embryonically creates
a situation where p53 is never present in the tissue prior to tumor
development. Although these data are certainly of great interest, it
would be valuable to study the role of autophagy in PDA progression
in a more physiological setting, with p53 being lost as the tumor pro-
gresses. Indeed data from our group have shown that ATGS loss in a
PDA genetically engineered mouse model where p53 is lost stochasti-
cally by loss of heterozygosity significantly impairs PDA progression
(unpublished data).

Other tumor suppressor genes involved in PDA also have roles
in cellular metabolism. This includes the liver kinase B1 (LKB1),
a serine threonine kinase that phosphorylates adenosine monophos-
phate-activated protein kinase (AMPK) (164). Patients with germline
mutations of LKB1 (Peutz-Jeghers syndrome) have a significantly
increased risk of developing PDA (165) and LKB1 haploinsuffi-
ciency cooperates with oncogenic Kras in a PDA mouse model (166).
Although the metabolic consequences of LKB1 loss in PDA have not
been well studied, downstream effectors of LKB1 such as AMPK have
critical roles in metabolism, suggesting that PDA metabolism may be
altered upon LKB1 loss. For example low energy levels result in sta-
ble AMPK phosphorylation and activation by LKB1 (164). In turn,
AMPK stimulates ATP-producing catabolic pathways (glycolysis and
fatty acid oxidation) and attenuates ATP-consuming anabolic path-
ways (lipogenesis, protein synthesis) (167,168). In fact, this switch to
fatty acid oxidation has the net benefit of increasing NADPH levels in
cells (169). Lastly, LKB1-AMPK signaling also positively regulates
autophagy through activation of ULK1 and through inhibition of the
mTOR pathway (168,170), suggesting that the LKB1 mutant tumors
may have reduced autophagy, compared with tumors with LKB1
intact. Therefore, it would be interesting to understand how LKB1
mutant PDA tumors deal with energy or other metabolic stressors.

Other metabolic pathways

Lipids and fatty acids

Lipids and fatty acids are important for tumor cell growth and as men-
tioned previously, Ras-transformed cells have developed mechanisms
to scavenge free fatty acids from the extracellular environment (85).
The role of individual fatty acids in PDA metabolism has recently
begun to be explored. Interestingly, there are both pro- and antitumo-
rigenic properties of different fatty acid species described in various
cancers making the biology complex (171,172).

Several recent studies have shown that PDA tumors have lower lev-
els of fatty acids than corresponding normal tissues. For example in a
proton magnetic resonance study (HNMR), lipids, choline-containing
compounds and fatty acids were found decreased in pancreatic cancer



compared with normal pancreatic tissue (173). Palmitoleic acid was
found to be decreased in rat models of PDA (bearing oncogenic Kras),
both in the tumor tissue and in the serum, compared with control ani-
mals (174). In another study that combined transcriptomic and prot-
eomic approaches to compare PDA with matched non-tumor tissue
from the same patients, fatty acids were shown to be consistently
decreased in PDA (175). The proposed mechanism was that specific
lipases (PNLOP, CLPS, PNLIPRP1 and PNLIPRP2) are downregu-
lated in PDA, thereby resulting in a decrease in the content of free
fatty acids. These include palmitic and stearic acids, two saturated
fatty acids shown to induce apoptosis and inhibit proliferation of PDA
cell lines (175). Along these lines, other fatty acids with antitumo-
rigenic properties have been described such as N-3 polyunsaturated
acids, which can impair PDA progression (176).

Lipids, however, can also be protumorigenic, with a high-fat diet
promoting tumor growth in murine models of pancreatic cancer (177).
Although this may not be due to direct effects of the lipids on the
tumor cells themselves, there is evidence for direct protumorigenic
effects of fatty acids in PDA. Indeed, lipid metabolism is likely to
be an important source of energy in PDA and consistent with this,
PDA cell lines treated with oleic and linoleic acid display increased
proliferative rates (178). The metabolism of fatty acids can also gen-
erate ROS as it is the case with linoleic acid (179), a potentially pro-
or antitumorigenic factor in PDA (depending on the levels of ROS),
which could also explain why in some contexts fatty acids are growth
suppressive and in others growth promoting.

Even if reducing the levels of certain fatty acids is apparently
important for PDA, it remains to be determined which fatty acids are
cytotoxic for tumor cells and which fatty acids provide the tumor with
metabolic substrates. One possible explanation for the fatty acid level
reduction in PDA could be that they are being rapidly metabolized by
the tumor cells. It would therefore be of great interest to understand
the complex role of lipids in PDA through detailed metabolic studies.

Nicotinamide adenine dinucleotide biosynthesis

Nicotinamide adenine dinucleotide (NAD) is a crucial cofactor in
redox reactions in many metabolic pathways (180). NAD can be
found in oxidized (NAD+) or reduced (NADH) forms. It is a crucial
factor for both the TCA cycle and glycolysis, with NAD reduction
being required for the conversion of glyceraldehyde-3-phosphate into
1,3-biphosphoglycerate. It also is used as an electron donor to make
ATP via oxidative phosphorylation. NAD has other roles in the cell
other than its oxidative potential. NAD regulates transcription factors
involved in pathways linked to inflammation, cell cycle progression,
apoptosis, metabolism or DNA repair. For a review see ref. 181.

There are two main pathways for NAD synthesis in a cell: de novo
synthesis, from the amino acids tryptophan or aspartic acid or the sal-
vage pathway, where NAD is recycled from compounds containing
nicotinamide (180,182). The salvage synthesis pathway is essential to
maintain NAD levels in mammals and is dependent on nicotinamide
phosphoribosyltransferase, the rate-limiting enzyme that converts
nicotinamide to nicotinamide mononucleotide. Blocking this enzyme
with a specific chemical inhibitor (FK866) will lower NAD levels in
cell, which can lead to cell death in many cancer types (183). As can-
cer cells rely on NAD availability, targeting NAD indirectly through
nicotinamide phosphoribosyltransferase can be seen as a possible
therapeutic target (184,185). A recent study demonstrated that PDA
cells depend on NAD metabolism for their survival, with promising
preclinical results when targeting nicotinamide phosphoribosyltrans-
ferase both genetically and with FK866 (184).

Conclusions

There has been much work done recently to define the spectrum of
metabolic changes in PDA. Importantly, many of these metabolic
changes appear to facilitate or be required for growth. Because tumor
specific events, such as Kras mutations, play a critical role in driving
much of the metabolic alterations in PDA and moreover because some
of these alterations have been shown to be dispensable in normal cells,

The complex landscape of pancreatic cancer metabolism

there is an exciting opportunity for therapeutic intervention. Indeed,
the unique metabolism of PDA cells that allows their survival and
proliferation could also be seen as their Achilles heel. As discussed
in this review, our understanding of the complex metabolism of PDA
suggests a number of rationally designed combination therapies that
could be utilized in this deadly disease. Because metabolic enzymes
are catalytic, they are potentially amenable to inhibition using small
molecules and therefore we will probably see an increasing amount
of metabolic-targeted therapies in the coming years. As metabolism
is a complex and interconnected network, many unanswered ques-
tions still remain. However, as our disease models are improving and
our capacity to measure complex metabolic reactions in aggregate are
becoming more accessible and more robust, the future holds great
promise.
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