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Abstract
Oncogenic KRAS mutation is the signature genetic event in the progression and growth of
pancreatic ductal adenocarcinoma (PDAC), an almost universally fatal disease. Although it has
been appreciated for some time that nearly 95% of PDAC harbor mutationally activated KRAS, to
date no effective treatments that target this mutant protein have reached the clinic. A number of
studies have shown that oncogenic KRAS plays a central role in controlling tumor metabolism by
orchestrating multiple metabolic changes including stimulation of glucose uptake, differential
channeling of glucose intermediates, reprogrammed glutamine metabolism, increased autophagy,
and macropinocytosis. Here we review these recent findings and address how they may be applied
to develop new PDAC treatments.
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Mutant KRAS drives PDAC development
The recognition over thirty years ago that mutationally activated RAS genes are present in
human cancer cells led to intense efforts to understand the Ras protein structure,
biochemistry, and biology; studies that arguably shaped our understanding of the molecular
biology of cancer today [1,2]. The three human RAS genes (HRAS, NRAS, and KRAS)
encode four highly homologous (83–90% sequence identity) ~21 kDa small GTPases
(Figure 1a), meaning that they cycle between a GTP-bound “on” state and a GDP-bound
“off” state (Figure 1b). This cycle is mediated by two other classes of proteins: guanine
nucleotide exchange factors (RasGEFs; e.g., Sos1), which promote activation of Ras by
aiding in the exchange of GDP for GTP, and GTPase-activating proteins (RasGAPs; e.g.,
neurofibromin), which drive Ras-mediated GTP hydrolysis and hence inactivation. Aside
from a few rare exceptions, mutationally activated Ras proteins found in human cancers
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result predominantly from one of three single point mutations at residues G12, G13 or Q61.
Oncogenic substitution of G12 or G13 leads to constitutive activation of Ras by creating
steric hindrance that prevents the formation of van der Waals interactions between Ras and
RasGAPS [3], whereas substitutions of Q61 interfere with the coordination of a water
molecule necessary for GTP-hydrolysis [4]. Constitutive activation of Ras results in the
persistent stimulation of its multitude of downstream signaling partners, which results in
many of the phenotypic hallmarks of cancer including increased proliferation, the
suppression of apoptosis, altered metabolism, alteration of the tumor microenvironment,
evasion of the immune response, and metastasis [5].

Although it is evident that the different RAS isoforms are unequal in terms of their role in
human cancer, the mechanisms governing this observation are not understood. There is
nearly exclusive mutation of KRAS in pancreatic, colon, and lung cancer; whereas HRAS
mutations are associated with skin (keratinocyte), head and neck, and bladder tumors; and
NRAS mutations are present in haematopoietic and skin (melanocyte) malignancies [2]. In
terms of the distribution of missense RAS mutations across the entire cancer genomic
landscape, mutation of KRAS occurs most frequently, accounting for 85% of RAS mutations,
followed by NRAS (12%), with HRAS mutations relatively rare (3%) [1]. Although
oncogenic KRAS was first associated with PDAC decades ago, recent exome sequencing
established that KRAS is the most frequently mutated gene in PDAC (95%), the predominant
form of pancreatic cancer (~90%) [6,9]. The frequency and specific substitutions show
cancer type differences, with 98% of KRAS mutations in PDAC occurring at position G12
(Figure 2). Of the eight different substitutions found at this position, the predominant
substitution is G12D. In PDAC, KRAS mutation is an early and initiating event as it has been
shown that over 90% of low-grade pancreatic intraepithelial neoplasia (PanIN) lesions
(Figure 3) harbor oncogenic KRAS mutations [7]. PanINs are graded from stage I to III, and
along this continuum they display increasing disorganization and nuclear abnormalities, with
high-grade PanINs ultimately transforming into true PDAC. Molecular profiling studies
have reinforced the PanIN-to-PDAC progression by demonstrating that KRAS mutation is
followed by subsequent inactivation of the tumor suppressor gene CDKN2A (or INK4A/
ARF, which encodes p14/Arf and p16/INK4A), followed by inactivation of two other tumor
suppressor genes TP53 and SMAD4 (Figure 3) [8]. Comprehensive genetic analysis has
revealed that PDAC is an extremely complex and heterogeneous disease [6,9], and
throughout the progressive accumulation of mutations, KRAS continues to drive PDAC
development by contributing to tumor maintenance [10–12]. Furthermore, gene expression
analysis has revealed the presence of at least three different subtypes of PDAC, which
exhibit distinct differences in many important aspects of cancer cell biology including cell
morphology, gene expression, and in vitro response to therapy [13].

The considerable experimental evidence for the role of mutant KRAS as a driver of cancer
development and growth has prompted an intensive effort to identify pharmacologic
approaches to block aberrant Ras function for cancer treatment (Figure 4). However, to date,
these strategies have not transitioned any effective anti-Ras strategies into the clinic. The
development of potent and selective direct inhibitors of Ras have not been successful,
leading to a widely held perception that Ras is “undruggable”, although recent studies argue
that this approach may still hold promise [14–16]. The intensive efforts in the 1990s to
develop inhibitors of Ras posttranslational modifications that promote the membrane
association and subcellular localization critical for Ras to drive cancer growth led to the
development of farnesyltransferase (FTase) inhibitors (FTIs) (Figure 4). Despite promising
preclinical results, clinical trials with FTIs were disappointing as, although FTIs blocked the
association of H-Ras with the plasma membrane, they lacked antitumor activity in cancers
involving mutant K-Ras and N-Ras due to the unforeseen compensatory activity of the
FTase-related enzyme geranylgeranyltransferase-I, which modifies RAS with a
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geranylgeranyl, rather than a farnesyl group. However, recent approaches to disrupt K-Ras
membrane association continue to be pursued. Of particular interest has been the recent
development of a small molecule inhibitor of PDEδ, a protein that binds to Ras and regulates
its trafficking between membrane compartments [17]. The efficacy of an inhibitor of PDEδ-
Ras interaction would not be bypassed by alternative prenylation mechanisms like FTIs;
however, it is to soon to anticipate the unexpected consequences of the inhibition of Ras
regulation by PDEδ. The identification of synthetic lethal partners of mutant KRAS
generated considerable excitement for novel anti-Ras strategies that was then quickly
dampened by concerns about the robustness of some of the identified hits [18,19]. Despite
these setbacks, there is renewed interest and efforts in the search for anti-Ras drugs.

A new direction for anti-Ras efforts is suggested by recent studies linking Ras with altered
cellular metabolism. Recently, both mouse genetic and in vitro experiments have implicated
KRAS, TP53, MYC, and LKB1 not only in increased PDAC proliferation, but also in the
alteration of glucose and glutamine utilization and metabolism [20]. Herein, we will
specifically review papers describing oncogenic KRAS-driven metabolic variations that
contribute to PDAC progression and indicate the potential ways these pathways could be
targeted therapeutically.

The metabolic requirements of proliferation
Aberrant metabolism is now considered one of the hallmarks of cancer [21]. In normal, non-
proliferating cells in the presence of oxygen, glucose is metabolized to carbon dioxide by the
oxidation of pyruvate (the product of glycolysis) via the tricarboxylic acid (TCA) cycle in
mitochondria. The NADH (nicotinamide adenine dinucleotide (NAD+), reduced) produced
by the TCA cycle fuels oxidative phosphorylation, which produces a maximal amount of
ATP per glucose molecule with minimal lactate production. The study of cancer cell
metabolism has a rich history beginning in the 1920’s with the observation by Otto Warburg
and colleagues that under aerobic conditions, tumor tissues metabolize approximately
tenfold more glucose to lactate than their normal cell counterparts [22]. This observation
was originally misinterpreted as evidence that cancer cells have defective mitochondria and
impaired aerobic respiration, and are thus dependent on glycolytic metabolism; however,
subsequent work has shown that mitochondrial function is not impaired in most cancer cells
[23]. Although an explanation of the advantages of increased glycolysis in cancer cells
remains controversial [24], a prevalent hypothesis is that while inefficient in terms of net
ATP production, aerobic glycolysis supplies rapidly proliferating cells with high levels of
glycolytic intermediates that can be incorporated into the biomass required for the
generation of new cells [25]. This hypothesis is supported by the observation that several
signaling molecules that have traditionally been implicated in cell proliferation, in particular
K-Ras, also regulate metabolic pathways.

Oncogenic K-Ras alters glucose uptake and utilization
Constitutive K-Ras-mediated signaling drives the uncontrolled proliferation of PDAC. In
order to proliferate, cancer cells must have sufficient energy and biosynthetic building
blocks. Previous studies have suggested that the RAS oncogene can promote upregulated
glycolysis [26–29]. KRAS signaling promotes glucose uptake by increasing glucose
transporter GLUT1 expression, which in turn speeds up glycolytic activity and increases
lactate production [30,31]. This metabolic alteration provides a distinct survival advantage
as it has been shown that cell lines harboring oncogenic KRAS were able to survive long-
term culture in a low glucose environment [31].
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PDAC cells have been shown to have altered metabolism that is consistent with increased
aerobic glycolysis [32]. Recently, it was demonstrated that mutant KRAS enhances
expression of GLUT1 and several other genes encoding rate-limiting glycolytic enzymes,
including hexokinase 1 and 2 (Hk1, Hk2), and phosphofructokinase-1 (Pfkl), as well as
lactate dehydrogenase A (Ldha), the enzyme responsible for converting pyruvate to lactate
(Figure 5) [11]. Together, this pattern of upregulation leads to an increased glycolytic flux.
Additionally, through the upregulation of other rate-limiting enzymes, mutant K-Ras leads
to a shunting of glycolytic intermediates into anabolic pathways including the hexosamine
biosynthesis pathway (HBP) and the non-oxidative arm of the pentose phosphate pathway
(PPP) (Figure 5) [11]. The non-oxidative arm of the PPP can generate the ribose 5-
phosphate necessary for nucleic acid biosynthesis thus fueling proliferation. The HBP has
been associated with posttranslational protein modification by glycosylation and the
synthesis of glycolipids, proteoglycans, and glycosylphosphatidylinositiol anchors. The end
product of the HBP, UDP-N-acetylglucosamine (UDP-GlcNAc), is the donor sugar
nucleotide used by O-GlcNAc transferase (OGT) in the post-translational modification, O-
GlcNAcylation. Hyper-O-GlcNAcylation has been observed in PDAC and this modification
appears to aid in the avoidance of apoptosis through NF-κB activation [33]. Likewise, it has
been demonstrated in lung cancer lines that Pfk1, a key glycolytic enzyme, was inactivated
due to O-GlcNAcylation, resulting in the redirection of glycolytic flux through the PPP [34].

PDAC exhibits characteristically low vascular density and a dense stromal surrounding that,
in addition to hindering the delivery of therapeutics and contributing to overall PDAC
aggressiveness [35], aids in the formation of numerous hypoxic regions [35,36]. Hypoxia
has been shown to alter glycolytic flux in PDAC by increasing the transcription of HBP
pathway genes [37]. The presence of a transcriptional link between the hypoxic
microenvironment and PDAC metabolic signaling remains unclear. The hypoxia-dependent
regulation of metabolism is a principal and elemental function of the hypoxia-inducible
factor 1 alpha (HIF-1α) transcriptional activator [38]. Although HIF-1α has been shown to
mediate GLUT1 expression in HRAS-transformed fibroblasts [39] and Ras-dependent
glycolytic upregulation in glioblastoma [40], recent studies contend that KRAS-mediated
glucose metabolic reprogramming is not dependent on HIF-1α [11,31]. In PDAC, it appears
that downstream of oncogenic K-Ras the ERK mitogen-activated protein kinase (MAPK)
pathway is a major driver of glucose metabolism adjustments, likely mediated
transcriptionally by the Myc transcription factor [11].

Glutamine metabolism is reprogrammed by oncogenic K-Ras to maintain
redox balance

In addition to altered levels of glycolysis, cancer cells also display an increased dependence
on glutamine to power anabolic processes [41]. This was first appreciated in 1955, when it
was observed that proliferating cells in vitro consumed 10-fold more glutamine than any
other amino acid [42]. Glutamine contributes to macromolecular synthesis in cancer cells by
providing carbon to fuel the TCA cycle and nitrogen for nucleotide, nonessential amino acid
(NEAA), and hexosamine biosynthesis [43,44]. Glutamine can also provide a proliferating
cell with a significant amount of NADPH through the activity of malic enzyme (ME1)
which oxidatively decarboxylates malic acid, producing carbon dioxide, NADPH and
pyruvate [45]. The generation and maintenance of constant intracellular NADPH levels is
essentially important as NADPH reduces glutathione to maintain the redox state of the cell.

Processing of the glutamine-derived carbon skeleton in the form of glutamate begins in the
mitochondria either through glutamate dehydrogenase (GLUD1) or transaminases. The
classical GLUD1-mediated pathway has recently been shown to stimulate cancer
proliferation downstream of mTOR [46], and mediate glutaminolysis in oncogenic KRAS-
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transformed fibroblasts [30]. However, it appears that in the context of PDAC, oncogenic K-
Ras expression directs the metabolism of glutamine through a different pathway. A recent
report showed that KRAS mutant PDAC uses a unique form of glutamine metabolism to
regulate redox balance [47]. They demonstrated that in PDAC, glutamine-derived aspartate
is transported into the cytoplasm where aspartate transaminase (GOT1) converts it to
oxaloacetate, which is then converted to malate, and then to pyruvate. The conversion of
malate to pyruvate by ME1 results in an increased NADPH/NADP+ ratio in the cell, which
maintains the cellular redox state (Figure 5). Proteomic analysis supports this unique pattern
of protein upregulation in PDAC [35], and mutant K-Ras drives this metabolic
reprogramming via increasing GOT1 and decreasing GLUD1 gene expression [47], resulting
in increased flux through the GOT1-dependent pathway.

In addition to NADPH production via glutamine metabolism, there are a number of other
mechanisms whereby PDAC can maintain redox homeostasis [45,48]. Indeed, a number of
studies have suggested that PDAC cells prefer low intracellular ROS levels [49]. K-
Ras(G12D) expression was shown to increase the transcription of NRF2, which through
stable elevation of the basal Nrf2 antioxidant program, activates a ROS-detoxification
program to confer a more reduced intracellular environment [50]. The observation that
oncogenic KRAS-driven PDAC requires low ROS for optimal growth is surprising, as
increased ROS stress in cancer cells has long been viewed as an event associated with
progression [51,52]. This apparent discrepancy could be rationalized based on the dual
nature of ROS, where low levels of ROS may be growth promoting but high levels are
cytotoxic [53].

K-Ras-driven PDAC growth requires autophagy
Autophagy is a highly conserved mechanism to degrade intracellular components and
promote programmed survival of cells under metabolic stress by providing energy in the
form of ATP and building blocks such as amino acids, lipids, sugars and nucleosides [54].
The molecular machinery that controls autophagy is complex with over 30 different
autophagy-related genes (ATGs) identified in yeast, of which many are functionally
conserved in higher eukaryotes [55]. Briefly, autophagy is controlled by multiple signaling
components including those that interpret the cellular energy level (AMPK) and nutrients/
amino acid levels (mTOR), as well as growth factors. These pathways converge on a
conserved autophagy machinery including the ULK1 kinase complex, a complex between
class III phosphoinositide 3-kinase (PI3KC3) and Beclin-1 [56] which nucleates phagophore
formation, and a ubiquitin-like conjugation system (including ATG5) that is necessary for
autophagosome maturation [57]. Upon autophagy activation, an incipient phagophore
engulfs cytoplasmic components, fuses to form a double-membrane autophagosome, and
subsequently fuses with the lysosome leading to content degradation within an
autolysosomal organelle (Figure 6). The products generated by lysosomal degradation are
then released into the cytoplasm where they can be reused.

The role of autophagy in cancer is extremely complex as demonstrated by a growing
literature describing situations where autophagy can either promote or inhibit tumorigenesis
[58,59]. The majority of evidence suggests autophagy functions in PDAC, as well as more
generally in Ras-dependent tumors, to sustain tumor growth. A clinicopathological study of
samples from 71 different PDAC patients revealed that PDAC exhibited activated autophagy
and that high LC3 protein (a component of autophagosome formation) expression correlated
with poor patient outcome [60]. Furthermore, it was demonstrated that pancreatic primary
tumors and cell lines showed elevated autophagy, as determined by increased expression of
LC3 in PanIN-3, PDAC, and cell lines showing high basal autophagic flux.
Correspondingly, genetic depletion of ATG5 or pharmacological inhibition of autophagy

Bryant et al. Page 5

Trends Biochem Sci. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with chloroquine suppressed PDAC cell line growth in vitro and tumorigencity in vivo[61].
Chloroquine treatment also increased survival in a K-Ras(G12D)-driven mouse model of
PDAC. Suppression of autophagy was associated with increased ROS, elevated DNA
damage, and decreased mitochondrial oxidative phosphorylation [61]. Similar analyses in
the pancreatic cancer cell line PANC-1 and other RAS mutant human tumor cell lines
showed that high basal autophagy is necessary for the growth and survival of these cell lines
[62].

Two studies examined the interplay of autophagy dependence in KRAS mutant PDAC tumor
cells and mitochondrial function and metabolism. Yang et al. showed in PDAC cell lines
that inhibition of autophagy caused a defect in mitochondrial respiration that can be rescued
by supplying substrates for the TCA cycle [61]. They concluded that PDAC relies on
autophagy to supply bioenergetic intermediates for the TCA cycle. Guo et al. similarly
showed a defect in mitochondrial respiration upon autophagy inhibition in immortal,
nontumorigenic baby mouse kidney epithelial (iBMK) cells ectopically expressing
oncogenic HRAS or KRAS. Similarly to Yang et al., they demonstrated that autophagy
inhibition leads to a decrease in TCA cycle metabolites and attenuated mitochondrial
respiration; however, this defect in respiration was also accompanied by an accumulation of
grossly abnormal mitochondria [62]. They showed that a distinct type of autophagy,
mitophagy, appears to play an important role in improving the survival of these cells by
removing damaged mitochondria, which otherwise would contribute to increased
intracellular ROS levels [63]. While the details diverge in these studies, the unifying reliance
upon autophagy in PDAC and other RAS mutant tumors to meet metabolic demand is
striking.

Two studies in other cell types further illustrate the complex role of autophagy in
tumorigenesis and the importance of cellular context as well as experimental system. Acute
ectopic induction of oncogenic H-Ras(V12) expression in immortalized human ovarian
surface epithelial cells promoted autophagic cell death rather than growth promotion [64]. A
likely basis for the different biological consequence of Ras-induced autophagy is that, unlike
the cell types used in Guo et al., the ovarian cells studied did not undergo transformation by
oncogenic RAS. Therefore, while oncogenic RAS activated autophagy in this cell line, the
lack of growth transformation may impact what role autophagy plays in cellular fate.
Likewise, in H-Ras(V12)- transformed fibroblasts it was demonstrated that autophagy
mediated RAS-induced senescence [65]. These studies suggest that the biological outcome of
the cross talk between RAS and autophagy will vary with cell type and genetic context.
Additionally, the levels of autophagic activity may also be critical in dictating tumor cell
response to RAS-induced senescence [66].

In addition to the degradation of intracellular components through autophagy, to obtain
needed metabolitesoncogenic RAS expressing cells also endocytose extracellular fluid
through the process of macropinocytosis [67–69]. A recent report demonstrated that PDAC
cells expressing oncogenic KRAS utilized macropinocytosis to transport extracellular protein
into the cell and that this endocytosed protein served as a source of glutamine [70]. This
scavenging phenotype may be a general property of Ras-driven cancers as Ras transformed
cells were recently shown to scavenge extracellular lipids as a critical aspect of their
metabolism[71]. Thus, scavenging for various metabolic substrates serves as yet another
mechanism by which PDAC cells, as well as Kras-driven cancers in general, can support
their unique metabolic needs.
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Targeting K-Ras-mediated metabolic pathways
Although the currently pursued anti-K-Ras therapies for PDAC remain promising, the newly
appreciated connections between oncogenic KRAS and dysregulated metabolic signaling in
PDAC may provide attractive novel directions for these efforts (Figure 4). Lactate efflux
pathways, for example, represent one potential target. To sustain the high glycolytic rates
associated with PDAC, cells must secrete large amounts of lactate, as high intracellular
lactate inhibits glycolysis by negatively regulating Ldha activity. Oncogenic KRAS
contributes to this pathway by transcriptionally upregulating LDHA expression [11]. RNAi
silencing of CD147 expression, required for the function and expression of the MCT1 and
MCT4 lactate transporters that remove intracellular lactate, inhibited pancreatic cell
proliferation [72] and suppressed PDAC cell line xenograft growth in mice [73]. Le et al.
used a small molecule (FX-11) to inhibit Ldha and observed that treatment with this
inhibitor caused increased ROS production due to its inhibition of the regeneration of NAD+

and cell death. Aside from upregulating LDHA expression, K-Ras(G12D) expression in
PDAC also preferentially induces flux through the nonoxidative PPP and if this pathway is
blocked, tumorigenic activity is suppressed [11]. Thus, it is possible that PDAC cells could
be particularly susceptible to pharmacologic inhibition of the early steps of nucleotide
biosynthesis such as ribose-5-phosphate production. Furthermore, Hk2 has been identified
as an attractive target for KRAS-driven lung cancers, as systemic whole-body deletion of
HK2 in the mouse selectively targets cancer cells [74]. Based on the finding that mutant
KRAS enhances expression of HK2 [11], it is possible that it may be an attractive target for
pancreatic cancers as well. In addition, both increased glycolytic flux through the HBP [11]
and hyper-O-GlcNAcylation [33] have been observed in PDAC, suggesting that targeting
enzymes such as O-GlcNAc transferase (OGT) could be a therapeutic strategy. A recently
developed OGT inhibitor, (Ac-5SGlcNAc) [75], has been shown to inhibit cell proliferation
and soft agar colony formation of MIA PaCa-2 cells via suppression of hyper-O-
GlcNAcylation [33].

Historically, following the realization that cancer cells were sensitive to glutamine
starvation, a number of glutamine analogs were developed including 6-diazo-5-oxo-L-
norleucine, azaserine, and acivicin, all of which showed promising preclinical
chemotherapeutic activity; however, they were not successful clinically due to dose-limiting
neurotoxicity, gastrointestinal toxicity, and myelosuppression [76]. The current strategy for
targeting glutamine utilization by cancer cells is to focus on those processes that glutamine
addicted cancer cells rely on while preserving the glutamine metabolism of normal cells.
Because reliance on GOT1 for the maintenance of redox homeostasis is unique to PDAC,
and GOT1 is dispensable in normal cells, this KRAS controlled enzyme could be an exciting
therapeutic target [47]. Furthermore, Son et al. demonstrated that two previously
characterized GLS inhibitors, Compound 968 [77] and BPTES [78], have a growth
suppressive effect on PDAC cells that is enhanced when GLS inhibition is combined with
hydrogen peroxide treatment. Hydrogen peroxide treatment increases ROS, similar to
radiation in vivo, revealing that the combination of current PDAC treatments with GLS or
GOT1 inhibition could have significant therapeutic implications. However, there are
currently no clinically safe, highly specific, yet potent drugs available to target
glutaminolysis or glycolysis.

Autophagy and macropinocytosis are both biological mechanisms that provide the cell with
amino acids, including glutamine, which aid in driving tumorigenic metabolism.
Consequently, by targeting these pathways, glutamine starvation can be achieved. The
finding that RAS-transformed cells depend on autophagy for survival [62], suggests that
cancers with high levels of mutant Ras proteins will be particularly susceptible to autophagy
inhibition. The autophagy inhibitor hydroxychloroquine (HCQ) is already approved by the
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FDA for the treatment of malaria and various rheumatological diseases. HCQ has been used
in combination with chemotherapeutic drugs, radiation, and immunotherapy in cancer
treatment clinical trials [79]. There are multiple early phase studies exploring the use of
HCQ in pancreatic cancer in various therapeutic combinations and in various stages of the
disease (NCT01128296, NCT01506973, NCT01494155, NCT01273805). It should be noted
that HCQ is actually an inhibitor of lysosome acidification, and hence is not specific to the
autophagy pathway. In fact, this may prove beneficial, as it would inhibit other pathways
that use the lysosome for degradation, such as macropinocytosis. However, further
elucidation of the specific mediators of autophagy in PDAC could yield surprising new
targets with a favorable therapeutic index.

Concluding Remarks
We have summarized and highlighted the recently defined role of oncogenic KRAS in the
regulation of altered metabolic signaling pathways in PDAC, a clinically challenging disease
in dire need of new treatments. The original, simplistic view that tumor cells exhibit
enhanced glycolysis due to impaired mitochondria has been replaced with the understanding
that tumor cells rewire metabolic pathways to serve their specific proliferative needs.
Furthermore, it is becoming clear that this rewiring is orchestrated by well-known
oncogenes, such as KRAS. Oncogenic KRAS increases glucose uptake and redirects the flux
of carbon through pathways such as the PPP to fuel biosynthesis, and by increasing the
transcription of lactate transporters, KRAS furthers the enhanced glycolytic state of PDAC.
To maintain redox balance, mutant KRAS alters glutamine utilization by increasing
transcription of transaminases, which send the glutamine carbon skeleton down a metabolic
pathway that fuels NADPH production. To supply cells with as much glutamine and other
amino acids as possible, oncogenic KRAS also drives macropinocytosis of extracellular
fluids in PDAC cells. Additionally, autophagy is upregulated by KRAS in PDAC to support
cell survival, potentially by restraining oxidative damage and maintaining energy
homeostasis. The elucidation of these links between oncogenic KRAS and metabolic
signaling has opened up new lines of investigation, the pursuit of which could lead to the
design of new PDAC therapeutics.
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Highlights

KRAS is the most frequently mutated gene in PDAC and drives cancer development
and growth.

Oncogenic KRAS alters cellular glucose uptake, glycolytic flux, and glutamine
usage.

Autophagy and macropinocytosis are upregulated by mutant KRAS to assist PDAC
survival.

Mechanisms of oncogenic KRAS-driven metabolism may yield new anti-KRAS
therapeutics.
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Figure 1.
Human Ras proteins are small GTPases. (a) The human RAS genes encode 188 or 189
amino acid proteins that share strong (82–90% overall) amino acid identity; percentages
indicate identity with H-Ras. KRAS encodes two related proteins (K-Ras4A or K-Ras4B;
90% identity) due to alternative exon four utilization, with KRAS4B the predominant
transcript in pancreatic tissue. Residues 1–164 comprise the G domain that binds and
hydrolyses GTP (93–99% sequence identity). The remaining 24/25 C-terminal residues
(shown in inset) comprise the membrane targeting sequence (16–40% identity), where the
C-terminal four residues comprise the CAAX motif (shaded in pink; C = cysteine, A =
aliphatic; X = terminal amino acid) that signals for farnesyltransferase-catalyzed covalent
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addition of a C15 farnesyl group to the cysteine residue. The 20/21 amino acids upstream of
the CAAX motif comprise the hypervariable (HV) region (shaded in blue) where the Ras
proteins exhibit the greatest sequence divergence. Within the HV domain are additional
membrane targeting sequence elements that include cysteines that are covalently modified
by addition of a palmitate fatty acid (green, underlined ‘C’) or polybasic sequences that
promote association with the membrane (blue K). K-Ras4B contains a serine (S181) that is
reversibly phosphorylated (yellow circle), regulating localization between the plasma and
endomembranes. (b) Mutant K-Ras is persistently GTP-bound and active. Wild type K-Ras
cycles between an active GTP-bound and an inactive GDP-bound state. In normal quiescent
cells, K-Ras is predominantly GDP-bound. Upon growth factor stimulation, RasGEF
activation promotes transient formation of K-Ras-GTP, promoting its binding to
downstream effectors (E; e.g., Raf, PI3K). The cycle is terminated by the action of
RasGAPs, returning K-Ras to the inactive GDP-bound state. Single amino acid substitutions
at G12, G13 or Q61 impair the intrinsic GTP binding and hydrolytic activity of K-Ras, and
additionally render the protein insensitive to GAP stimulation, favoring accumulation of
persistently GTP-bound and active K-Ras in PDAC. Arrow line thickness corresponds to the
level of signaling, i.e. in normal cells Ras is predominantly in the GDP-bound state due to
relatively higher GAP activity and thus signals less to downstream effectors.
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Figure 2.
KRAS mutations in PDAC. (a) Missense mutations result in single amino acid substitutions
primarily at G12 (98%), and at lower frequencies at G13 (21%) or Q61 (28%). (b) At G12,
eight different amino acid substitutions have been identified, with G12D the predominant
mutation (51%). (c) At G13, four different mutations have been described, with the majority
G13D. (d) Mutation at Q61 also results in constitutive activation, and among the three
mutations described, Q61H occurs most frequently. There is increasing evidence that the
different activating mutations may not have the same biochemical and biological
consequences. Data were compiled from COSMIC (http://cancer.sanger.ac.uk/
cancergenome/projects/cosmic/).
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Figure 3.
Histologic and genetic progression of pancreatic ductal adenocarcinoma. Pancreatic
intraepithelial neoplasias (PanINs), small microscopic abnormal duct structures, are believed
to be precursors to invasive pancreatic cancer. While the true precursor cell for PDAC
development remains to be fully elucidated, mouse model studies where targeted KRAS
activation in acinar cells causes PanIN lesion development suggest that this is the cell of
origin for PDAC. The four predominant gene mutations appear to occur in a temporal
fashion with PanIN progression. KRAS activating mutations can be found in normal
pancreas and PanIN-1. CDKN2A inactivating mutations appear to occur early, in PanINs
with low- to intermediate-grade dysplasia, whereas TP53 and SMAD4 inactivating mutations
appear to be late events, and occur in PanINs with high-grade dysplasia and in invasive
cancer. CDKN2A encodes p14/Arf and p16/Ink4a, an inhibitor of CDK4/6 and G1 cell cycle
progression. TP53 encodes the p53 tumor suppressor, a regulator of the cell cycle that is
responsible for maintaining cellular and genetic stability. SMAD4 encodes Smad4, a
downstream component of the TGF-β signaling network. Oncogenes are indicated with
green arrows and tumor suppressors with red arrows.
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Figure 4.
Anti-Ras drug discovery. Past and ongoing efforts to develop anti-K-Ras inhibitors have
included inhibitors of membrane association and downstream effector signaling. Inhibitors
of FTases advanced to Phase III clinical evaluation but did not show significant anti-tumor
activity for pancreatic cancer. Currently, there are 22 inhibitors of Raf, MEK and/or ERK
under clinical evaluation (clinicaltrials.gov). Similarly, 43 inhibitors of the class I PI3K lipid
kinases and their downstream targets, the AKT and mTOR protein kinases, are currently
under clinical evaluation. Only recently have small molecules that directly bind to K-Ras
and cause perturbations in function been described and characterized in cell culture models.
Unbiased genetic functional RNAi screens have identified genes (synthetic lethal
interactors) whose functions are essential for the growth of KRAS mutant but not wild type
cells. The dashed two-headed arrow indicates a functional relationship between KRAS and
the interactor that is typically not mediated through a clear signaling mechanism that
connects the two components.
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Figure 5.
Glucose and glutamine metabolism is altered by oncogenic K-Ras. Oncogenic K-Ras directs
glucose metabolism into biosynthetic pathways in PDAC by upregulating many key
enzymes in glycolysis. Oncogenic K-Ras induces nonoxidative pentose phosphate pathway
(PPP) flux to fuel increased nucleic acid biosynthesis and activates the hexosamine
biosynthesis and glycosylation pathways. PDAC cells also utilize a non-canonical pathway
to process glutamine, through which it is used to maintain redox and support growth.
Enzymes that show increased activity under the control of oncogenic K-Ras are shown in
red, and metabolites that are increased are boxed in orange. Glut1, glucose transporter 1; Hk
1/2, hexokinase 1/2; Pfk1, phosphofructokinase 1; Eno1, enolase 1; Pkm, pyruvate kinase;
Ldha, lactate dehydrogenase A; Gfpt1, glucosamine-fructose-6-phosphate
aminotransferase-1; GlcN, glucosamine; GlcNAc, N-acetylglucosamine; Rpe, ribulose-5-
phosphate-3-epimerase; Rpia, ribulose-5-phosphate isomerase; GLUD1, glutamate
dehydrogenase 1; GOT, aspartate transaminase; GLS, glutaminase; ME1, malic enzyme.
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Figure 6.
KRAS-driven transcriptional reprogramming contributes to the utilization of autophagy and
macropinocytosis to meet the metabolic needs of PDAC cells. Macropinocytosis is utilized
to transport extracellular protein into the cell. Following degradation, the internalized
protein yields amino acids such as glutamine, which can enter the mitochondria to fuel
central carbon metabolism. Autophagy recycles cellular components to basic building blocks
such as nucleosides, sugars, and amino acids that can be exploited to fuel nucleic acid
biosynthesis and glutaminolysis. Through mitophagy, Ras-driven tumor cells can remove
damaged mitochondria, which would otherwise increase ROS stress.
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