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Pancreatic ductal adenocarcinoma (PDAC) is one of the most fatal malignancies
with an extremely poor prognosis. Energy metabolism reprogramming, an emerging
hallmark of cancer, has been implicated in the tumorigenesis and development of
pancreatic cancer. In addition to well-elaborated enhanced glycolysis, investigating
the role of reprogramming of amino acid metabolism has sparked great interests in
recent years. The rewiring amino acid metabolism orchestrated by genetic alterations
contributes to pancreatic cancer malignant characteristics including cell proliferation,
invasion, metastasis, angiogenesis and redox balance. In the unique hypoperfused
and nutrient-deficient tumor microenvironment (TME), the interactions between cancer
cells and stromal components and salvaging processes including autophagy and
macropinocytosis play critical roles in fulfilling the metabolic requirements and supporting
growth of PDAC. In this review, we elucidate the recent advances in the amino acid
metabolism reprogramming in pancreatic cancer and the mechanisms of amino acid
metabolism regulating PDAC progression, which will provide opportunities to develop
promising therapeutic strategies.

Keywords: pancreatic cancer, amino acid metabolism, tumor microenvironment, metastasis, angiogenesis, redox
balance

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC), the most common type of pancreatic cancer, is the
most lethal malignancy with a 5-year survival rate of <9%. PDAC is the fourth leading cause of
cancer-related death in the United States (1). It was estimated that there were 458,918 new cases
being diagnosed and 432,242 deaths emerged in patients with pancreatic cancer worldwide in 2018
(2). The low survival rate of PDAC is associated with the lack of early typical symptoms. Most
patients only presented anorexia and weight loss at early PDAC stages and are not diagnosed
until at advanced stages or with distant metastases, which resulted in the loss of the best
operative opportunity. Currently, surgical resection is the only curative manner for PDAC and
advanced patients can only receive conservative treatments such as FOLFIRINOX chemotherapy.
Correspondingly, numerous therapeutics including chemotherapy, radiotherapy, immunotherapy,
and targeted therapy have not shown significant improvement in long-term survival rate of
patients with PDAC (3). The high aggressiveness of PDAC is attributed to the ample desmoplastic
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microenvironment which plays a critical role in tumor
growth, invasion, metastasis, angiogenesis, immunosuppression,
and chemoresistance. Therefore, a better understanding of
the complex biological characteristics of pancreatic cancer
is necessary.

Proliferating cancer cells usually exhibit energy metabolism
adjustments to support the rapid cell growth and division, which
is an emerging hallmark of cancer known as “energy metabolism
reprogramming” that is closely related to PDAC malignant
biological behaviors (4). Existing studies suggest that aerobic
glycolysis and abnormal lipid metabolism play important roles

Abbreviations: ACC, Acetyl-CoA carboxylases; ACLY, ATP citrate lyase;
ALL, Acute lymphoblastic leukemia; ~AMPA, a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate; AMPARs, a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionate receptors; AMPK, AMP-activated protein kinase;
ARG2, Arginase 2; ASL, Argininosuccinate lyase; ASNase, L-asparaginase;
ASNS, Asparagine synthetase; ASS, Argininosuccinate synthetase; ATF4,
Activating transcription factor 4; BCAAs, Branched-chain amino acids;
BCAT1, Branched-chain amino acid transaminase 1; BCAT2, Branched-chain
amino acid transaminase 2; BCKAs, Branched-chain a-keto acids; BCKDHA,
Branched-chain a-keto acid dehydrogenase a; BPTES, Bis-2-(5-phenylacetamido-
1,2,4-thiadiazol-2-yl)ethyl sulfide; BPTES-NPs, Bis-2-(5-phenylacetamido-1,2,4-
thiadiazol-2-yl)ethyl sulfide nanoparticles; BSO, L-Buthionine-(S,R)-sulfoximine;
CAFs, Cancer-associated fibroblasts; CARMI, Coactivator-associated arginine
methyltransferase 1; CNS, Central nervous system; CRC, Colorectal cancer;
CREB2, cAMP-responsive element binding 2; CSCs, Cancer stem cells; DNMT,
DNA methyltransferase; EAAs, Essential amino acids; ECs, Endothelial cells;
EDD, E3 ubiquitin ligase identified by differential display; EMT, Epithelial
to mesenchymal transition; EMT-TFs, EMT-inducing transcription factors;
eNOS, Endothelial nitric oxide synthase; ER, Endoplasmic reticulum; ERY-ASP,
Asparaginase encapsulated in erythrocytes; FAO, Fatty acid oxidation; FASN,
Fatty acid synthase; FOXO3, Forkhead box transcription factor O 3; GABA,
y-aminobutyric acid; GABRP, y-aminobutyric acid type A receptor pi subunit;
GAD, Glutamic acid decarboxylase; GCL, Glutamate cysteine ligase; GCN2,
General control non-derepressible 2; GEMMs, Genetically engineered mouse
models; GLS, Glutaminase; GLUD, Glutamate dehydrogenase; GLUL, Glutamate
ammonia ligase; GOT, Glutamate-oxaloacetate transaminase; GPT, Glutamate-
pyruvate transaminase; GR, Glutathione reductase; GS, Glutathione synthetase;
GSH, Glutathione; GSSG, Glutathione disulfide; HDAC, Histone deacetylase; HIF,
Hypoxia-induced factor; HO-1, Heme oxygenase-1; HUVECs, Human umbilical
vein endothelial cells; IDHI, Isocitrate dehydrogenase 1; IDO, Indoleamine
2,3-dioxygenase; iGluRs, Ionotropic glutamate receptors; IKKp, I-kappa-B-kinase
B; iNOS, Inducible nitric oxide synthase; IPMN, Intraductal papillary mucinous
neoplasm; KARs, Kainate receptors; IncRNA, Long non-coding RNA; MDHI,
Malate dehydrogenase 1; ME1, Malic enzyme 1; ME2, Malic enzyme 2; mGluRs,
Metabotropic glutamate receptors; MMPs, Matrix metalloproteinases; mTOR,
Mammalian target of rapamycin; mTORC1, Mammalian target of rapamycin
complex 1; mutp53, Mutant p53; NAD, Nicotinamide adenine dinucleotide;
NEAAs, Non-essential amino acids; NF-kB, Nuclear factor kB; NMDA, N-
methyl-D-aspartate; NMDARs, N-methyl-D-aspartate receptors; nNOS, Neuronal
nitric oxide synthase; NO, Nitric oxide; NOS, Nitric oxide synthase; NQOI,
NADPH:quinone oxidoreductase 1; NSCLC, Non-small cell lung carcinoma;
OAA, Oxaloacetate; OS, Overall survival; P5C, A!-pyrroline-5-carboxylate;
P5CDH, Al-pyrroline-5-carboxylate dehydrogenase; P5CS, P5C synthase; PanIN,
Pancreatic intraepithelial neoplasia; PDAC, Pancreatic ductal adenocarcinoma;
PDH, Pyruvate dehydrogenase; PEG-ADI, Pegylated arginine deiminase; PES,
Progression-free survival; PNET, Pancreatic neuroendocrine tumor; POX, Proline
oxidase; PP2A, Protein phosphatase 2A; PPARy, Peroxisome proliferator-activated
receptor gamma; PRODH, Proline dehydrogenase; PSCs, Pancreatic stellate cells;
PYCR, P5C reductase; ROS, Reactive oxygen species; RRM2, Ribonucleotide
reductase subunit M2; SAM, S-adenosyl methionine; SREBP1, Sterol regulatory
element-binding protein 1; 8-lap, 8-lapachone; SYK, Spleen tyrosine kinase; TCA,
Tricarboxylic acid; TME, Tumor microenvironment; TRIM21, Tripartite-motif-
containing protein 21; VEGE Vascular endothelial growth factor; VEGFR-2,
Vascular endothelial growth factor receptor 2; a-KG, a-ketoglutarate.

in pancreatic cancer progression (5, 6). In addition to glucose
and lipid metabolism reprogramming, aberrant amino acids
metabolism also contributes to fuel fast growth and proliferation
of cancer cells. There are 20 standard amino acids to be used for
synthesizing proteins in adult body with 8 called essential amino
acids (EAAs) and the others called non-essential amino acids
(NEAAs). Among the NEAAs, several conditionally essential
amino acids such as arginine, cysteine, glycine, glutamine,
proline, and tyrosine become dietarily required under special
pathophysiological conditions such as cancerous diseases (7).
For instance, glutamine, the most abundant amino acid in
blood, has been well-investigated to participate in multiple
biological processes which are required for cancer cell growth
and proliferation. Glutamine can replenish the tricarboxylic
acid (TCA) cycle as an anaplerotic substrate and is also the
indispensable nitrogen donor for the biosynthesis of purines,
pyrimidines, NEA As, nicotinamide adenine dinucleotide (NAD),
and glucosamine. In addition to providing carbon and nitrogen
for macromolecular synthesis in cancer cells, glutamine also
drives the uptake of EAAs and activates the mammalian target
of rapamycin (mTOR) to promote tumor growth (8). Notably,
glutamine is essential to maintain redox homeostasis and support
tumor growth of PDAC cells in an oncogenic KRAS-driven
manner (9). In recent years, increasing studies focus on the amino
acids metabolism in PDAC development and progression, which
can be mediated by metabolic alterations, redox control, and
epigenetic regulation (10-12). More importantly, based on the
above energy metabolism reprogramming, pharmacologic and
dietary interventions targeting deregulated cancer metabolism
has been considered for clinical therapies (13). In this review,
we formulate the amino acid metabolism reprogramming in
pancreatic cancer and the mechanisms of amino acid metabolism
regulating PDAC progression. Finally, we discuss the therapeutic
strategies of targeting PDAC amino acid metabolism.

REGULATION OF THE REPROGRAMMED
AMINO ACID METABOLISM IN PDAC

It has been well-demonstrated that both genetic alterations
and unique microenvironment determine the development of
pancreatic cancer (14, 15). Whole genome sequencing studies
have confirmed the genomic alterations in the progression of
early pancreatic intraepithelial neoplasia (PanIN) lesions to
metastatic PDAC. KRAS mutation is an initiating and driver
gene during pancreatic cancer development and is found to
mutate the most frequently in over 90% PDAC cases. Moreover,
subsequent inactivation of the tumor suppressor genes CDKN2A,
TP53, and SMAD4 are also frequently observed during PDAC
progression (16, 17). Increasing evidence has demonstrated that
pancreatic tumor microenvironment (TME) plays an essential
role in PDAC progression and therapeutic resistance. Given
the emerging role of the cellular metabolism reprogramming
in tumorigenesis and progression, it is logical to conclude that
genetic alterations and TME related to PDAC development
also participate in the metabolic rewiring process. Therefore,
investigating the effects of genetic alterations and interplay
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between cancer cells and microenvironmental components
on amino acid metabolism reprogramming helps to better
understand PDAC biological characteristics.

Genetic Alterations

KRAS

In humans, three RAS genes including HRAS, NRAS, and
KRAS encode four highly homologous ~21 kDa small GTPases:
HRAS, NRAS, KRAS4A, and KRAS4B. Activated RAS proteins
contribute to many of malignant hallmarks of tumor including
promotion of proliferation, suppression of apoptosis, metabolism
reprogramming, remodeling the microenvironment, evasion of
the immune response, and acquisition of metastatic properties
(18). Among the different RAS isoforms, KRAS mutation is
found in over 90% PDAC. Proliferating cancer cells require
increased uptake of glutamine for their excessive need,
making it conditionally essential for the growth of many
types of cancer. Glutamine-derived glutamate supports the
viability and proliferation of cancer cells by replenishing
tricarboxylic acid (TCA) cycle intermediate a-ketoglutarate
(a-KG) that is mediated by either glutamate dehydrogenase
(GLUD) or aminotransferases alanine aminotransferase
(also known as glutamate-pyruvate transaminase, GPT)
and aspartate aminotransferase (also known as glutamate-
oxaloacetate transaminase, GOT) (8). Son et al. identified a
non-canonical glutamine metabolism pathway in a KRAS-driven
GOT1-malate dehydrogenase 1 (MDHI)-malic enzyme 1
(ME1)-mediated manner in PDAC, which is critical to maintain
redox homeostasis. Notably, the expression of GOT1 increased
and GLUDI decreased in an inducible oncogenic KRAS PDAC
mouse model, further supporting the notion that KRAS plays
a key role in shifting glutamine metabolic pathways in PDAC
(9). A recent study suggests that methylation on arginine
248 inhibits MDHI1 catalytic activity and dimerization by
coactivator-associated arginine methyltransferase 1 (CARM1),
and KRAS suppresses CARM1-mediated MDHI1 methylation,
contributing to glutamine metabolism in pancreatic cancer (19).
Additionally, oncogenic KRAS-induced NRF2 could upregulate
glutaminolysis through increasing the expression of major
glutamine metabolism intermediates such as GLS1, GOT1, and
Na™-independent cystine/glutamate antiporter SLC7A11 (also
known as xCT) (20).

The branched-chain amino acids (BCAAs) leucine, isoleucine,
and valine are EAAs. BCAAs can be transported by a
Na*-independent systemic L amino acid transporter SLC7A5
(also known as LATI). BCAA catabolism is mediated by the
cytosolic branched-chain amino acid transaminase 1 (BCAT1)
and mitochondrial branched-chain amino acid transaminase 2
(BCAT2) which transfer the amino groups from BCAAs to
a-KG to produce branched-chain a-keto acids (BCKAs) and
glutamate. BCAA breakdown can not only provide carbon
for synthesis of metabolites to fuel TCA cycle which can
contribute to energy production but also supply nitrogen for
de novo nucleotide and non-essential amino acid biosynthesis
in cancer (21). It has been shown that plasma BCAAs levels
are elevated in early-stage pancreatic cancers driven by mutant
KRAS (22). A recent study demonstrated that BCAT2, but not
BCAT1, was overexpressed in PanIN and PDAC ductal cells. The

authors also investigated the effect of KRAS mutation on the
expression of BCAT2 and found that KRAS stabilizes BCAT2
by inhibiting spleen tyrosine kinase (SYK) induced tyrosine
228 phosphorylation and subsequent tripartite-motif-containing
protein 21 (TRIM21) E3 ligase-mediated BCAT2 degradation.
Thus, the study highlights that BCAA-BCAT2 axis driven by
KRAS is critical for development of PDAC (23) (Figure 1).

MYC
The MYC oncogene, which is frequently deregulated among
multiple human malignancies, encodes the oncogenic
transcription factor c-Myc to drive tumorigenesis associated with
cellular proliferation, DNA replication and transcription, protein
synthesis and altered tumor cell metabolism (24, 25). C-Myc
is overexpressed in many PDAC cases and exerts as a master
regulator of essential cellular processes (26). Recently, emerging
studies have provided evidence on effects of c-Myc regulating
amino acids especially glutamine metabolism in PDAC.
c-Myc has been shown to increase levels of Nat-dependent
glutamine transporter SLC1A5 (also known as ASCT2) by
binding to its promoter region, leading to elevated uptake
of glutamine (27). Moreover, c-Myc also regulates glutamine
catabolism through increasing mitochondrial glutaminase
(GLS) expression which converts glutamine to glutamate. The
mechanism of c-Myc enhancing GLS is through c-Myc-mediated
suppression of microRNAs miR-23a and miR-23b (28). In
addition to modulating glutamine metabolism directly, other
signaling pathways are capable of regulating c-Myc activity. The
mammalian target of rapamycin complex 1 (mTORCI1)/S6K1
pathway has been indicated to positively regulate GLS and
glutamine flux through the eIF4B-dependent regulation of
c-Myc (29). Furthermore, Deng et al. recently reported a novel
long non-coding RNA (IncRNA)-mediated reciprocal feedback
loop of Myc and GLS in pancreatic cancer. They suggested
that an antisense IncRNA of glutaminase (GLS-AS) could be
transcriptionally inhibited by Myc, leading to GLS upregulation
during the deprivation of glucose and glutamine. In turn,
GLS-AS decreased Myc expression via impairment of the GLS-
mediated stabilization of Myc (30). Recently, the other IncRNA
XLOC_006390 was demonstrated to increase GLUD1 expression
by binding to and stabilizing c-Myc, enhancing a-KG production
to replenish TCA cycle and promote PDAC progression (31).
Proline, the other NEAA, has also been indicated to play
important roles in metabolism reprogramming of cancer. Phang’s
group has emphasized the metabolic link between glutamine
and proline controlled by c-MYC in human cancers. Glutamate
can be converted to proline through A!-pyrroline-5-carboxylate
(P5C) catalyzed by P5C synthase (P5CS) and subsequent P5C
reductase (PYCR). Conversely, proline catabolism mediates the
conversion of proline to glutamine through proline oxidase
(POX) also known as proline dehydrogenase (PRODH)
and Al-pyrroline-5-carboxylate dehydrogenase (P5CDH)
sequentially. It was shown that ¢-MYC could not only inhibit
POX/PRODH expression primarily through increasing miR-
23b* but also evidently increase the biosynthesis of proline from
glutamine, maintaining cancer cell survival and proliferation
(32) (Figure 1).
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The transcription factor p53 exerts its tumor suppression
functions by both inducing genes involved in cell cycle
arrest, DNA repair, or apoptosis and regulating other cellular
processes such as cell metabolism (33). The role of p53 in
glucose metabolism has been well-indicated (34). Moreover,
p53 could increase the GLS2 expression to facilitate glutamine
metabolism and regulate antioxidant defense function by
increasing intracellular reduced glutathione (GSH) levels and
decreasing reactive oxygen species (ROS) levels, which protects
cells from oxidative stress (35, 36).

However, since poor vascularization the PDAC
microenvironment and increased glutamine catabolism as
tumors grow rapidly, tumor cells are frequently exposed to a
low glutamine microenvironment. The tumor suppressor wild-
type p53 can not only inhibit proliferation but also help cells
survive and repair DNA damage (37). Emerging evidence has
shown that p53 exerts a critical role in the aberrant metabolism
in cancer and can contribute to the cellular adaptions to
metabolic stress. Kong’s group has reported that cancer cells

in

are able to survive under glutamine deprivation conditions
through the activation of p53 and related signaling pathway.
The researchers identified that both the protein phosphatase
2A (PP2A) B subunit B55q-E3 ubiquitin ligase identified by
differential display (EDD)-p53 pathway and I-kappa-B-kinase
(IKKB)-p53 signaling axis are essential for cancer cell survival
and tumor growth in response to glutamine deprivation (38, 39).
Recently, the role of p53 upregulating amino acid transporters
in response to glutamine removal has been proven. Kong et al.
demonstrated that SLC7A3, an arginine transporter, is induced
in a p53-dependent manner following glutamine deprivation,
leading to increased intracellular arginine levels. The influx
of arginine further contributes to mTORCI1 activation and
promotes cell proliferation and tumor growth (40). Tajan
et al. discovered that p53 enhances the expression of SLC1A3,
an Nat/KT/H%t-dependent aspartate/glutamate transporter
that allows the aspartate metabolism to sustain cancer cell
survival and tumor growth under glutamine starvation (41).
Additionally, p53 protein is mutated in over 50% of PDAC,
and tumor-associated mutant p53 (mutp53) protein has been
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well-known to drive aggressive cancer growth, invasion,
metastasis, and chemotherapy resistance (42). In addition to
wild type p53, the role of mutp53 protecting cancer cells from
metabolic stress has also been well-established. Kong’s group
also demonstrated that cancer cells expressing mutp53 proteins
are more resistant to low glutamine conditions than cells with
wild type p53. Specifically, mutp53 hyper-induces p53 target
gene CDKNIA (p21) expression to trigger G1/S cell cycle
arrest to promote cell survival from glutamine withdrawal (43).
Interestingly, p53 also contributes to cell survival under other
amino acid depletion conditions. Maddocks et al. established
that p53-induced p21 activation results in cell cycle arrest and
enhanced GSH flux, allowing cancer cells to combat oxidative
stress and promoting cell survival and proliferation in response
to serine depletion (44) (Figure 1).

Other Genetic Alterations

SIRT4, a mitochondria-localized sirtuin, has been well-known
to inhibit glutamine metabolism and insulin secretion from the
pancreatic  cells by inhibiting GLUD (45). Csibi et al. found
that mTORCI represses SIRT4 expression by promoting the
proteasome-mediated degradation of cAMP-responsive element
binding 2 (CREB2), resulting in promoting glutamine anaplerosis
by activating GLUD (46). Moreover, Haigis and colleagues
reported that SIRT4 functions as a tumor suppressor to
regulate the cellular metabolic response to DNA damage by
suppressing mitochondrial glutamine metabolism (47). Indeed,
a variety of human cancers including lung, bladder, gastric,
and breast cancers as well as leukemia have decreased SIRT4
expression and lower SIRT4 level was associated with poorer
prognosis (46, 47). Recently, SIRT4 has been demonstrated
to inhibit PDAC cell proliferation and serves as a negative
regulator of aerobic glycolysis in pancreatic cancer (48).
Hence, whether SIRT4 exhibits tumor suppressive functions
to negatively regulate glutamine metabolism by inhibiting
GLUD in pancreatic cancer requires more research. Tumor
suppressor gene SMAD4 is homozygously deleted in nearly
one-third of PDAC and deletion of SMAD4 can be associated
with the loss of its neighboring housekeeping gene malic
enzyme 2 (ME2). Dey et al. reveal that genomic deletion
of ME2 confers collateral lethality in pancreatic cancer via
regulation of BCAA metabolism. In ME2-null PDAC cells,
MES3 depletion leads to ROS accumulation and activation of
the AMP-activated protein kinase (AMPK), which suppresses
sterol regulatory element-binding protein 1 (SREBP1)-directed
transcription of BCAT?2, thereby resulting in a decrease in
de novo nucleotide biosynthesis (49). In addition, Mayers
et al. demonstrated that the same genetic event can result in
distinct BCAA metabolism by establishing the mouse models
of PDAC and non-small cell lung carcinoma (NSCLC) both
driven by KRAS mutation and Trp53 deletion. In contrast
to mice with early PDAC, mice with early NSCLC exhibited
decreased plasma BCAAs levels. NSCLC tumors actively took
up and catabolized BCAAs to provide nitrogen for non-essential
amino acids and nucleotide synthesis, whereas expression of
BCAA catabolism pathway enzymes was decreased in PDAC
tumors (50). Collectively, above studies indicate that both genetic

mutation and tissue-of-origin can influence BCAA metabolism
in PDAC.

Moreover, existing studies revealed that same amino acid
metabolism enzyme with distinct signaling regulators displays
diverse effects in cancer cells. Phang’s group conducting a series
of experiments proves that proline metabolized by POX to
generate ROS critically contributes to inducing apoptosis as well
as autophagy. In colon cancer cells, both peroxisome proliferator-
activated receptor gamma (PPARY) activation and p53 induction
upregulate expression of POX, leading to the ROS formation
and cell apoptosis (51). Furthermore, deprivation of both oxygen
and glucose can induce the AMPK activation and subsequent
POX upregulation, which results in ROS and ATP production
under hypoxic and low-glucose conditions, respectively. Both
POX-induced ROS and ATP eventually promote colon cancer
cell survival through ROS-induced protective autophagy and
direct energy supply (52). Collectively, above studies indicate
that distinct effects of proline metabolism by POX depend on
the existing metabolic conditions as well as upstream signaling
pathway and the effect of POX mediating proline metabolism in
PDAC deserves further exploration (Figure 1).

Tumor Microenvironment (TME)

The pancreatic TME consists of cancer cells, stromal cells,
and extracellular components. Pancreatic cancer is characterized
by dense desmoplasia, resulting in a considerable nutrient-
limiting and hypoxic environment. Despite the effect of
hypoxia in promoting glycolysis has been well-verified (53-
55), the effect of hypoxia and hypoxia-induced factor (HIF)
on glutamine metabolism is still unknown in PDAC. A recent
study has indicated that PI3K/mTORC?2 pathway increases GOT1
expression and stimulates non-canonical glutamine metabolism
by targeting HIF-2a, promoting the progression of PDAC both
in vitro and in vivo (56). Moreover, Yoo et al. recently identified
that the SLC1A5 variant is a mitochondrial glutamine transporter
which is induced by hypoxia activating HIF-2a. Notably, the
SLC1AD5 variant acts an oncogenic role in mediating glutamine-
induced ATP production, regulating cellular redox homeostasis
and conferring gemcitabine resistance to pancreatic cancer cells,
therefore promoting PDAC growth (57).

Furthermore, the interactions between cancer cells and
stromal components also critically contribute to metabolic
reprogramming in PDAC. As the most prominent component
in TME, pancreatic stellate cells (PSCs) strikingly influence
PDAC metabolism through forming the metabolic crosstalk with
cancer cells, thereby promoting tumor cell proliferation and
invasion under nutrient-deprived conditions (58, 59). A recent
study has demonstrated that PDAC cells stimulate autophagy
in PSCs and mediate PSCs secreting alanine. PSCs-derived
alanine exerts functions in acting as an alternative carbon source
to glucose and glutamine to fuel TCA cycle, support lipid
and NEAAs biosynthesis and shunts glucose to serine/glycine
biosynthesis, promoting PDAC cells growth in nutrient-limited
conditions (11). Cancer-associated fibroblasts (CAFs), which
develops mostly from activated PSCs, has been shown to release
exosomes to promote proliferation and drug resistance of PDAC
(60). Moreover, exosomes derived from CAFs supply metabolites
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(including TCA cycle metabolites, amino acids, and lipids)
in a KRAS independent manner and increase the reductive
glutamine metabolism, enhancing PDAC cells proliferation (61).
The role of other stromal cell types focusing on glutamine
metabolism has also been indicated. Cancer stem cells (CSCs) are
characterized with enhanced proliferative capacity, self-renewal
ability, metastatic potential, therapy resistance, and generating
cellular heterogeneity (62). Recently, it was demonstrated that
CD9 identifies CSCs that increase tumor formation capability
and recapitulate the cellular heterogeneity of primary PDAC.
Mechanistically, CD9 expression enhances glutamine uptake
by interacting with and increasing the expression of ASCT2,
thereby promoting PDAC growth (63). Peri-tumor adipocytes
are correlated with poor outcomes in PDAC (64). The role of
adipocytes supplying PDAC cells with glutamine in nutrient-
limited PDAC microenvironment has been indicated. Adipocyte-
induced PDAC cell proliferation is through a mechanism
by which PDAC cells decrease GLS expression in adipocytes
and increase glutamine secretion (65). Given that hypoxic
and nutrient-limited environment of PDAC is characterized
by a tight desmoplasia with a dense collagen meshwork and

proline constitutes the predominant components in collagen, a
recent study demonstrated that PDAC cells use collagen-derived
proline to promote cell survival and proliferation via TCA
cycle metabolism under nutrient limited conditions and POX-
mediated proline metabolism promotes pancreatic tumor growth
(66). Given the critical roles of metabolic crosstalk between
cancer cells and stromal components, targeting TME may be a
potential therapeutic approach for PDAC treatment (Figure 2).

Autophagy and Macropinocytosis

Pancreatic cancer cellular metabolism adaption is required
for cancer cell survival in a harsh environment where
oxygen and nutrients are scarce. Meanwhile, autophagy and
macropinocytosis play critical roles for recycling and scavenging
nutrients in pancreatic cancer. Autophagy is a regulated catabolic
process through lysosomal degradation of intracellular organelles
and macromolecules to maintain metabolic and cellular
homeostasis. Pancreatic cancer displays elevated autophagy
under basal conditions and inhibition of autophagy by genetic or
pharmacologic means leads to elevated DNA damage, increased
ROS, and decreased mitochondrial oxidative phosphorylation,

Glutamine

CSCs
Glutamine

Extracellular matrix

Exosomes.
@

Adipocytes

Glutamate

Malonyl-CoA€——Acetyl-CoA
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resulting in significant growth inhibition of PDAC in vitro and
in vivo (67). In PDAC cells, increased MiT/TFE proteins nuclear
import drives the autophagy-lysosome genes expression and
MiT/TFE-dependent autophagy-lysosome activation is required
to maintain intracellular amino acid pools and PDAC growth
(68). Interestingly, a recent study indicated that suppression
of KRAS or its effector ERK MAPK increased autophagic
flux in part by impairing KRAS- or ERK-driven glycolytic
and mitochondrial functions in PDAC (69). In addition to
utilizing autophagy to recycle cellular metabolites, PDAC cells
have the potential to take up and internalize extracellular
fluid to fuel elevated metabolic demand. Macropinocytosis is a
conserved endocytic process that results in non-specific bulk
internalization of extracellular macromolecules into the cell
through macropinosomes. In KRAS expressing PDAC cells,
transporting extracellular protein via macropinocytosis degrades
in the lysosome to produce amino acids, which contributes
to the central carbon metabolism (70). Recent studies also
demonstrated that macropinocytosis contributes to the supply of
free amino acid levels within pancreatic tumors in vivo (71, 72).

mTORC1, a well-known growth regulator, is commonly
activated in tumors and drives the metabolic reprogramming of
cancer cells to support biosynthetic needs for rapid proliferation
(73). A recent study revealed that a lysosomal transporter
SLC38A9 as an essential part of the Ragulator-RAG GTPases
shows high glutamine transport activity to stimulate mTORCI
(74). In pancreatic cancer, SLC38A9 mediates the lysosomal
efflux of many EAAs including leucine in an arginine-regulated
fashion and promotes mTORCI activation, supporting cell
proliferation, and tumor growth (75). Accumulating evidence
has demonstrated that mTORCI senses diverse environmental
conditions including amino acids. When free amino acids are
sufficient in the extracellular microenvironment, their uptake
through transporters results in activation of mMTORCI1. mTORC1
activation leads to autophagy inhibition and suppression of
degradation of extracellular proteins via macropinocytosis.
However, in amino acids depleted conditions, mTORC1
inhibition induces continued tumor growth through autophagy
and macropinocytosis (76-78). In addition, Nofal et al. further
demonstrated that amino acid scarcity could induce protein
scavenging via an mTORCI-independent manner and mTOR
inhibition enhances protein-scavenging cell growth in part by
limiting translation and restoring amino acid balance in nutrient-
deprived conditions (79). Moreover, since both autophagy and
macropinocytosis degrade nutrients at the lysosome, blocking
lysosomal acidification drugs including chloroquine and its
derivative hydroxychloroquine may be effective treatments for
PDAC (Figure 2).

AMINO ACID METABOLISM REGULATES
PDAC DEVELOPMENT AND
PROGRESSION

Emerging evidence has shown that amino acid metabolism
plays a vital role in the initiation and progression of pancreatic
cancer. Genetic alterations are closely associated with pancreatic

cancer tumorigenesis. KRAS mutation, the initiating event
involved in PDAC tumorigenesis, is found in low grade PanIN
lesions and can induce intraductal papillary mucinous neoplasm
(IPMN) formation with inactivation of tumor suppressor genes
such as LKB1 and PTEN synergistically (80-82). In addition
to KRAS, other genetic alterations related to amino acid
metabolism enzymes have been implicated in the pathogenesis
of PDAC. Genetic ablation of Bcat2, endothelial NOS (eNOS),
and glutamate ammonia ligase (GLUL) could attenuate PanIN
progression (23, 83, 84). Moreover, genetic alterations have
also been demonstrated to drive tumorigenesis through coupled
metabolic and epigenetic reprogramming. Oncogenic KRAS
cooperates with LKB1 loss to induce the serine-glycine-one
carbon pathway that supports S-adenosyl methionine (SAM)
generation and increase the activity of DNA methyltransferase
(DNMT), which enhances DNA methylation and promotes
pancreatic tumorigenesis (12). Furthermore, pancreatic tumor
cells have an increasing demand for diverse amino acids as
bioenergetics and biosynthesis substrates to support rapid growth
and proliferation (Table 1). In addition to driving tumorigenesis
and sustaining proliferative ability, amino acid metabolism is
also involved in other processes including regulating invasion,
metastasis, angiogenesis, and redox balance which are associated
with the development of pancreatic cancer. Here, we summarize
the mechanisms by which amino acid metabolism regulates these
aspects in PDAC (Figure 3).

Promotion of Invasion and Metastasis
Activating invasion and metastasis contributes to one of the main
hallmarks of cancer (4). Epithelial to mesenchymal transition
(EMT), which is a crucial feature of PDAC, occurs in the
very early stages of tumor development, leading to early
dissemination, drug resistance, and poor prognosis (96, 97).
The EMT programs are mediated by master EMT-inducing
transcription factors (EMT-TFs), including Snail, Slug, Twist,
and Zeb1 (98, 99). It has been demonstrated that Zebl promotes
pancreatic tumor progression from formation of early precursor
lesions toward late-stage metastasis in contrast to EMT-TFs Snail
and Twistl, which suggests that different EMT-TFs have specific
and complementary subfunctions in driving pancreatic tumor
metastasis (100, 101).

The progression of pancreatic cancer is highly reliant
on amino acids, which can affect EMT program through
modulating various EMT-TFs expression. A recent study
demonstrated that arginine deprivation inhibited the adhesion,
invasion and migration of pancreatic cancer cells through
decreasing the expression of Snail, Slug, Twist as well as matrix
metalloproteinases (MMPs) MMP-1 and MMP-9 and increasing
E-cadherin expression, which is mediated by regulation of the
PI3K/AKT/GSK3p signaling axis (102). As the only precursor
available for the production of nitric oxide (NO) that modulates
different cancer-related events, arginine plays an important
role in tumor growth and metastasis. Nitric oxide synthase
(NOS) family, which includes neuronal NOS (nNOS or NOS1),
inducible NOS (iNOS or NOS2) and endothelial NOS (eNOS or
NOS3), catalyzes the conversion of arginine into citrulline and
produces NO. The increased expression of iNOS and eNOS has
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TABLE 1 | Amino acids regulate pancreatic cancer growth.

Amino acids Crucial Functions References
enzymes/
transporters
Glutamine GLUL Promoting cell proliferation (84)
and tumor growth
GLS Promoting cell growth and (29, 65)
proliferation
Facilitating cell proliferation (30)
and invasion
GOT1 Supporting cell growth (85)
Supporting cell and tumor (9, 86)
growth
Promoting cell proliferation (56, 87)
and invasion
GOT2 Sustaining cell growth and (88)
suppressing senescence
Promoting cell proliferation (89)
and tumor growth
MDHH1 Supporting cell and tumor 9)
growth
Promoting cell proliferation (19
ME1 Supporting cell and tumor (©)]
growth
SLC1A5 Supporting cell and tumor (57)
variant growth
Branched-chain BCAT2 Enhancing cell proliferation (23)
amino acids and migration; Promoting
PanIN formation and tumor
growth
BCAT2 and Promoting cell proliferation (90)
BCKDHA and tumor growth
Proline POX Promoting cell proliferation (66)
and tumor growth
Cystine/cysteine SLC7A11 Supporting cell growth 91)
Supporting cell and tumor 92, 93)
growth; averting ferroptosis
Alanine GPT1/2 Promoting cell proliferation (11)
and tumor growth
Arginine ARG2 Supporting tumor growth (94)
GABA GABRP Stimulating cell proliferation (95)

been found in PDAC compared with normal tissue (103, 104). In
PDAG, a high level of iNOS is associated with proliferation and
invasiveness of tumor cells (105). Furthermore, NO is associated
with the invasive phenotype of pancreatic cancer (106, 107). The
function of NO and related signaling pathways in the regulation
of pancreatic cancer development and progression has also been
implicated. NO can contribute to enhanced invasive properties
of PDAC cells via activation of the PI3K-AKT, RhoA, and ERK-
Forkhead box transcription factor O 3 (FOXO3) pathways (105,
108) (Figure 3).

In addition to arginine and its metabolite NO, glutamine
metabolism also plays a vital role in invasive property
of pancreatic cancer (Figure3). It has been indicated that
proliferation and invasion of pancreatic cancer cells could be

inhibited via suppression of glutamine metabolism enzyme
GLS or GOT1 (30, 87). In recent years, emerging evidence
suggest that neurotransmitters exert regulatory roles in TME
to influence various malignant behaviors of cancer cells. As
a crucial metabolite, glutamate is not only an important
bioenergetic substrate for proliferating normal and cancer
cells, but also a key excitatory neurotransmitter in the central
nervous system (CNS). Glutamate exerts its action through
activating metabotropic glutamate receptors (mGluRs) and
ionotropic glutamate receptors (iGluRs) including N-methyl-D-
aspartate (NMDA) receptors (NMDARs), a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionate (AMPA) receptors (AMPARs),
and kainate receptors (KARs) (109). The role of glutamate
as the excitatory neurotransmitter outside CNS particularly in
pancreatic cancer is poorly understood. Recently, several studies
investigated the effect of glutamate regulating invasiveness of
pancreatic cancer via stimulation of its receptors. Glutamate-
mediated AMPAR activation was found to increase invasion
and migration of pancreatic cancer cells by activating KRAS-
MAPK signaling pathway (110). Furthermore, Hanahan’s group
demonstrated that glutamate-NMDAR signaling pathway also
contributes to pancreatic tumor invasion. The expression
of NMDAR is upregulated in genetically engineered mouse
models (GEMMs) of PDAC and pancreatic neuroendocrine
tumor (PNET) (111, 112). Interstitial flow induced autologous
glutamate secretion and subsequent activation of NMDAR and
its downstream CaMK and MEK-MAPK pathways, thereby
promoting invasiveness of PNET (111). Moreover, GKAP
acts as a signal modulator of activity of the glutamate-
NMDAR pathway and NMDAR/GKAP signaling supports
invasiveness of both PDAC and PNET cells through activation
of downstream effectors FMRP and HSF1 (112). In addition
to glutamate, y-aminobutyric acid (GABA), a non-protein
amino acid synthesized by decarboxylation of glutamate by
glutamic acid decarboxylase (GAD), is the main inhibitory
neurotransmitter that exerts functions through GABA receptors
including the ionotropic GABA, and GABA( receptors and
the metabotropic GABAp receptor in the CNS (113, 114).
The different effects of GABA, receptor and GABAp receptor
on pancreatic cancer metastasis have been implicated. The
stimulation of the GABAp receptor has been shown to
suppress the invasiveness and metastatic potential of PDAC
by inhibiting B-adrenergic signaling (115). Moreover, GABRP
is the pi subunit of the GABA, receptor and the mechanism
of GABRP regulating progression of pancreatic cancer has
been discovered. The expression of GABRP is increased during
malignant transformation of PDAC and patients with high
GABRP expressing PDAC have a poor prognosis (95, 116). GABA
can increase Ca’" influx through GABRP and subsequently
activate MAPK/ERK cascade, resulting in the growth promotion
of PDAC cells (95). Furthermore, GABRP can also regulate
PDAC progression in a GABA-independent manner. It was
revealed that GABRP-KCNN4 complex induces a specific Ca®*-
dependent activation of nuclear factor kB (NF-kB) signaling and
further facilitates macrophage infiltration by inducing CXCL5
and CCL20 expression, thereby promoting tumor growth and
metastasis in PDAC (116). Hence, the above findings suggest
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FIGURE 3 | Amino acid metabolism regulates PDAC progression. In the development of PDAC, amino acid metabolism plays important roles in promoting invasion
and metastasis, stimulating angiogenesis and regulating redox balance. Arginine metabolism contributes to invasion and migration of pancreatic cancer cells through
modulating EMT-inducing transcription factors (EMT-TFs) expression and nitric oxide (NO)-mediated signaling pathways. In addition, glutamate and GABA related
specific receptors can also regulate PDAC invasive properties through activating downstream effectors. In endothelial cells (ECs), glutamine metabolism is essential to
support cell proliferation and sprouting by interlinking with asparagine metabolism. The cooperative interplay between NO and VEGF also contributes to angiogenesis.
. Distinct signaling factors can have impacts on
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that targeting amino acids-related neurotransmitter receptor
signaling pathways can be promising molecular targets for the
treatment of pancreatic cancer.

Stimulation of Angiogenesis

Angiogenesis, the process by which novel blood vessels grow
from pre-existing ones, is crucial for growth and metastasis of
many tumors including pancreatic cancer by supplying nutrients
and oxygen (117). Endothelial cells (ECs) play an essential role
in promoting angiogenesis. It has been recognized that new
vessel formation induced by ECs is not only dependent on
growth factors-induced signaling cascades but also on endothelial
metabolic phenotypes (118). During angiogenesis, ECs need
to increase their metabolic activity to meet the biomass and
bioenergetic demands of cell proliferation and migration. A
large body of evidence has demonstrated that ECs are highly
glycolytic, and they can take up glucose and produce large
amounts of lactate through aerobic glycolysis (119). However, the
role of amino acids in endothelial metabolism is unclear. Recent
published studies provide evidence into how ECs use amino acids
to support cell proliferation and angiogenesis (Figure 3). In ECs,
glutamine metabolism via GLS is essential to replenish the TCA
cycle, maintain redox balance and produce amino acids, proteins,
nucleotides and lipids required for cell proliferation. Moreover,
inhibiting asparagine synthetase (ASNS) expression impaired
EC sprouting in the presence of glutamine and ECs also use
macropinocytosis to provide non-essential amino acids including
asparagine under glutamine limitation, which indicates that
glutamine metabolism interlinks with asparagine metabolism
in vessel sprouting (120, 121). Furthermore, in glutamine-
deprived ECs, asparagine not only contributes to rescuing
the proliferation defects but also proves crucial in restoring
protein synthesis, suppressing endoplasmic reticulum (ER) stress
and reactivating mTOR signaling (120). Given that mounting
studies have suggested that GLS1 inhibition or blocking ASNS
in combination with asparaginase treatment is effective in
attenuating tumor growth, targeting GLS1 and ASNS could be
promising therapeutic strategies to suppress cancer progression
through impairing angiogenesis.

In addition to glutamine and asparagine, arginine metabolite
NO and key enzyme NOS have been indicated to regulate
angiogenesis and thus exert a significant impact on tumor
progression (122). A large body of studies have revealed the role
of the interactions between NO and angiogenic factor vascular
endothelial growth factor (VEGF) on angiogenesis. NO could
upregulate VEGF by activating the transcription factor HIF-1a,
thereby promoting angiogenesis (123). Besides HIF-1a, heme
oxygenase-1 (HO-1) also participates in NO-induced VEGF
production in human umbilical vein endothelial cells (HUVECs)
(124). In turn, numerous studies also demonstrated that eNOS
contributes to the VEGF-induced angiogenesis via production
of NO in ECs (125, 126). The cooperative interplay between
NO and VEGF on tumor angiogenesis has been well-proved in
various human cancers (127). Moreover, existing studies have
also investigated the role of NO implicated in angiogenesis
of pancreatic cancer. It has been suggested that increased
eNOS expression in the vasculature and peritumoral tissue of

PDAC is involved in the vascularization and neovascularization
of pancreatic tumors (128). Additionally, the combination of
NOS inhibition and VEGF receptor 2 (VEGFR-2) blockade
significantly increased the anti-vascular effect over either
therapy alone, resulting in greater pancreatic tumor growth
inhibition (129). Therefore, based on the above findings, a
better understanding of the mechanisms of various amino acids
metabolism regulating ECs metabolic phenotypes and tumor
angiogenesis will help to develop more effective anti-angiogenic
therapy for treating pancreatic cancer.

Regulation of Redox Balance

Cancer cells encounter high levels of oxidative stress due to
accumulated ROS during rapid progression, which enables
them to exhibit elevated antioxidant capacity (130). Glutamine
plays a critical role in maintaining redox balance of tumor
cells (Figure 3). It is suggested that disruption of glutamine
metabolism leads to a downregulation of various redox
homeostasis proteins and an increase in accumulation of ROS,
resulting in cellular redox imbalance to facilitate pancreatic
cancer cell apoptosis (131). Glutathione (GSH), a tripeptide
comprised of glutamate, cysteine, and glycine, is a key
antioxidant molecule which can promote cancer cell redox
homeostasis. The synthesis of GSH involves two ATP-dependent
steps: formation of y-glutamylcysteine from glutamine-derived
glutamate and cysteine and following formation of GSH
from y-glutamylcysteine and glycine (132). Glutamine-derived
glutamate also contributes to GSH synthesis by facilitating the
uptake of cystine through the SLC7A11 (also known as xCT)
transporter, which is coupled to the efflux of glutamate (133).
Subsequently, cystine is converted to cysteine for incorporation
into GSH in the cell. It has been revealed that glutamine
deprivation could lead to decreased cystine uptake through
SLC7A11 and reduced intracellular GSH levels (134, 135).
Moreover, the expression of SLC7A11 is upregulated in the
pancreatic tumor tissues and pancreatic cancer cells can increase
SLC7A11 expression in response to oxidative stress, which results
in the increase in GSH synthesis and enables tumor cells to
survive in the presence of elevated ROS (91). Recent studies
demonstrated that genetic deletion of SLC7A11 induces PDAC
cell and tumor ferroptosis, and PDAC cells can use cysteine to
synthesize GSH and coenzyme A to down-regulate ferroptosis
(92, 93).

NADPH could exert functions in maintaining the content
of reduced GSH as a coenzyme of glutathione reductase (GR).
Recently, a study indicated that increased fatty acid oxidation
(FAO) induced by REDD1 deficiency generates NADPH and
GSH, which results in decreased oxidative stress and drives
KRAS mutant pancreatic cancer progression (136). Moreover,
glutamine can also contribute to the cellular redox homeostasis
by generating NADPH in PDAC. Son et al. show that glutamine-
derived aspartate is transported into the cytoplasm where it
can be converted into oxaloacetate by GOT1. Oxaloacetate is
converted to malate by MDHI, and then malate is converted
to pyruvate to increase NADPH/NADP™ ratio through MEL.
Importantly, genetic inhibition of these key metabolic enzymes
in this pathway leads to an increase in ROS and a reduction
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in reduced GSH. Hence, NADPH produced by the unique
glutamine metabolism manner is indispensable to maintain
redox balance and support PDAC growth (9). Furthermore,
emerging studies have provided evidence to focus on the
effects of diverse factors regulating the unconventional glutamine
metabolic pathway enzymes on pancreatic cancer cell redox
balance. A recent study has indicated that upregulation of miR-
9-5p leads to a significant decrease of NADPH production and
corresponding increase of ROS in pancreatic cancer cells through
directly inhibiting GOT1 (87). Moreover, CARM1 has been
demonstrated to methylate and inhibit MDHI on arginine 248,
which suppresses glutamine metabolism and sensitizes PDAC
cells to oxidative stress (19).

THERAPEUTIC STRATEGIES FOR
TARGETING AMINO ACIDS

Due to its important roles in cancer progression, amino acid
metabolism is becoming an increasingly promising target for
pancreatic cancer therapy. Moreover, some targeting amino
acid metabolism strategies in pancreatic cancer have entered

to clinical trials (Table2). Given that PDAC exhibits the
increased dependence on glutamine metabolism, the small
molecular inhibitors targeting the initiating enzyme in glutamine
metabolism GLS1 such as bis-2-(5-phenylacetamido-1,2,4-
thiadiazol-2-yl)ethyl sulfide (BPTES), CB-839, and compound
968 have been actively investigated (8). It is worth noting
that although GLS inhibition significantly reduced PDAC
cell proliferation in short term assays in vitro, there is no
significant tumor growth delay in mouse models of PDAC (137).
Correspondingly, researchers have investigated the effect of
combining GLS inhibition and other treatments on pancreatic
cancer growth. In a patient-derived pancreatic orthotopic tumor
model, encapsulation of BPTES with BPTES nanoparticles
(BPTES-NPs) which improved its solubility and improved drug
delivery to the pancreatic tumor, attenuates tumor growth more
effectively than unencapsulated BPTES. Furthermore, it was
revealed that PDAC cells that survive BPTES-NPs treatment are
reliant on glycolysis and glycogen synthesis. Thus, combined
metformin and BPTES-NPs treatment resulted in significantly
greater tumor growth reduction compared with either drug alone
(138). Additionally, concomitant treatment of PDAC with GLS
inhibitors and ROS generating agents is further demonstrated.

TABLE 2 | Clinical trials targeting amino acids metabolism in pancreatic cancer.

NCT number Status Phase Tumor types Interventions
TARGET: ASPARAGINE
NCT01523808 Completed | Pancreatic cancer GRASPA
NCT02195180 Completed I Metastatic pancreatic adenocarcinoma ERY001 + Gemcitabine or FOLFOX
NCT03665441 Recruiting 1l Pancreatic adenocarcinoma Eryaspase + Gemcitabine + Abraxane or
Irinotecan + 5-FU + Leucovorin
TARGET: ARGININE
NCT02101580 Terminated Advanced pancreatic cancer ADI-PEG 20 + Nab-paclitaxel + Gemcitabine
TARGET: IDO
NCT00739609 Terminated Breast Cancer Indoximod
Lung Cancer
Melanoma
Pancreatic cancer
Solid tumors
NCT02077881 Completed I/l Metastatic pancreatic adenocarcinoma Indoximod + Gemcitabine + Nab-paclitaxel
Metastatic pancreatic cancer
NCT03432676 Withdrawn Il Pancreatic ductal adenocarcinoma Epacadostat + Pembrolizumab
Stage Il pancreatic cancer AJCC v8
Stage IIA pancreatic cancer AJCC v8
Stage IIB pancreatic cancer AJCC v8
Stage IIl pancreatic cancer AJCC v8
Stage IV pancreatic cancer AJCC v8
NCT03006302 Recruiting Il Metastatic pancreatic adenocarcinoma Epacadostat + Pembrolizumab + CRS-207 +
Cyclophosphamide/GVAX
NCT03085914 Active, not /1l Solid tumors Epacadostat + Pembrolizumab +
recruiting Colorectal cancer Chemotherapy*

Pancreatic ductal adenocarcinoma

Lung cancer
Urothelial cancer

Head and neck cancer

*Chemotherapy (NCT03085914) is grouped into A (Epacadostat + Pembrolizumab + mFOLFOXB6), B (Epacadostat + Pembrolizumab + Gemcitabine + Nab-paclitaxel), C (Epacadostat
+ Pembrolizumab + Carboplatin + Paclitaxel), D (Epacadostat + Pembrolizumab + Pemetrexed + Carboplatin/Cisplatin), E (Epacadostat + Pembrolizumab + Cyclophosphamide), F
(Epacadostat + Pembrolizumab + Gemcitabine + Carboplatin/Cisplatin), and G (Epacadostat + Pembrolizumab + 5-Fluorouracil + Carboplatin/Cisplatin).
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B-lapachone (f3-lap) could cause tumor-selective ROS formation
in an NADPH:quinone oxidoreductase 1 (NQOI)-specific
manner. NQO1 is highly expressed in up to 90% of PDAC
patient specimens, making NQO1-bioactivatable drugs, such
as $3-lap especially noteworthy in targeting PDAC. BPTES
pre-treatment sensitized mutant KRAS, NQO1 overexpressing
PDAC cells to 3-lap, resulting in redox imbalance, extensive DNA
damage and PARP-driven metabolic catastrophe. Moreover, the
treatment with the CB-839 plus 83-lap combination in the tumor-
bearing mice displayed delayed tumor growth and markedly
extended survival (139). L-Buthionine-(S,R)-sulfoximine (BSO)
is an inhibitor of y-glutamylcysteine which is important for
GSH synthesis. The dual combination of CB-839 and BSO
resulted in decreased PDAC cell proliferation in vitro and
significant tumor growth inhibition in vivo (137). Recently,
clinical studies evaluating the combination of CB-839 and
chemotherapy or targeted therapy in various solid tumors are
recruiting (NCT02861300, NCT03965845, and NCT03875313),
and assessing the safety, tolerability and efficacy of CB-839 in
pancreatic cancer deserves to be considered.

Apart from glutamine, asparagine is also a critical amino acid
for cancer cell survival and growth. Normal cells can receive
asparagine via circulating asparagine supply or biosynthesis of
asparagine from aspartate and glutamine by ASNS. A large body
of evidence has indicated that acute lymphoblastic leukemia
(ALL) cells with ASNS deficiency are particularly sensitive to
asparagine limitation via L-asparaginase (ASNase) treatment
(140). Moreover, emerging studies suggest that the expression
of ASNS is downregulated in more than half of PDAC and
ASNase treatment could be effective against PDAC growth (141).
It has been shown that combined L-asparaginase and general
control non-derepressible 2 (GCN2) inhibitor GCN2iA/B or
MEK inhibitor PD-325901 could enhance the inhibition of
pancreatic cell proliferation and tumor growth (142, 143). In a
phase I clinical trial (NCT01523808), asparaginase encapsulated
in erythrocytes (ERY-ASP) was well-tolerated by patients with
metastatic PDAC (144). Recently, a completed phase IIb clinical
trial (NCT02195180) exploring efficacy and safety of ERY-ASP
in combination with chemotherapeutic drugs gemcitabine or
FOLFOX displayed clinical benefit associated with improvements
in overall survival (OS) and progression-free survival (PES)
irrespective of ASNS expression when used in the second-line
treatment of advanced pancreatic cancer (145) (Table 2).

Arginine is important for metabolic functions of PDAC
including synthesis of other amino acids, proteins, polyamines,
and NO. Physiologically, arginine can be synthesized
intracellularly from aspartate and citrulline by argininosuccinate
synthetase (ASS) and following argininosuccinate lyase (ASL)
in the urea cycle. Like asparagine metabolism, reduced ASS
expression occurs in pancreatic cancer and ASS-deficient
pancreatic cancer exhibits cells and tumor growth inhibition
with arginine deprivation achieved by pegylated arginine
deiminase (PEG-ADI) treatment (146). Mounting studies
suggest that concurrent treatment with PEG-ADI and other
drugs is a promising therapeutic strategy for treating ASS-low
PDAC. Kim et al. recently discovered that the histone deacetylase
(HDAC) inhibitor panobinostat is synergistically lethal with

ADI-PEG20 in ASS1-low pancreatic cancer (147). Furthermore,
the effect of treating ASS-negative PDAC with the combination
of PEG-ADI with chemotherapy or radiotherapy has been well-
demonstrated. The combination of PEG-ADI with gemcitabine
displayed significant anti-tumor effects in an ASS-deficient
PDAC mouse model through a mechanism by which PEG-ADI
blocks gemcitabine-mediated overexpression of ribonucleotide
reductase subunit M2 (RRM2) through abrogation of the
inhibitory effect on E2F-1 activity following gemcitabine
exposure (148). In addition, ASS1-deficient pancreatic cancer
cells with ADI-PEG20 and docetaxel resulted in translocation
of stabilized c-Myc to the nucleus and subsequent increase of
hENT1 cell surface expression, which potentiated the effect of
gemcitabine treatment via the increase in gemcitabine uptake
and provided valuable evidence of combining ADI-PEG20,
gemcitabine, and docetaxel for treating ASS1-negative pancreatic
cancer (149). A phase 1/1B trial (NCT02101580) evaluating ADI-
PEG20 in combination with gemcitabine and nab-paclitaxel
in PDAC has been demonstrated that the combination was
well-tolerated in some patients with advanced pancreatic cancer,
and a further phase 2 trial is under discussion (150) (Table 2).
Moreover, ADI-PEG20 enhanced radiation-mediated apoptosis
by triggering the ER stress pathway and sensitized ASS1-deficient
pancreatic cancer to radiation both in vitro and in vivo (151).
Based on the findings, clinical trials assessing combination of
radiation therapy and ADI-PEG20 in ASS1-deficient pancreatic
cancer patients deserve to be considered.

In recent years, exploring the association between tumor
metabolism and immunity has attracted broad attention and
immunotherapy is emerging as a potential therapeutic tool
for pancreatic cancer. Pancreatic cancer is characterized
by a markedly immunosuppressive microenvironment
mediated by immune suppressor cells including tumor
associated macrophages (TAMs), regulatory T cells (Tregs)
and myeloid-derived suppressor cells (MDSCs), which
contributes to tumor progression and metastasis (152). The
immunosuppressive activity of MDSCs is associated with
the arginine metabolism. MDSCs expressing high levels of
arginase and iNOS exhibit inhibition of T cells functions
through suppressing T cells proliferation and inducing T cells
apoptosis via arginine depletion and NO generation (153).
Human MDSCs can be characterized with two main subsets:
monocyte-like MDSCs (mMDSCs) and neutrophil-like MDSCs
(nMDSCs). In tumor tissues of PDAC patients, nMDSCs,
but not mMDSCs, were found to be significantly increased
and arginase 1 (ARGI) was predominantly expressed by
nMDSCs (154). Further observation discovered that CD13
high nMDSCs expressed higher levels of ARGI than CD13 low
nMDSCs, which endowed CD13 high nMDSCs with stronger
immunosuppressive ability (155). Given the high MDSCs
heterogeneity, the immune suppressive factor arginase has
been a potential target in cancer immunotherapy. Currently,
clinical trials evaluating the anti-tumor effect of arginase
inhibitor INCB001158 in combination with chemotherapy
or immune checkpoint therapeutic agent pembrolizumab
in patients with solid tumors are recruiting (NCT03314935
and NCT02903914).
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Indoleamine 2,3-dioxygenase (IDO), the rate-limiting
enzyme in converting EAA tryptophan to kynurenine, exhibits
an immunosuppressive effect in cancer cells. Its role in
immunosuppression involves the suppression of CD8+ T
effector cells and natural killer cells as well as induction of Tregs
and MDSCs (156). Overexpression of IDO has been identified
to be associated with poor prognosis in many cancer types
including pancreatic cancer (157, 158). Notably, simultaneously
targeting IDO and tumor desmoplasia effectively controls tumor
growth in mouse models of advanced pancreatic cancer (159).
Recently, small molecule inhibitors of IDO such as indoximod,
epacadostat, and navoximod are emerging as a therapeutic target
in cancer and have been evaluated in clinical trials (160). In
pancreatic cancer, a phase I/11 clinical trial combining indoximod
and chemotherapy was completed (NCT02077881). Moreover,
emerging trials evaluating combination of epacadostat,
immunotherapy and other therapeutic approaches such as
GVAX pancreas vaccine and chemotherapy are ongoing
(NCT03006302 and NCT03085914) (Table 2).

CONCLUSIONS AND FUTURE
PERSPECTIVES

Since Otto Warburg made a pioneering discovery on aerobic
glycolysis 1920, mounting studies exploring cancer
metabolism have provided substantial opportunities for treating
the disease in a century. Cancer cells often exhibit metabolic
reprogramming to sustain survival and promote tumor
progression even under the harsh environment. The rewiring
amino acid metabolism driven by oncogenic factors such as
KRAS and MYC as well as tumor suppressors contributes to
pancreatic cancer cell growth, invasion, metastasis, angiogenesis,
and redox balance. In the hypoxic and nutrient-limiting TME,
PDAC has the ability to utilize salvage processes including
autophagy and macropinocytosis and reciprocal interaction with
stromal components to fuel raising metabolic demand, which is
required to sustain tumor growth.

Recently, accumulating evidence has investigated the role
of the connection between cellular metabolism especially in
amino acids metabolism and epigenetic modifications in cancer
cell behavior. On the one hand, changes in tumor cell amino
acids metabolism can impact epigenetic regulation. It has been

in
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