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Abstract: Proline, glutamine, asparagine, and arginine are conditionally non-essential amino acids
that can be produced in our body. However, they are essential for the growth of highly proliferative
cells such as cancers. Many cancers express reduced levels of these amino acids and thus require
import from the environment. Meanwhile, the biosynthesis of these amino acids is inter-connected
but can be intervened individually through the inhibition of key enzymes of the biosynthesis of these
amino acids, resulting in amino acid starvation and cell death. Amino acid starvation strategies have
been in various stages of clinical applications. Targeting asparagine using asparaginase has been
approved for treating acute lymphoblastic leukemia. Targeting glutamine and arginine starvations
are in various stages of clinical trials, and targeting proline starvation is in preclinical development.
The most important obstacle of these therapies is drug resistance, which is mostly due to reactivation
of the key enzymes involved in biosynthesis of the targeted amino acids and reprogramming of
compensatory survival pathways via transcriptional, epigenetic, and post-translational mechanisms.
Here, we review the interactive regulatory mechanisms that control cellular levels of these amino acids
for amino acid starvation therapy and how drug resistance is evolved underlying treatment failure.
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1. Introduction

Amino acid starvation therapy has been emerging as an important treatment strategy
in cancer therapy. This strategy is based on the promise of differential requirements of
amino acids for supporting cell proliferation between cancer cells and normal cells. The non-
essential amino acids such as proline (Pro), glutamine (Gln), asparagine (Asn), and arginine
(Arg) support this promise. While these amino acids can be synthesized endogenously in
normal cells, many human tumors, ranging from leukemia to solid cancers, do not produce
sufficient amounts of these amino acids in supporting their growth. This is because the key
enzymes involved in biosynthetic pathways of these amino acids are silenced. This forces
tumor cells to acquire extracellular sources of amino acids to support their intracellular
need. Depleting these extracellular supplies result in amino acid starvation and cell death.

2. The Interconnecting Proline-Glutamine—-Asparagine—-Arginine Metabolic Wiring in
Cancer Cells

Cells obtain amino acids from two major routes: one from the extracellular environ-
ment through various amino acid transporters [1] and the other from de novo biosynthesis.
At least 32 human solute carriers (SLC), belonging to seven families, are involved in trans-
porting amino acids. Many of them transport multiple amino acids; likewise, multiple
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amino acids can be transported by the same SLC. The high redundancies of these trans-
porters in conjunction of interconnecting de novo biosynthetic processes of amino acids
such as Pro, Gln, Asn, and Arg provide opportunities but also challenges for successful
targeted amino acid starvation therapy that will be discussed here.

Figure 1 illustrates the interconnecting networks of amino acids Pro, GIn, Asn, and
Arg metabolism. We place glutamate (Glu) in the center of the networks. Glu is the product
of GIn catalyzed by enzyme glutaminase (GLS) in the process known as glutaminolysis.
Radiating from Glu are the connections to (i) Pro via the pyrroline-5-carboxylate (P5C)
intermediate, (ii) Arg via the urea cycle, and (iii) Asn via the aspartate (Asp) intermediate
catalyzed by glutamic oxaloacetic transaminase (GOT).
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Figure 1. Metabolic pathways linking proline (Pro), glutamine (Glu), arginine (Arg), and asparagine
(Asn). Abbreviations: AS, argininosuccinate; ASNase, asparaginase; AsnS, asparagine synthetase;
ASS1; argininosuccinate synthetase 1; GDH, glutamine dehydrogenase; glutamic-oxaloacetic transam-
inase 1; FH, fumarate hydratase; GLS, glutaminase; GS, glutamine synthetase; GOT, glutamic ox-
aloacetic transaminase 1; GDH, glutamine dehydrogenase; NOS, nitric oxide synthetase; OAA,
oxaloacetate; OAT, Ornithine aminotransferase; OTC, ornithine transcarbamylase; P5C, pyrroline
5-carboxylate; ProDH, proline dehydrogenase; PYCR, P5C reductase. Agents used for treatments are
underlined and in red; the enzymes in the pathways that have been considered as targets for therapies
are boxed. CAD represents three major enzymatic steps in the biosynthesis of nucleosides from
glutamine, i.e., carbamoyl phosphate synthetase-II (CPS-1I), aspartate transcarbamylase (ATCase)
and Dihydro orotase.

Figure 1 also shows that starting from Pro threading through P5C, Glu, and «-
ketoglutarate (x-KG) and fumarate (in TCA cycle) reaches Arg. Then, Arg is forward-
converted to ornithine (Orn) catalyzed by arginase, and then to P5C by the reversible
ornithine aminotransferase (OAT). Since P5C is the precursor of Pro, this brings back to
the starting Pro after a big loop. Adding to this loop is the interconnection between Glu
and Asp via GOT. These metabolic wirings establish what we call the “Pro-GIn—-Asn—Arg
metabolic axis/loop”.

The Pro-GIn-Asn—-Arg axis represents an important nodule of cancer metabolism.
It occupies the major territory of amino acid metabolisms. It is also the scaffold for the
biosynthesis of other non-essential amino acids and essential metabolites. GIn provides a
nitrogen source of transamination involved in the production of alanine and serine, which is
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catalyzed by glutamic pyruvate transaminase (GPT) and phosphoserine aminotransferase
1 (PSAT1), respectively [2]. GIn is also the precursor of nucleotide biosynthesis via the
CAD enzyme system (Figure 1). Glu, Asp, and Arg also directly or indirectly link to
the TCA cycle that metabolizes glucose to generate ATP and reactive oxygen species
(ROS) signaling. Moreover, Arg is the source of polyamine biosynthesis. These results,
collectively, underscore the importance of the Pro-Gln-Asn—Arg axis/loop in cancer growth
and proliferation, thus providing a molecular basis for targeted starvation therapy. Indeed,
strategies of the targeted therapy of these amino acids have been in clinical development
for many years. The targets (key enzymes) and agents selected for these strategies are
indicated in Figure 1.

3. Targeting Specific Amino Acid Starvation in Cancer Therapy
3.1. Proline Starvation

Cellular Pro is either synthesized intracellularly or taken up by transporter-mediated
degradation processes of extracellular collagen. Collagen, which consists of 25-35% of
proline and 10-15% of hydroxyproline is hydrolyzed by collagenases, proteases, and
peptidases. Collagen is the major component (85%) of extracellular matrix, which is an
important reservoir of extracellular Pro.

Intracellular Pro is biosynthesized from two main sources: Glu and ornithine, both
converge to pyrroline-5-carboxylate (P5C) intermediate. Glu converts to P5C by P5C
synthetase (P5CS), and P5C reverses back to Glu by P5C dehydrogenase (PSCDH). P5C is
the precursor of Pro by P5C reductases (encoded by PYCR genes) through the oxidation of
NAD(P)H. Three PYCR genes encode three isozymes, among which PRCR1 and PRCY2
are mitochondrial enzymes and PRCYL is cytosolic. Proline degrades to P5C by proline
dehydrogenase/proline oxidase (ProDH/Pox). ProDH/Pox is a flavin adenine dinucleotide
(FAD)-containing enzyme and is tightly bound at the inner membrane of mitochondria. It
functions as an electron donor through its FAD into the electron transport chain (ETC) to
generate ATP and ROS [3]. Proline shuffles between mitochondria and cytosol and serves
as an important redox regulator. Thus, P5C can be a precursor and product of the proline
metabolism, giving rise to the so-called “proline cycle” [4].

Many studies have demonstrated the importance of Pro in cancer metabolism. Certain
tumor types are intrinsically Pro-dependent for growth. The growth of these cancers can
sense Pro availability. Loayza-Puch et al. [5] developed a novel approach to determine
the sensing of amino acid restriction in tumor cells based on the principle of differential
ribosome codon reading (diricore), deficiency of an amino acid results in tRNA deaminoacy-
lation, and stalling of ribosome in the corresponding codon. These investigators compared
diricore profiles between clear cell renal cell carcinoma (ccRCC) tissues and normal kidney
tissues from the same patient and observed that tumor cells were deficient in Pro for protein
synthesis [5].

Other evidence came from reports showing that overexpressed PYCR1 was associ-
ated with poor prognosis [6]. The knockout of PYCRI is sufficient to impair the in vivo
proliferation in ccRCC cancer cells that can be negated by proline addition [5]. PCYR1
protein and mRNA levels are also elevated in human hepatocellular carcinoma (HCC)
in comparison with those in the adjacent normal tissues. RNA interference of PCYR1
inhibits cell growth and promotes apoptosis accompanied with down-regulation of the
c-Jun N-terminal kinase/insulin receptor substrate 1 (JNK/IRS1) pathway [7], whereas
PYCRL is involved in ornithine-to-Pro biosynthesis in the cytoplasm and is linked to the
pentose phosphate pathway (PPP) signaling [8].

ProDH/Pox expression is frequently reduced in tumors and may function as a survival
factor for tumors under stressed challenges. However, it also functions as a tumor suppres-
sor and is regulated by tumor suppressor p53 [3,9,10]. The ability of producing ROS may be
responsible for its induction of apoptosis and autophagy function [3]. An additional study
demonstrated that ProDH/Pox may promote tumor metastasis [11]. These results suggest
that ProDH/Pox may regulate tumor behaviors in a cellular context-dependent manner.
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P5CS encoded by the aldehyde dehydrogenase 18A1 (ALDH18A1) gene in the proline
cycle is also frequently elevated in HCC cells, and inhibiting its expression is associated
with the retardation of tumor growth [12]. Thus, it appears that PYCR1 and ProDH/Pox
are attractive targets in Pro-starvation therapies of some tumor types such as ccRCC,
breast cancer, and HCC. L-tetrahydro-2-furoic acid (THFA) is the first-generation inhibitor
targeting the proline cycle. THFA is a proline analogue that is a known inhibitor of
the ProDH/Pox enzymes. In a metastatic breast cancer animal model, treating mice
bearing breast cancer tumors with THFA decreased the lung metastases with no change of
primary tumor [11]. Several second-generation ProDH /Pox competitive inhibitors have
recently been described, including S-5-oxo-2-tetrahydrofurancarboxylic acid (S-5-oxo0) and
N-propargylglycine (N-PPG), which is unique in inducing the selective mitochondrial
decay of ProDH/Pox at doses that can be safely administered in vivo [13].

As for targeting PYCR1, using X ray in crystallography screening, Christensen et al. [14]
recently identified five inhibitors, one of which, N-formyl-L-proline (NFLP), has a competi-
tive (with P5C) inhibition constant of 100 uM. NFLP inhibition was shown to phenocopy
the PYCR1 knockdown in breast cancer cells by inhibiting de novo Pro biosynthesis [15].
Pro-starvation therapy studies have gained substantial enthusiasm in recent preclinical
research. No clinical Pro-starvation targeting has been conducted.

3.2. Glutamine Starvation

Glutamine is one of the most abundant amino acids in the body (about 500 mM,
consisting about 20% of the free amino acid pool in the blood [16]). Gln is first converted to
Glu and ammonium by GLS. Glu is subsequently catalyzed by glutamate dehydrogenase
(GDH) and converted to «-KG. Then, «-KG enters the TCA cycle, which provides energy
and macromolecular intermediates (Figure 1). Many cancer cells depend on Glu to survive,
and when in scarcity, cancer cells die of apoptosis [17].

Human has two GLS, i.e., kidney-type GLS or GLS1, which has ubiquitous distribution,
and liver-type GLS or GLS2, which is mainly expressed in the livers. Many reports have
implicated that the elevated expression of GLS1 plays a critical role in the growth of tumors,
including glioma, lymphoma, pancreatic cancer, non-small cell lung cancer, prostate cancer,
and triple-negative breast cancer [18].

Glutamate can be synthesized from Pro via P5C intermediate. Moreover, Glu can
be synthesized from glucose-derived a-KG and oxaloacetate (OAA) (Figure 1). This is
evidenced by a study involving the knockdown of citrate synthase (CS), which is the first
TCA cycle enzyme and prevents Glu-restriction-induced apoptosis because of the diversion
of OAA from the TCA cycle into Asp and Asn biosynthesis. In fact, the Asn supplement
can rescue Glu depletion-induced apoptosis [17].

Many human cancer cell lines are addicted to GIn and have shown sensitivity to
GlIn starvation, including those derived from pancreatic cancer, glioblastoma multiforme,
acute myelogenous leukemia, and small cell lung cancer [19]. Given its importance in
cancer metabolism, GLS has been an important target of Gln-starvation strategies. Strictly
speaking, Gln starvation therapy by targeting GLS is to block GIn consumption (utilization)
rather attacking Gln itself. Treating breast cancer cells with GLS inhibitors decreases
downstream metabolites of Glu, including those in the TCA cycle that requires anaplerosis
for replenishment [20].

Historically, GIn antagonists such as DON (6-diazo-5-oxo-l-norleucine), which inhibits
several enzymes in GIn utilization, was used as an anti-tumor agent but was found to be toxic
and nonspecific [21]. Later, three allosteric inhibitors of GLS have been reported: (i) BPTES
((bis-2-(5-phenylacetamido-1,2 4-thiadiazol-2-yl) ethyl sulfide 3), (ii) compound 968 (5-(3-bromo-
4-(dimethylamino) phenyl)-2,2-dimethyl-2,3,5,6-tetrahydrobenzo[a]phenanthridin-4(1H)-one),
and (iii) CB-839. BPTES and its analogues showed poor aqueous solubility and relatively
reduced inhibitory potency [22]. Compound 968 have been shown anti-GLS activities in
several cultured cell models [23]. CB-839 is an orally available, reversible noncompetitive
GLS inhibitor, exhibiting anti-proliferative activity in triple-negative breast cancer cell lines
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and in xenografts [24]. CB-839 has been in phase I-1I clinical trials against various tumor
types, including, solid tumor (NCT03965845), non-small cell lung cancer (NCT04250545),
and ovarian cancer (NCT03904902), either as a single agent or in combination with other anti-
tumor agents (Calithera Biosciences, Inc). These studies demonstrated that CB-839 exhibits
excellent tolerance, but the clinical benefits of CB-839 remain to be further investigated.

3.3. Asparagine Starvation

Unlike normal cells, ALL cells are unable to synthetize Asn because of asparagine syn-
thetase (AsnS) silencing. Therefore, ALL cells become highly dependent on Asn from the
circulation for survival. For the past several decades, recombinant asparaginase (ASNase)
has been the mainstay for treating ALL by Asn starvation strategy.

ASNases are classified into two families: i.e., bacterial type or type I and type II, and
plant-type or type IIl enzymes. The bacterial type Il enzymes have been used in treating
ALL because of their low micromolar Ky, value and relatively easier preparation, whereas
the human enzyme, a type Il enzyme, has a millimolar Ky, value for ASNase [25]. The
human enzyme is poorly suitable for cancer treatment because of reduced activities. Two
bacterial ASNase sources have been used in cancer treatment, i.e., those from Escherichia
coli and Erwinia chrysanthemi.

Despite its effectiveness in ALL treatments, the bacterial L-ASNases have some short-
comings. (i) These enzymes have dual activities, i.e., ASNase and GLS activities. While the
associated GLS activity consists only about 2-10% of the primary ASNase activity, it may
enhance the overall antitumor activity, but it is thought to contribute most of the adverse
toxicities in cancer treatments, including hyperglycemia, pancreatitis, and neurological
seizures [26]. In a preclinical xenografts of AsnS-negative leukemia cells study, it was found
that GLS activity in ASNase contributes to durable anticancer activity, whereas ASNase
activity alone yields only growth delay [27]. In another study, a novel ASNase lacking
the associated GLS activity showed high antitumor activities against ALL [28]. (ii) The
wild-type bacterial enzymes are subjected to degradation in the circulation. To increase
the stability of the enzyme, Pegylated ASNase has been formulated (Oncasper, an E. coli
ASNase) to boost the half-life in blood, presumably by protecting proteolytic attack of the
bioconjugate [29]. However, increasing the half-life of ASNase in blood may also sustain
ammonia levels that may be toxic.

Following Asn starvation, AsnS is frequently activated, resulting in the development
of resistance to ASNase [5]. AsnS catalyzes the conversion of Asp and Gln to Asn and Gluin
an ATP-dependent reaction [30]. The activation of AsnS follows the mechanism of general
amino acid response. This response actives elf2 kinase. The phosphorylation of elf2 by the
kinase general control nonderepressible (GCN2) suppresses global protein synthesis, but
intriguingly, it increases the translation of a small subset of mRNA, including the activating
transcription factor 4 (ATF4). ATF4 binds to an enhancer at the AsnS promoter and
induces its expression. Alternatively, elf2 phosphorylation can be activated via endoplasmic
reticulum stress-induced unfolded protein response (UPR) via PKR-like endoplasmic
reticulum kinase (PERK), resulting in the transcriptional activation of AsnS [30]. Primary
childhood ALL patients express AsnS very little or not at all because of epigenetic control by
DNA methylation at the CpG islands in the promoter of AsnS. This prevents the accessibility
of ATF4 to turn on its expression [31,32], thereby maintaining reduced levels of Asn and
sensitivity to ASNase treatments.

An additional important pathway that collaborates with the GCN2-p-elf2 pathway
in regulating ATF4 in response to nutrient stresses is the Kras-PI3K-AKT-NRF2 (nuclear
factor erythroid 2) signal pathway [33]. Kras regulates cell growth in response to Asn and
Glu availabilities. PI3K up-regulates NRF2 (nuclear factor erythroid 2) to support amino
acid homeostasis through ATF4. It regulates the binding of ATF4 to the promoter of AsnS
in the absence of its active inhibitor Keapl [34]. NRF2 is generally a stress-responsive
transcription factor that regulates a wide variety of genes involved in anabolic cancer
metabolism, especially glucose and GIn metabolism.
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The findings that low AsnS expression sensitized to ASNase in ALL patients prompted
investigations on other cancer types, but the results are complex [35]. The expression of
AsnS in tumor generally is invertedly correlated with ASNase sensitivities even in solid
cancers such as HCC [36] and pancreatic cancer cells [37]. However, it was reported
that breast cancer cells with high AsnS levels have greater potential to metastasize to
the lung, which is accompanied with an upregulation of genes involved in epithelial-to-
mesenchymal transition (EMT) function [38]. Overall, ASNase has shown clinical activity
in ALL and some lymphomas but not others. The underlying reasons for not being effective
in other tumors are not completely understood, perhaps because of the little or infrequent
up-regulation of AsnS in ALL-patients treated with ASNase [39,40], and the severe adverse
effects outweigh the benefits in solid cancers treatments [41].

3.4. Arginine Starvation

Cellular Arg can be obtained from an extracellular source carried out by several
cationic amino acid transporters (CATs), especially CAT-1 and CAT2B, which have higher
Arg binding affinities than others [42], and intracellularly from proteasomal and lysosomal
protein breakdown. However, the majority of Arg is derived from de novo biosynthesis
catalyzed by two sequential enzymes: argininosuccinate synthetase (ASS), which condenses
citrulline and Asp into argininosuccinate (AS), followed by arginosuccinate lyase (ASL),
which converts AS into Arg and fumarate (Figure 1). ASS and ASL are the rate-limiting
enzymes, and citrulline is the limiting substrate for de novo Arg biosynthesis (Figure 1).
Arg is a remarkable amino acid in that its deficiency inside the cells can be sensed by
an increasing up-regulation of ASS1 expression; and the synthesis of Arg is shut down
when cellular Arg levels are elevated by the suppression of ASS1 expression. Many human
malignancies do not produce a sufficient amount of Arg because of ASS1 silencing. These
tumors normally acquire extracellular Arg for survival, providing a metabolic vulnerability
for targeted Arg-starvation therapy using Arg-depleting recombinant proteins such as
pegylated arginine deiminase (ADI-PEG20) and human arginase 1 (Figure 1). ASS1 digests
Arg into citrulline and ammonia. Arginase 1 catalyzes the conversion of Arg into urea and
ornithine, which is the precursor of P5C (Figure 1). In terms of Arg deprivation efficiency,
the human arginase is only a fraction (1/1000 times) of the bacterial enzyme [43].

Many early reports showed that ASS1-silencing in tumors is epigenetically controlled
by DNA methylation at the ASS1 promoter [44—46] and a DNA-demethylation agent such
as 5’ aza-2'-deoxycystine (Aza-dC) can induce ASS1 expression [45,47]. In a clinical setting,
Nicholson et al. [48] reported that aberrant methylation in the ASS1 promoter correlated
with the transcriptional silencing of ASS1 in ovarian cancer cells. Epigenetic DNA methy-
lation in ASS1 silencing was also reported in nasopharyngeal carcinoma [49], malignant
mesothelioma [50], glioblastoma [45], bladder cancers [51], myxofibrosarcomas [47], and
lymphoma [44]. However, other reports showed that the extents of methylated CpG islands
at the ASS1 and ASL promoters were not always correlated with ASS1 mRNA expression
levels [52].

Our group reported that ASS1 silencing is transcriptionally controlled by the negative
regulator HIF-1a, which binds the E-box (5'-CACGTA) located at the promoter of the
ASS1 gene [53,54]. Promoter occupancy is associated with histone acetylation at H3K14
and H3K27 by the histone acetyltransferase (HAT) p300. Within minutes after cells are
exposed to Arg-depleting conditions, p300 falls off from the promoter. In the meantime,
histone deacetylase HDAC2 and its co-factor Sin3A move in and deacetylate H3K14ac and
H3K27ac. This chromatin remodeling allows the propyl hydroxylase (PHD2)-pVHL-lead
ubiquitin—proteasomal complex to approach the ASS1 promoter and degrades HIF-1«x in
loco, thereby providing accessibility of the positive regulator c-Myc to interact with the
E-box and turn on ASS1 expression [54]. These results demonstrated that ASS1 silencing
and subsequent de-silencing are controlled by epigenetic mechanisms (Figure 2a,b).
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Figure 2. Mechanisms of argininosuccinate synthetase (ASS1) induction by Arg starvation. Arg-
depleting recombinant proteins such as pegylated arginine deiminase (ADI-PEG20) digests extracel-
lular Arg, resulting in the depletion of intracellular Arg. (a) Before ADI-PEG20 treatment, ASS1 is
silenced by HIF-1« binding to its promoter due to the association of histone acetyltransferase p300,
which acetylates H3K14ac and H3K27ac (for simplicity, only H3K27ac is indicated). ADI-PEG20
treatment prompts P300 dissociation from the promoter, allowing histone deacetylase HDAC2 and
co-factor Sin3A to deaceacetylate histone H3K27ac and H3K14ac. (b) Propyl hydroxylase (PhD2)—
pVHL ubiquitine-proteosomal system moves in to the ASS1 promoter and destroys HIF-1« (see
reference 54). (c) In the meantime, Arg deprivation generates reactive oxygen species (ROS), which
triggers gas6 externalization to interact with the Axl receptor. (d) Axl activates the signal transduction
involving Ras/PI3K, MEK/AKT and ERK/GSK3b resulting in the stabilization of c-Myc, which is
a positive transcription factor to turn one ASS1 expression [55]. Then, elevated ASS1 feedbacks to
suppress c-Myc and Axl signaling.

Positive transcriptional and pos-translational mechanisms are involved in ASS1 up-
regulation under Arg-depleting conditions. This was first initiated by the externalization
of Gas6, which is the ligand of receptor tyrosine kinase (RTK) Axl (Figure 2c). In the
untreated cells, Gas6 is associated with the inner membrane of the plasma membrane.
Externalized Gas6 binds to the extracellularly localized ligand-binding domain of Axl
and activates the downstream intracellular Ras/PI3K/ Akt growth signal, leading to the
accumulation of c-Myg, first by protein stabilization [55,56]. Since c-Myc is known to
transcriptionally self-regulate [57], this results in amplifying the c-Myc level. Similar to
HIF-1«, c-Myc is also an E-box binder, but c-Myc is a positive regulator and turns on the
expression of ASS1. The elevated expression of ASS1 feedbacks to suppress c-Myc and Axl
expression, thereby shutting down ASS1 expression and abolishing Arg starvation [55]. In
addition to Axl, c-Myc also regulates other RTK such as EphA2. Collaboration between
c-Myc and EphA2 results in conferring ADI-resistant cells to cross-resistance with EGFR
inhibitors [58]. Recently, we found that Aza-dC induced ASS1 expression by the down-
regulation of HIF-1x but up-regulated c-Myc. We further demonstrated that the clock
protein DEC1 is the master regulator of HIF-1x and c-Myc, which regulate ASS1 [59].
These data offer an alternative explanation on how the DNA de-methylating agent induces
ASS1 expression. Taken together, Arg starvation regulation of ASS1 expression involves
complexed epigenetic and genetic, transcriptional and post-transcriptional, intracellular
and extracellular signaling.

ADI-PEG20 has been used in many clinical investigations against a variety of tumor
types (for reviews, see ref [60,61]). A recent phase III study involved 635 HCC patients
treated with ADI-PEG20 monotherapy, and the results show that while the treatment was
safe, it did not exhibit any significant overall survival benefit for HCC [62]. These results
suggest that the further development of ADI-PEG20 is required.

Pegylated recombinant human arginase (Peg-rhArgl) has been in clinical trials on
HCC [63]. While the overall survival rates remained low, it was found that progression-
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free survival (PFS) was significantly longer for a subset of patients with adequate Arg
depletion. In another study, it was found that human acute myeloid leukemia (AML)
is highly dependent on Arg for survival, and therefore is Arg auxotrophic because of
reduced expression of ASS1. AML is very sensitive to the treatment with pegylated Argl
(BCT-100) [64]. Nevertheless, similar to ADI-PEG20, further development of recombinant
Arginasel in clinical use is needed.

4. Common Mechanisms Associated with Pro- GIn- Asn- and Arg-Starvation Therapies
4.1. Production of ROS

Reactive oxygen species are highly reactive molecules that are produced as by-
products of metabolism, especially when cancer cells are under nutritional stresses. De-
privations of any one of Pro, Gln, Asn, or Arg amino acids all produce ROS, mostly of
mitochondprial origin.

ROS can be beneficial or detrimental to cells, depending on the levels and locations of
the production and cellular context. At low levels, ROS facilitates cancer cell survival by
an enhanced activation of growth factors and RTK [65]. One example is our finding found
that within minutes of Arg depletion with ADI-PEG20, ROS production can be detected.
The produced ROS drives the Gas6-Axl growth signal, which is initiated by inducing Gas6
externalization, perhaps by changing Gas6 conformation through alternations of intracel-
lular cysteine bisulfide linkages [55]. This signal leads to the transcriptional activation of
ASS1 that elicits ADI-PEG20 resistance, as described above [66—68].

On the other hand, high levels of ROS are detrimental by suppressing tumor survival
through the induction of apoptosis. High Pro levels protect cancer cells from oxidative
stress during oncogenesis. Pro has antioxidant activity that suppresses the production
of ROS [15,69,70]. It has been reported that overexpressing ProDH/Pox reduces cellular
Pro levels but increased ROS. In contrast, overexpressing P5CS, which increases Pro, is
associated with reduced ROS and cell survival [15].

ProDH/Pox is an inner mitochondrial membrane flavin-dependent enzyme that
donates electrons through flavin adenine dinucleotide (FAD) to the electron transport
chain for ATP generation. As a result of its shared localization with the mitochondrial
respiratory electron transfer chain (ETC), which comprises Complex I to IV, ProDH/Pox
interacts with the ETC complexes [71]. Under stressed conditions, electron transfers may
directly target oxygen and form superoxide radicals and other ROS. ProDH /Pox induces
programmed cell death by stimulating the expression of tumor necrosis factor-related
apoptosis activated ligand (TRAIL), DR5, and cleavage of caspase-8, and it also activates
caspase-9 and caspase-3 [72].

Glutamine is the precursor of glutamate, and it converts by GDH to «-KG, which is
an important intermediate in the TCA cycle in the mitochondrion, the power house of
ATP production and ROS generation under metabolic stress. The concept of “Glutamine
addiction” in cancer cells also underscores the importance of ROS production under GIn
starvation stress [66]. Pancreatic cancer cells treated with GLS inhibitor CB-839 induce a
robust oxidative stress with increases of ROS at an early time point of treatment [73]. More-
over, Gln is the precursor of Glu, which is the substrate of glutathione (GSH) biosynthesis.
GSH is the most abundant physiological antioxidant in all eukaryotic cells. Therefore, Gln
deprivation may cause increased ROS due to GSH suppression [66,74]. Indeed, reducing
cellular Gln levels during GIn withdrawal [75], GLS knockdown, or exposure of cells to the
GLS inhibitor CB-839 all resulted in a robust induction of ROS in high GLS-expressing but
not in low GLS-expressing ovarian cancer cells [76], further supporting the roles of GLS in
ROS production

The involvement of ROS as signal transduction molecules in nutrient starvation-
induced autophagy has long been elucidated [77-79]. Autophagy is a process that elimi-
nates bulk intracellular damaged constituents for recycling into cellular building blocks.
This process is crucial for cell survival. However, autophagy can also induce cell death
through catastrophic damages of cellular constituents. Chen et al. [80] reported that treating
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glioblastoma cells with ASNase induces ROS production and activates autophagy, which
was significantly reduced by antioxidant NAC. One important target in the ROS-regulated
autophagy is Atg4, which contains conserved cysteine residues at Cys’” and Cys®!. As the
autophagosome matures toward fusion with lysosome, redox regulated Atg4 promotes the
lipidation of Atg8, which is an essential step in the process of autophagy [81]. The suppres-
sion of autophagy with inhibitor chloroquine (CQ) and LY294002 enhanced ASNase-killing
cells via caspase-dependent apoptosis. Similar results were described for laryngeal squa-
mous cell carcinoma cells [82]. Arg depletion also induces “atypical autophagy” in prostate
cells as reported by Changou et al. [83]. These results suggest that amino acid deprivation
can induce apoptosis and autophagy.

Cutaneous melanoma has high incidences of BRAF mutation at V600E (40-60%); thus,
BRAF inhibitors vemurafenib and dabrafenib are effective in cutaneous melanoma treat-
ments. However, resistance almost inevitably occurs [84,85]. BRAFi-resistant cells still
maintain their sensitivity to ADI-PEG20 treatment because of low ASS1 expression. Intrigu-
ingly, we found that BRAFi-resistant cells exhibit defects in response to Arg-starvation-
induced autophagy because of the suppression of AMPK-«1 [86,87]. AMPK activation
promotes autophagy by means of activation of ULK complex at serine 317 (S317) and serine
777 (S777), which in turn activates beclin for triggering autophagosome formation [78].

4.2. Involvements of the Same Transcription Regulators

Nutritional stresses under Pro, GIn, Asn, and Arg deprivations alter global gene ex-
pression profiles. The proteomic profiling of Arg-deprivation response revealed thousands
of genes involved in metabolic reprograming between drug-resistant variants and their
parental counterpart [88]. Metabolomic profiling of bone marrow and peripheral blood
specimens obtained from ALL patients before and after Peg-ASNase treatment revealed
global changes of metabolites [89]. Metabolic systems of colon and lung cells treated with
CB-839 also revealed substantial differences in intracellular metabolites [90]. Likewise,
RNA sequencing and secretory proteins analyses revealed altered genes expression as-
sociated with Pro starvation [91]. These findings are not surprising, but do they involve
common transcriptional regulators? Here, we discuss two transcription factors that are
involved in regulation of important genes in the Pro-GIn-Asn—Arg axis/loop.

4.2.1. c-Myc

C-Myc is an important transcriptional factor. It regulates an estimate of about 15% of
overall human genes [92]. In ChIP-Seq analyses, approximate 7000 binding sites in Burkitt
lymphoma cells were estimated [77]. Myc activation/amplification is frequently associated
with progression of a wide variety of human cancers [68].

Mechanisms of c-Myc activation in responding to amino acid starvation are multiple
(Figure 3).

First, c-Myc is known to control the expression of many amino acid transporters [93].
For example, c-Myc transcriptionally regulates ASCT2, SN2 [68], and SLC1A5 [94] GIn
transporters by directly binding to their promoters [68]. Second, c-Myc transcriptionally
regulates genes encoding enzymes involved in the syntheses of important metabolites
in the Pro-GIn—-Asn—-Arg network by directly binding to their promoters. These include
genes encoding GLS [67,68], P5CS and PYCR1 [67], and ASS1 [55,95]. However, c-Myc
down-regulates the expression of ProDH/POX, P5CDH, and GS in the pathway from Pro
to Glu [96]. Third, c-Myc regulates the major amino acid stress response pathway via
the GCN2-ATF4 axis [97]. Fourth, c-Myc post-transcriptionally regulates genes involving
DNA demethylation, resulting in an activation of the gene. While many breast cancer
cell lines express high levels of GS and c-Myc, however, in one breast cell line expressing
reduced levels of GS, it was found that Gln restriction activates c-Myc transcriptionally
targeting thymine DNA glycosylase (TDG), which induces demethylation [98] of the GS
promoter, resulting in an induction of GS express, just like treating these cells with DNA
methyltransferase inhibitor Aza-dC [99].
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Figure 3. Multiple mechanisms of c-Myc upregulation and transcriptional induction of target genes
under different amino acid-starvation conditions. Under Gln starvation, c-Myc downregulates
miRNA 23a,b resulting in the stabilization of target GLS1 mRNA. Under Arg starvation, the induced
ROS promotes the phosphorylation of c-Myc at S62P via an ERK intermediate and an inhibition of
T57P phosphorylation, resulting in c-Myc stabilization. C-Myc also cross-talks with GCN2 in the
amino acid depletion signaling, resulting in increased translation of ATF4. Both ATF4 and c-MyC can
directly bind to the promoter of their targeting genes. Alternatively, c-Myc can up-regulate thymine
DNA glycosylase (TDG) to induce DNA demethylation at the promoter of GS.

Fifth, Gao et al. reported the link between c-Myc and GIn metabolism. Elevated
c-Myc protein transcriptionally suppresses two miRNA23a,b, which target the GLS mRNA
3’ UTR sequences for degradation. The inhibition of these miRNAs by c-Myc results
in an up-regulation of mitochondrial GLS1, which in turn increases the glutaminolysis
and production of ROS [100]. The regulation of GLS by c-Myc via miRNA23a,b is also
reported in another study [101]. This is an example in which c-Myc regulates GLS1 via a
post-transcriptional mechanism. One the other hand, c-Myc suppresses the expression of
ProDH/Pox by up-regulating miRNA23b*, which shares the same transcription origin of
miRNA23b. C-Myc was found to up-regulate Agonaute 2 protein (Ago 2), which is a key
player of miRNA-regulated mRNA stability [102].

c-Myc protein is normally targeted for ubiquitin proteasomal degradation by phos-
phorylation at serine 62 (562) and threonine 58 (T58). 562 is the target of ERK and T58 is the
target of GSK-3b. We found that in ADI-PEG20-treated cells, the ERK-mediated phospho-
rylation of S62 prevents c-Myc from degradation, whereas GSK-3b phosphorylated T-58
promotes c-Myc degradation. GSK-3b itself is the target of PI3K/ AKT-mediated phospho-
rylation at Ser9. GSK-3b phosphorylation inactivates its ability of phosphorylating c-Myc
(T58). These result in the stabilization of c-Myc. Thus, ADI-PEG20 treatment enhances post-
translational modifications of c-Myc stability through the ERK and PI3K/AKT/GSK-3b
signals [56] (Figure 3).

4.2.2. ATF4

Activating transcription factor 4 (ATF4) is a stress-induced transcription factor reg-
ulating a wide variety of genes involved in cellular adaptation to unfavorable growth
conditions, such as ER stress resulting from unfold protein response (UPR) and the amino
acid response (AAR). ATF4 is activated in response to each of Pro [103], Gln [23,33],
Asn [73] and Arg starvations [104], following the conserved AAR signal of GCN2-p-elF2-
ATF4. However, ATF4 is also a target of c-Myc via GCN2 kinase [97] (Figure 3), indicating
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the cross-talk between two important transcriptional regulation pathways in general amino
acid starvation response.

ATF4 is a basic leucine-zipper family protein. It forms a homodimer or heterodimers
with other family members. Through the combination of heterodimerization with other
members in the family, ATF4 transcriptionally regulates a large scope of target genes that
are involved in amino acid transport, metabolic adaption, cell cycle arrest, apoptosis, and
autophagy [105]. Similar to c-Myc, ATF itself is subjected to post-translational modification,
such as polyubiquitination that affects its stability under nutritional (Gln) stress [106].
In AAR, ATF recruits the p300/CBP-associated factor and transcriptionally activates the
expression of its target genes [107]. AsnS silencing in ALL cells is mainly due to DNA
hypermethylation at several CpG islands, preventing the promoter binding of ATF4. How-
ever, as mentioned above, Asn starvation by ASNase induces the demethylation of these
CpG islands and allows promoter binding of ATF4 to turn on the AsnS gene [31]. These
results suggest that the master regulator ATF4 controls multiple layers of gene regulation
in response to amino acid starvations.

5. Mechanisms of Drug Resistance
5.1. Reprogramming of Survival Amino Acid Metabolism

Cancer cells are notoriously capable for exploiting survival mechanisms under metabolic
stresses. This may be particularly relevant when the pathways are intermingled in com-
plex networking. Cancer cells often evolve to use alternative strategies to overcome
drug resistance.

5.1.1. Re-Activation of the Silenced Genes

Re-activating the silenced gene involved in amino acid auxotroph is the most straight-
forward mechanism of treatment resistance associated with amino acid-starvation therapies.
As alluded above, the reactivation of ASS1 expression is a common mechanism of ADI-
PEG20 resistance [88,108]. Leukemic cells sensitive to ASNase are most often due to a
reduced expression of AsnS. One important mechanism of ASNase resistance is associated
with an increased expression of AsnS. Targeting Gln starvation using the GLS1 inhibitor
BPTES resulted in the elevated expression of GLS1 [109]. Likewise, Pro depletion is asso-
ciated with the up-regulation of PYCR1, which is the key enzyme for the biosynthesis of
Pro [5,14]. The re-expression of these once-silenced genes is to replenish the needed amino
acids that cause the starvation.

5.1.2. Compensatory Activation and Cross-Interference of Metabolic Pathways

We previously investigated the metabolic reprogram in ADI-PEG20-resistant melanoma
cell lines, which was selected with prolonged exposure to the drug. We observed that these
resistant variants display enhanced glucose transporter 1 and lactate dehydrogenase-A
expression but reduced the expression of pyruvate dehydrogenase and elevated sensitivity
to the glycolytic inhibitors. Furthermore, the resistant cells showed elevated GDH and GLS
expression and were preferentially vulnerable to Gln inhibitors [95]. These results suggest
a metabolic reprogramming toward Gln addiction and glucose dependence during the
development of drug resistance. Results of recent proteomic analyses demonstrated that
the activation of multiple metabolic processes is an adaptive measure for cells to survive
under Arg starvation [88].

It was found that in the kidney cancer cells, depleting Asn by ASNase activates the
expression of PYCRI1 for tumor growth [5], which is a key enzyme in Pro production. This
finding suggests a compensatory mechanism of metabolic adaptation. Indeed, PYCR1 is
induced by Glu shortage, suggesting that the compensatory pathway may follow the Asn—
Asp-Glu-P5C pathway to activate PYCR1 to promote the biosynthesis of Pro (see Figure 1).

In the pancreatic cancer cells treated with GLS inhibitor CB-839, using uniformly
13C-labeled GIn to trace the itinerary of Gln-derived carbons in control versus CB-839-
treated cells, it was discovered that it increased unlabeled Glu in the treated cells, indicating
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alternative pathways for Glu supply [73]. While the alternative pathways were not reported
in this study, other work identified that during GIn limitation, Asn could support the
adaptation of tumors to GIn limitation by the induction of GS [110]. Another alternative
pathway may be the p53-regulated Arg transporter Slc7a3, which enables cancer cells to
adapt GIn deprivation [111]. Collectively, these results suggest the compensatory support
of metabolic pathways under amino acid deprivation conditions. These results may also
suggest that combined targeting GIn and Asn using GB-839 and ASNase strategies may
overcome resistance that would otherwise develop to either one alone. Of course, the
increased cytotoxicity in combination treatment also needs to be taken into consideration.

In addition to the compensatory effect, recent studies have demonstrated cross-talks
between Arg and Gln starvation signaling. Our laboratories reported that the knockdown
of ASS1 resulted in increased sensitivities to both Arg- and Gln-starvation stresses, whereas
increased ASS1 expression by ectopic transfection was associated with resistance to both
Arg and GIn starvation. Moreover, supplementing with permeable fumarate, a metabolite
downstream of x-KG in the TCA cycle resulted in the down-regulation of ASS1 expression
and increased sensitivity to both Arg- and Gln-deprivation treatments [108]. The shared
sensitivity /resistance between Arg- and Gln-starvation is a vivid example of the multiple
effects that even include targeting an individual amino acid starvation.

5.2. Roles of Amino Acid Transporters

It is conceivable that amino acid transporters play important roles in regulating drug
sensitivity /resistance in amino acid starvation therapies; after all, they control the inputs
of cellular amino acid contents for cell growth. Here are just a few examples: SNAT1
(SLC38A1), SNAT2 (SLC38A2), and ASCT2 (SLC1A5) are the major Gln transporters in
cancer cells [112]. SNAT2 senses the availability of substrate and increases its expression
when cellular amino acid substrates are low [113]. GIn restriction induces the expression
of SNAT2 transporter [114]. The expression of SNAT1 is greatly enhanced when another
transporter ASCT2 is silenced [115]. These results suggest compensatory interactions
between amino acid transporters.

The CAT family (SLC7A1,2,3) consists of a cation amino acid transporter that trans-
ports positively charged amino acids such as Arg and Lys. CAT1 expression is induced by
AAR via ATF4 [116]. In another study, it was reported that Gln starvation activates p53,
which induces the transcriptional up-regulation of the CAT3 (SLC7A3), and its expression
promotes an increase of intracellular Arg levels for cell growth [111]. The uptake of Arg
by these transporters largely depends on the intracellular Arg contents and amino acid
compositions [42].

It is important to note that some amino acid transporters function as exchangers and
in which case, cellular levels of one amino acid can regulate levels of other amino acids.
Asn levels regulate the transport of other amino acids such as Arg, serine, and histidine
in supporting mTORC1 activity for protein synthesis [117]. Likewise, Gln sensitivity is
also regulated by a bidirectional amino acid transporter SLC7A5/SLC3A2, which regulates
the simultaneous efflux of L-Glu out of cells and the transport of other amino acids into
cells [118].

5.3. Induction of Immunogenic Reactions Associated with Using Microbial Enzymes
5.3.1. ADI-PEG20

ADI-PEG20 was derived from microorganisms; therefore, it is unstable in the circu-
lation and immunogenic. Its half-life is increased after pegylation, but its antigenicity
remains. Immunogenicity is an intrinsic problem associated with the use of foreign recom-
binant protein. In a phase I clinical trial against patients with high-grade glioma, using
combination therapy with cisplatin and pemetrexed, it was found the serum Arg levels
were rapidly decreased followed by increased anti-ASS1 antibody [119]. Similar kinetics
were also observed in another trial of HCC using ADI-PEG20 monotherapy [120]. High
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levels of anti-ADI antibody persisted for several weeks. It may neutralize ADI activities
and contribute to the treatment failure.

5.3.2. Recombinant Asparaginases

Two ASNase sources have been used in treating ALL, i.e., native enzymes derived from
Escherichia coli and Erwinia chrysanthemi, and pegylated E coli ASNase. The development of
anti-ASNase antibodies is mostly observed with native E. coli ASNase, generally ranging
10-30% but can be up to 75% of ALL patients, depending upon ASNase preparations
and treatment [121]. Patients who encountered hypersensitivity to one preparation may
cause the rapid inactivation of ASNase, leading to worse prognosis or so-called “silent
inactivation” [122]. The availability of multiple ASNase preparations allows patients to
switch to alternative ASNases. In a study involving 1155 high-risk ALL children treated
with pegylated E. coli ASNase, which replaced native ASNase post-induction treatment,
the 5-year event-free rates were not different between patients with a negative versus
positive antibody titer [123]. However, the overall survival rates of ALL have been about
85%, which were achieved mainly due to the use of intensive and prolonged ASNase
therapy [124,125]. Thus, it appears that toxicities associated with ASNase in ALL patients
are manageable.

6. Conclusions and Perspective

The identifications that malignant human cells require specific amino acids from
extracellular milieu to support their proliferation needs provide the metabolic basis of
targeting amino acid starvation therapy. The success of ASNase in Asn-starvation therapy
of treating ALL [126] has motivated the development of targeted amino acid restrictions
in other cancer therapies. Extensive clinical efforts have been conducted in Arg- and
Gln-starvation trials, whereas targeting Pro-starvation remains at preclinical development.
Amino acid starvation therapies remain promising for the reasons that we have learned
a great deal along the way. However, challenges remain. Chiefly, clinical resistance to
the treatments remains the bottleneck that needs to be overcome. First, E. coli-derived
ASNase in Asn-starvation and Mycoplasma-derived ADI-PEG20 in Arg-starvation therapy
are of microorganism origins that have an inherent immunogenicity issue. Moreover,
treatments with ASNase and ADI-PEG20 induce AsnS and ASS1 re-expression, respectively,
rendering treatment failure. The efficacies of these treatments may be improved as we
know more about the underlying mechanisms of AsnS and ASS1 induction. The signal
mechanisms underlying how ADI-PEG20 induces ASS1 expression have been extensively
characterized (Figure 2). We found that RTK, PI3K/AKT, and P300/HDAC are important
components in the pathways associated with ADI-PEG20-induced ASS1 expression. Many
clinically approved inhibitors targeting these components are available that can be used in
combination with ADI-PEG20 for cancer therapy.

Clinical studies of Gln-starvation therapy have been largely focused on the use of a
GLS inhibitor such as CB-839, which has been through phase I/1I clinical evaluations. While
the final outcome of CB-839 remains to be investigated, new and potent GLS inhibitors have
been synthesized based on structural characterizations and molecular modeling [127,128].
These small anti-GLS molecules may have great potential as antitumor agents. However,
thus far, this line of research has concentrated on targeting GLS; future studies may need to
explore new targets for opening up the opportunities.

Many lines of evidence suggest that pro availability affects cancer growth and pro-
liferation, supporting the strategies of targeting Pro-starvation development [129]. Two
enzymes are particularly relevant: PYCR1 has been shown to play a positive role in sup-
porting cancer cell survival [12,130], whereas ProDH/POX has been shown displaying
pro-tumor or anti-tumor properties, depending upon the contexts of microenvironment
and cancer type [4]. These two enzymes have been considered as potential targets for
clinical applications. While several Pro analogues have been shown activities against
PYCRI1 in cultured cell models, no clinical evaluation of these inhibitors has been con-
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ducted. Nevertheless, given time, it is anticipated that effective Pro-starvation strategies
may come along.

Finally, one important issue associated with targeted specific amino acid starvation
cancer therapy is the activation of compensatory pathways that allow cancer cells to
reprogram their survival advantages. We have devoted a substantial portion in this review
to address the interconnecting networking involved in the Pro-GIn—Asn-Arg metabolic
axis/loop. This effort has provided a broader scope of targeting amino acid starvation
beyond the currently individual one. Perhaps it is time to think globally when designing
strategies to targeted amino acids starvation therapy. This may eventually lead to the
development of effective strategies in cancer treatment.
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