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Abstract

Metabolic rewiring is a characteristic hallmark of cancer cells. This phenomenon sustains
uncontrolled proliferation and resistance to apoptosis by increasing nutrients and
energy supply. However, reprogramming comes together with vulnerabilities that
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can be used against tumor and can be applied in targeted therapy. In the last years, the
genetic background of tumors has been identified thoroughly and new therapies
targeting those mutations tested. Nevertheless, we propose that targeting the pheno-
type of cancer cells could be another way of treatment aiming to avoid drug resistance
and non-responsiveness of cancer patients. Amino acid metabolism is part of the altered
processes in cancer cells. Amino acids are building blocks and also sensors of signaling
pathways regulating main biological processes. In this comprehensive review, we
described four amino acids (asparagine, arginine, methionine, and cysteine) which have
been actively investigated as potential targets for anti-tumor therapy. Asparagine deple-
tion is successfully used for decades in the treatment of acute lymphoblastic leukemia
and there is a strong implication to apply it to other types of tumors. Arginine auxotro-
phic tumors are great candidates for arginine-starvation therapy. Higher requirement for
essential amino acids such as methionine and cysteine point out promising targetable
weaknesses of cancer cells.

1. Introduction

One of the druggable targets which have currently receiving increased
attention in the field of translational research is cancer metabolism (Hanahan
and Weinberg, 2011). Altered cellular metabolism, a cancer hallmark, is one
of the key mechanisms that underlie tumorigenesis, tumor progression and
chemoresistance (Boroughs and Deberardinis, 2015; Cocetta et al., 2020).
Otto Warburg almost a century ago described increased glucose uptake and
induced glycolysis in malignant cells, a metabolic alteration which is now con-
sidered a general feature of tumor cells (Warburg, 1956). Aerobic glycolysis
was regarded as a privileged energetic pathway despite its lower energy
production in comparison to oxidative phosphorylation (OXPHOS), the bio-
energetic process generally utilized in normal cells. Nevertheless, it is now
evident that cancer cells utilize other bioenergetic pathways besides glycolysis.
This altered metabolism is critical feature of enhanced adaptive ability
(Cordier-Bussat et al., 2018; Starkova et al., 2018). Metabolic plasticity par-
ticipates in tumorigenesis, tumor progression and helps cancer cells survive
and overcome limited conditions, e.g., anti-tumor treatment, developing
resistance often leading to recurrence of the disease (Hermanova et al.,
2016; Hlozkova et al., 2022; Mostazo et al., 2020).

Herein, we describe metabolism of four amino acids: asparagine, argi-
nine, methionine and cysteine. Due to the different requirements of cancer
cells and abnormalities in biosynthetic processes these amino acids gained
new characteristics and became conditionally essential. Native and (or)
recombinant enzymes depleting these amino acids in cancer cells represent
great potential for anti-tumor therapy.
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2. Asparagine

Asparagine is a polar amino acid that is, generally, non-essential in
humans. It is used for synthesis and N-glycosylation of proteins (Chiu
et al., 2020; Larkin and Imperali, 2011). It also plays a role in nucleotide
biosynthesis and ammonium metabolism (Zhu et al.,, 2017). Recently, it
was shown that asparagine plays a role as an amino acid exchange factor,
meaning that intracellular asparagine levels regulate uptake of serine, arginine
and histidine (Krall et al., 2016). It is also slowly coming into light that aspar-
agine could become essential when glutamine is limited (Pavlova et al., 2018)
and that asparagine biosynthesis is fundamental for tumor mitochondrial
respiration (Krall et al., 2021). All of the above highlight the importance of
asparagine metabolism in both health and disease.

2.1 Asparagine synthetase (ASNS)

2.1.1 Catalytic function and structure of ASNS

Asparagine synthetase (asparagine synthase (glutamine-hydrolysing) or
glutamine-dependent asparagine synthetase, E.C. 6.3.5.4) catalyzes the syn-
thesis of asparagine and glutamate from aspartate and glutamine in an
ATP-dependent amidotransferase reaction (Fig. 1) (Chiu et al., 2020;
Lomelino et al., 2017). ASNS gene is located at chromosome 7q21.3 and
is 35kb long with 13 exons. ASNS enzyme consists of 561 amino acid res-
idues with molecular mass of 65kDa (Lomelino et al., 2017). Two putative
truncated ASNS isoforms with no known function are listed in UniProt
database. Some prokaryotes express two forms of ASNS characterized by
their source of nitrogen donor, either ammonia (AS-A) or glutamine
(AS-B)(Richards and Kilberg, 2006). Mammalian cells express only the form
that utilizes glutamine as the nitrogen donor (Lomelino et al., 2017).
Overall, the aspartic acid is transformed to asparagine via three separate reac-
tions that requires magnesium ions and ATP. The transformation begins
when the aspartate carboxyl is activated by an ATP-dependent process,
forming a P-aspartyl-AMP intermediate. Then, glutamine deamidation
releases ammonia. Finally, released ammonia performs a nucleophilic attack
on the aspartyl intermediate and asparagine is produced via transition state.
Glutamate is the second product of the ASNS-catalyzed reaction (Boehlein
etal., 1994; Larsen et al., 1999; Lomelino et al., 2017; Tesson et al., 2003). It
was also shown that both the B-aspartyl-AMP intermediate and the transi-
tion state are tightly bound by the enzyme duringv catalysis (Zhu
et al., 2019).
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The crystal structure of E. coli AS-B (PDB 1CT9) has been solved for
quite a long time (Larsen et al., 1999) in contrast with human ASNS whose
crystal structure has not been published until recently (Zhu et al., 2019).
Therefore, originally, structural features of human ASNS were based on
homology modeling with E. coli AS-B structure as a template because they
share substantial sequence identity (Lomelino et al., 2017). Human ASNS
structure revealed that, indeed, the enzyme is composed of two distinct
domains, each containing a separate catalytic site (W. Zhu et al., 2019).
C-terminal (residues 203—-560) synthetase domain is more conserved than
the N-terminal one (residues 1-202). The N-terminal active site catalyzes
glutamine hydrolysis to yield glutamate and ammonia and possesses the typ-
ical sandwich-like a/P/p/a topology that is observed in the N-terminal
amidohydrolase enzyme superfamily (Brannigan et al., 1995; Zhu et al.,
2019). Substrate-binding pocket, which mediates substrate recognition
and thioester stabilization in the hydrolysis reaction that produces ammonia,
is located at the interface of the two domains and is within 5A of an abso-
lutely conserved glutamate residue (Glu-414) in the C-terminal domain.
Interestingly, there is probably a chloride ion surrounded by Tyr-78,
Arg-416, Arg-245, and Val-417 (W. Zhu et al., 2019). The function (if
any) of this ion in human ASNS is not yet known but plant ASNSes are
known to be activated by chloride (Rognes, 1980).

2.1.2 ASNS deficiency

ASNS deficiency is relatively newly described neurometabolic disorder
(Ruzzo et al., 2013). It manifests with intellectual disability, microcephaly,
severe developmental delay, intractable seizures, progressive brain atrophy
or respiratory deficiency (Gupta et al., 2017;Lomelino et al., 2017;Ruzzo
et al., 2013). Currently, ASNS deficiency can only be diagnosed by DNA
sequencing. It is because only some of the patients have a measurable
decrease of asparagine concentration in serum and/or cerebrospinal fluid,
which limits this analysis as a preliminary screen (Lomelino et al., 2017).
The disease is caused by homozygous or compound heterozygous mutations
in ASNS gene. Up to day, the exact mechanism causing the symptoms are
not well characterized (N. Gupta et al., 2017). However, performed studies
indicate that asparagine synthesis is essential for the development and func-
tion of the brain but not for that of other organs (Ruzzo et al., 2013).
Whether this dependence is the direct result of asparagine depletion or it
is caused by perturbation of one of the other ASNS reactants has not yet been
established (Lomelino et al., 2017; Ruzzo et al., 2013).
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2.1.3 ASNS regulation

Many times, it has been documented that ASNS is at the center of the
cell response to various forms of cellular stress (Chiu et al., 2020).
Transcriptionally, ASNS gene is regulated via two signaling pathways
designed to improve cell survival under imbalanced AA availability (= AA
response (AAR)) and in the case of increased endoplasmic reticulum stress
(= Unfolded Protein Response (UPR)) (Kilberg et al., 2009, 2012).
Among the AAR pathway, GCN2-eIF2-ATF4 appears to be the predomi-
nant signaling mechanism that activates transcription from the ASNS gene
during the AAR (Balasubramanian et al., 2013). UPR pathway works via
PERK-eIF2-ATF4 mechanism (Chiu et al., 2020). Both of the pathways
rely on activation of kinases (GCN2 or PERK) which then phosphorylate
o-subunit of elF2. These results in attenuation of global protein synthesis
and, at the same time, enhanced translation of select mRINA species, such
as transcription factor ATF4. One of ATF4 target genes is GADD34, which
leads PP1 (protein phosphatase-1) to phosphorylated elF2 and returns the
translation factor to its dephosphorylated state and thus promote the global
translation. ATF4-responsive enhancer element, the CARE sequence, lies
in the ASNS promoter and serves as a target of ATF4-induced transcription
of ASNS during either AAR or UPR (Balasubramanian et al., 2013; Chiu
et al., 2020). Pathria et al. have recently shown that in asparagine-deprived
cancer cells, ASNS expression is enhanced through translational repro-
gramming dependent on MNK1 (MAPK-interacting kinase 1) and eIF4E
(Pathria et al., 2019). ASNS expression is also affected by p53. Interestingly,
WT p53 down-regulates the ASNS transcription while mutant p53-D281G
up-regulates it (Stagliano et al., 2003).

2.2 L-asparaginase (ASNase)

Bacterial L-asparaginases, enzymes that catalyze the hydrolysis of asparagine
to aspartate, have been used for over 50 years as therapeutic agents in the
treatment of childhood acute lymphoblastic leukemia (ALL) (Aghaiypour
et al.,, 2001). ASNase is closely related to ASNS mainly because ALL cells
are known to have low ASNS expression. In general, ASNS expression is high
in pancreatic cells, brain, testes and thyroid cells and low in kidney tissue.
ASNase can be found in many organisms including bacteria, yeasts,
plants, birds and mammals, except for human. Mostly, ASNase is a tetra-
mer but can also be found in a form of a hexamer, dimer or monomer.

by
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Therapeutically used ASNases are mainly those from bacteria Escherichia
coli and Dickeya dadantii (previously known as Enwinia chrysanthemi or
D. chrysanthemi), these ASNases have the same 3D structure (Fig. 2)
(Lubkowski et al., 2003).

D. dadanti ASNase (ErA) has a tetramer structure. In more detail, it is a
dimer of dimers where each dimer consists of two identical monomers. Each
monomer has two domains - bigger N-terminal and smaller C-terminal
domain (Aghaiypour et al., 2001). Four active sites of ErA are located
between the N-terminal and C-terminal domains of two adjacent mono-
mers. The flexible part of the active site, referred to as flexible loop, covers
the binding pocket upon substrate binding to the enzyme (Aghaiypour
et al., 2001). It has been described that ASNase uses two-step ping-pong
mechanism similar to mechanism of serine proteases (Rohm and Van
Etten, 1986). Therefore, ASNase-catalyzed enzymatic reaction is a double-
displacement mechanism with two nucleophilic attacks. First, threonine

Fig. 2 3D structure of D. chrysanthemi ASNase homo-tetramer. Image from the RCSB
PDB ID 5F52 (Nguyen et al., 2016).
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residue attacks the carboxamide carbon of L-asparagine with subsequent
release of ammonia. Because ammonia escapes the active site, this catalytic step
is irreversible. The second nucleophilic substitution, which is reversible, is
performed by a water molecule and leads to the release of the second product,
L-Asp (Lubkowski et al., 2003). ErA can also use D-asparagine, L-glutamine
and succinate-NH, as substrates. Kp; (Ve values for L-asparagine,
D-asparagine, L-glutamine and succinate-NH, by this enzyme are
0.01mM (0.923 pM/min/unit), 62 (0.177), 1.1 (0.087) and 15 (0.24), respec-
tively (Howard and Carpenter, 1972).

Gram-negative bacteria E. coli synthetize two ASNase isoenzymes -
cytosolic, type I ASNase (EcAl) and periplasmatic, type II ASNase
(EcAll, EcA) (Campbell et al., 1967). However, EcAII has higher affinity
for substrates and shows anti-tumor activity (in contrast with EcAI)
(Campbell etal., 1967; Whitecar et al., 1970). Different affinity for substrates
is caused by flexibility of the active site flexible loop. When the loop is sta-
bilized by hydrogen bonds, both asparaginase and glutaminase activity of the
enzyme are increased (Offman et al., 2011). Furthermore, there are Ser and
Glu residue at the active site of ECAIIL. Glu residue is negatively charged, thus
attracting o-amino group of the substrate. On the other hand, EcAl active
site contains residues of glutamine and asparagine (Aghaiypour et al., 2001).
EcAIl has an affinity for the same four substrates as ErA, however,
L-glutaminase activity of EcAIl is much lower than for ErA (Rohm and
Van Etten, 1986).

2.2.1 ASNase in leukemias and lymphomas

ASNases were discovered 50 years ago to have anti-tumor properties and are
particularly effective against ALL (Zhang et al., 1995). ASNase therapy
targets the leukemia or lymphoma cells, which usually have low ASNS
expression or do not even express ASNS at all. It is probably caused by
hypermethylation of CpG islands in ASNS promoter (Ding et al., 2005).
These low-ASNS cells cannot synthesize enough amount of Asn that is
needed for proliferation and basal functions, and are, therefore, auxotrophic
for asparagine. Leukemia cells after ASNase treatment inhibit mTOR path-
way, thus inhibit proteosynthesis, synthesis of nucleic acids, induce
G1-phase cell cycle arrest, activate autophagy and, at the end, apoptosis.
ASNase also causes metabolic reprogramming of leukemia cells, specifically,
ASNase inhibits glucose uptake and increases FAO and maximal respiration
(Hermanova et al., 2016; Leslie et al., 2006; Yu et al., 2012).
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ASNase has been used in the clinics since 1970 and it is now the most
abundantly used cytostatic enzyme in the clinical oncology. It is routinely
used during leukemia and some type of non-Hodgkin lymphoma treatment.
More specifically, it is a cornerstone of childhood ALL treatment (Pieters
et al.,, 2011). ASNase can be administered by intramuscular injection or
by intravenous infusion. Since ASNase does not cross the blood-brain
barrier, it can also be administered intrathecally (Capizzi et al., 1970). In
Europe, ASNase is usually administered intravenously whereas in the
USA the prevalent administration method is intramuscularly. During
ALL-BFM 2000 Protocol, the activity of ErA administered either intrave-
nously or intramuscularly was monitored. It was found out that ErA injected
intramuscularly had higher activity compared to ErA administered intrave-
nously (Schrey et al., 2010).

For ASNase treatment, different enzymes can be used. As the frontline
treatment, EcA is used. However, when allergic reactions occur, EcA is
switched to ErA. The incidence of side effects of ErA is lower than these
of EcA, specifically regarding neurotoxicity, pancreatitis and sepsis.
However, ErA activity is lower than that of EcA. The chances of anaphy-
lactic shock are similar when comparing EcA and ErA (Duval et al., 2002).
In vivo halt-time of EcA is 1.24 days. That is more than twice longer than the
half~time of ErA which is 0.6 days. Hence, ErA needs to be administered
more frequently (Muller and Boos, 1998). Because of hypersensitivity reac-
tions, polyethylenglycol-conjugated EcA has become available. During
PEGylation, units of monomethoxy PEG are attached to EcA by covalent
bonds. PEG-EcA is more stable than native EcA, hence, in vivo half-life is
longer. PEG-ECcA is soluble in polar solvents and the organism produce less
antibodies against PEG-EcA compared to native EcA. PEG-EcA has higher
anti-tumor activity than the native form of the enzyme (Muller and Boos,
1998). Half-life of PEG-EcA is 5.73days, in contrast with 1.24 days in the
case of native EcA. The difference is 4.49 days. Higher activity and longer
half-life allow to decrease the frequency of PEG-EcA administration, there-
fore, the risk of side effects is lower. In Europe, the first-choice ASNase is
native EcA. Only when patient has developed an immune reaction,
PEG-EcA or ErA is used. Unfortunately, up to one third of the patients aller-
gic to EcA are also allergic to ErA (Billett et al., 1992; Vrooman et al., 2010).
In the USA, the first-choice drug is PEG-ASNase. However, PEG-ASNase
can also cause hypersensitivity, the organism starts to produce antibodies
against PEG and, therefore, PEG-EcA is inactivated and eliminated.
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Sometimes even without observable allergic reactions (Armstrong et al., 2007,
van der Sluis et al., 2016). Cross-reactivity of antibodies against PEG-EcA and
native EcA can occur. Furthermore, PEGylation has been also used to
improve ErA. PEG-ErA has longer half-life than native ErA (Rau et al.,
2018; Torres-Obreque et al., 2019). Like in the case of native forms of
ASNase, intramuscular administration, compared to intravenous infusion,
increases the half-life of PEGylated ASNases. However, it is more painful,
the onset is slower and there is quite a big chance of skin hypersensitivity
development (Douer et al., 2007).

2.2.2 ASNase in solid tumors

In general, solid tumors express ASNS and are able to synthesize asparagine.
However, some types of tumors express ASNS but its activity is lower, e.g.,
ovarian cancer (Krall et al., 2016; Purwaha et al., 2014; Story et al., 1993).
Unfortunately, although the sensitivity of ovarian cancer cell lines to
ASNase has been previously demonstrated by preclinical findings, the clin-
ical trial using PEG-EcA had to be prematurely terminated after excessive
toxicity identified in patients (Hays et al., 2013). The use of ASNase in solid
tumor treatment is not yet well described and established; nevertheless, new
insights are coming into light. Salmonella typhimurium was engineered to
express E. coli ASNase within tumor tissues. Antitumor efficacy of the
engineered bacteria was then demonstrated in vivo in colon carcinoma,
mammary carcinoma and pancreatic tumor. In addition to ASNase efficacy,
this result also showed the merit of bacteria as cancer drug delivery vehicles
(Kim et al., 2015). Sun et al. demonstrated that SLC1A3 plays a role in
ASNase resistance in solid tumors (Sun et al., 2019). ASNS KO melanoma
cells are sensitive to ASNase in vitro. However, the same cells are able to
rewire multiple pathways in vivo to sustain tumor growth. To corroborate
this story, clinical trials in melanoma showed only a little efficacy against
profound Asn decrease (Apfel et al., 2021).

2.2.3 Glutaminase activity of ASNase

In clinically used ASNases, their glutaminase activity (compared to
asparaginase activity) is around 5% (Wriston Jr and Yellin, 1973).
However, some ASNases have their glutaminase activity higher than
asparaginase one. It seems that glutaminase activity of ASNase significantly
helps during tumor treatment. Some tumors have lower glutamine synthe-
tase (GS) expression or even do not express GS at all, for example ovarian
cancer, oligodendroglioma or multiple myeloma. Surprisingly, glutaminase

by
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activity of ASNase also helps with the treatment of the tumors with GS
expression (Bolzoni et al., 2016; Chiu et al.,, 2018; Furusawa et al.,
2018). Some studies also suggest that glutaminase activity of ASNase is nec-
essary for its success in ALL treatment (Offman et al., 2011; Panosyan
et al., 2004).

To better understand the role of glutaminase activity of ASNase, ASNases
with different glutaminase activities were developed. Enzymes without glu-
taminase activity were still effective against tumor cells with no ASNS expres-
sion (Parmentier et al., 2015). Offman et al. showed, that ALL cells without
ASNS expression were more sensitive to high-glutaminase-activity ASNase
than low-glutaminase-activity ASNase (Offman et al, 2011). Assuming
that tumor cells with no ASNS expression do not use glutamine to produce
asparagine but to supplement anaplerosis and therefore to proliferate, gluta-
minase activity is perquisite. Regarding the cells with ASNS expression, glu-
taminase activity of ASNase depletes extracellular glutamine that is used as an
amido-group donor for asparagine and other metabolites synthesis (Ratnikov
et al., 2015). Without extracellular glutamine, these cells undergo apoptosis
(Krall et al., 2016). There is also a direct positive correlation between cyto-
toxicity and glutaminase activity of ASNase in ASNS-expressing tumor cells
(Chan et al., 2014; Parmentier et al., 2015). Considering glutamine as an
important amino acid in the organism, its depletion could be a problem.
Concerns about metabolic damage caused by glutamine depletion as a result
of ASNase therapy have led to an idea of glutamine supplementation.
However, although some studies describes the advantage of glutamine supple-
mentation during ALL therapy and chemotherapy (Sands et al., 2017; Tanaka
et al., 2016; Vicentini et al., 2016), others do not see the glutamine supple-
mentation beneficial (Moe-Byrne et al., 2012; Tao et al., 2014).

2.2.4 Limits of the ASNase therapy

Although glutaminase activity of ASNase can be an important part of the
therapy, it also has some negative aspects. In phase I clinical trial where
ASNase with balanced glutaminase activity (sometimes called glutaminase-
asparaginase) was used in adult oncology patients, a large quantity of side
effects was observed, including hyperglycemia, respiratory alkalosis, nausea,
vomiting, fever or chills. Moreover, this therapy also led to asterixis, lethargy
and disorientation. These symptoms indicate that CNS could be affected
(Warrell et al., 1980). Therefore, phase II has never even started. ErA
and EcA have their glutaminase activity in only a few percent units.
Nevertheless, both of them can cause many side effects, e.g., hypersensitivity,
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anaphylactic reactions, pancreatitis, thrombosis, increased bleeding, stomach
ache, fever, infections, hyperglycemia and sepsis (Avramis et al., 2002;
Haskell et al., 1969; Oettgen et al., 1970; Plourde et al., 2014; Vrooman
etal., 2016). Coagulation problems are caused by affecting the proteosynthesis
(Nowak-Gottl et al., 2001). Overall, ASNase treatment is more effective in
childhood oncology patient compared to the adult ones. It is because the
number of side effects correlates with the age of the patient (Stock etal., 2011).

ASNase with lowered glutaminase activity has started to be engineered
(W. K. Chan etal., 2014; Reinert et al., 2006). ErA glutaminase activity can
be reduced by amino acid change in the active site of the enzyme. When one
of two amino acid residues in the flexible loop is changed to the residue of
glutamine, a-amino group of glutamine is strongly repelled by hydrogen
bond donors. Asparagine is smaller and it can, therefore, dodge these hydro-
gen bond donors. Hence, affinity to glutamine is lowered (Nguyen et al.,
2016). Mutant ASNase without any glutaminase activity has been produced.
This enzyme was effective against tumor cells with ASNS expression (Chan
et al., 2014). In addition to mutant enzymes, ASNase from other sources
than E. coli and D. dadantii can be used. However, alternative-source
ASNases usually have quite low asparaginase activity. Unfortunately, when
asparaginase activity is engineered to be higher, glutaminase activity also
increases (Sudhir et al., 2016). Nevertheless, alternative-source ASNases
could be used after immune reactions against EcA and/or ErA. The alterna-
tive sources can be fungi (L. Huang et al., 2014; Mohan Kumar and
Manonmani, 2013; Vala et al.,, 2018), plants (Liu et al., 2019), yeasts
(Darvishi et al., 2019) or other bacteria (El-Naggar et al., 2016; Reinert
et al., 2006). Because of possible allergic reactions to alternative-source
ASNases, human-like ASNase (part human, part guinea pig) has been
engineered (Rigouin et al., 2017). Any of the alternative-source ASNase
has not yet been tested in clinical trial.

Lower eftectivity of ASNase or even resistance against it can be caused by
cooperation of tumor cells with adipocytes (gain of glutamine) or mesenchy-
mal stromal cells (gain of asparagine) (Ehsanipour et al., 2013; Iwamoto
etal., 2007; Parmentier et al., 2015). Hence, ASNase effectivity also depends
on the amount of fat tissue of the patient. This phenomenon was demon-
strated in mice where ASNase therapy was not effective in obese individuals.
This normal tissue support can lead to insufficient eradication of leukemia
cells and consecutive relaps of the disease (Williams, 2007).

Interestingly, ASNase can also be encapsulated into erythrocytes
(Kravtzoft et al., 1996; Updike et al., 1976). Asparagine and glutamine
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are actively transported through cytoplasmatic membrane of the erythro-
cytes towards encapsulated ASNase where they are degraded to aspartate
and glutamate, respectively. In this case, ASNase is a part of an erythrocyte,
therefore it is not attacked by the immune system and half-life of this
encapsulated ASNase depends on the viability of an erythrocyte, that is
120 days. Usually, half-life of the encapsulated ASNase is around one
month, which is significantly longer than ErA (0.6days), EcA (1.24 days)
or even PEG-EcA (5.73days) (Halfon-Domenech et al., 2011; Muller
and Boos, 1998). ASNase encapsulated in erythrocytes (Eryaspase) was
tested in clinical trials for the patients with adenocarcinoma of the pancreas
(with low ASNS expression) and with ALL. Eryaspase caused fewer coag-
ulation problems and fewer allergic reactions compared to non-encapsulated
variants of the enzyme (Bachet et al., 2015; Halfon-Domenech et al., 2011;
Hammel et al., 2020; Hunault-Berger et al., 2015).

3. Arginine

Arginine is a semi-essential aminoacid since in normal physiological
conditions its endogenous synthesis is sufficient. However during embryo-
genesis and catabolic stress the organism is not able to synthesize necessary
concentrations and arginine is therefore supplemented from a diet. Arginine
is an integral component of urea, nitric oxide, citrulline, ornithine, proline,
glutamine, creatinine, agmatine and polyamines (Morris, 2007).

3.1 Metabolism of arginine

Arginine is synthetized in a majority of the cells in the two step reaction from
citrulline by arginine succinate synthase 1 (ASS1) and argininosuccinate
lyase (ASL). The central organs where arginine is synthetized are liver
and kidney.

During catabolism of amino acids ammonium ions are produced which are
toxic already in a very small concentrations for human organism. Ammonia is
therefore carried into the cells of blood plasma in the form of glutamine or
alanine and subsequently transported into the liver. Ammonia from glutamine
or alanine is cleaved in enterocytes. Carbamoyl phosphate synthetase 1 (CPS1)
synthetizes carbamoyl phosphate from ammonia and bicarbonate ions in
the matrix of liver mitochondria. Binding of carbamoyl phosphate to orni-
thine produces citrulline which is catalyzed by ornithine transcarbamoylase
(OTCQ). Citrulline is then transported into the cytoplasm where it reacts with
aspartate through ASS1 and arginine succinate is produced. In the next step,
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fumarate is cleaved from arginine succinate through ASL reaction and by that
arginine is produced. By hydrolytic cleavage of arginine by arginase 1 (ARG1)
urea is released and produced ornithine is transported back to matrix of mito-
chondria by translocase ORNT1. By ornithine being recycled, the whole
process can be repeated. This reaction is called urea cycle and is ongoing only
in liver (Fig. 3). Renal cortex is the place with highest concentrations of ASL
and synthesis of arginine. Citrulline is originated mostly from intestine from
which it is transported to liver and transformed to arginine by ASS1 and ASL
enzymes. Arginine is then transported by blood stream to distinct parts of body
(Crenn et al., 2008).

3.2 Arginine-nitric oxide pathway

Biosynthesis of nitric oxide (NO), a short-lived gas, is dependent on pres-
ence of arginine which serves as a starting material in enzymatic reaction of

Mitochondria

phosphate
HCOa / \ Cytosol
NH3 %

[rvor)
Y

Urea cycle

Urea

Fig. 3 Urea cycle. The mitochondrial enzyme CPS1 synthesizes carbamoyl phosphate
from HCO3 and NHs. To form citrulline, carbamoyl phosphate is attached to ornithine
by the enzyme OTC. Citrulline is transported from the mitochondria to the cytosol
via ORNT1. In the cytosol, the enzyme ASS links citrulline to aspartate. Product of
ASS reaction is argininosuccinate, which is cleaved into arginine and fumarate by the
enzyme ASL in the following reaction. The enzyme ARG1 cleaves urea from arginine
to produce ornithine, and ornithine is transported into the mitochondrial matrix by
ORNTT1; thereby cycle is complete.
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nitric oxide synthase (NOS). Together with nicotinamide adenine dinucle-
otide phosphate (NADPH) and oxygen they produce NO and citrulline in
all cell types. Higher concentrations of NO causing toxicity of cells can be
prevented by AR G1 reaction which catalyzes arginine to urea and ornithine.

NO is a signaling molecule participating in various physiological
processes. However, in case of imbalanced NO synthesis it takes part in
formation of pathophysiological events including cancer development.
Expression of NOS has been detected in various cancers indicating that
NO levels contribute to cancer processes (Glynn et al., 2010; Klotz et al.,
1998; Zhang et al., 2014). Expression of NOS was even shown to predict
prognosis of cancer patients (Glynn et al., 2010). Nevertheless, recent studies
show that the effect of NO in cancer is an interplay of its activities which can
be both, pro- and anti-tumorigenic (Wang et al., 2003; Mocellin et al.,
2007). Example can be found in activation of apoptosis. In low concentra-
tions NO prevents cell from apoptosis which can favor cancer progression
while in higher concentrations it activates pro-apoptotic activities and by
that acts as anti-tumor molecule (Lind, 2004; Oronsky et al., 2014;
Ridnour et al., 2008). Another important role of NO which can support
cancer growth is supplying the tumor with nutrients by inducing angiogen-
esis (Jadeski et al., 2000; Vakkala et al., 2000).

3.3 Arginine-ornithine-polyamine pathway

Polyamines is a family of molecules (i.e., putrescine, spermine, spermidine)
derived from arginine-ornithine-polyamine axis catalyzed by ARG.
Polyamines are essential for the growth and proper function of normal
cells which is securely regulated. Multiple aberrations in the control of
polyamines metabolism might lead to pathological processes (Moinard
etal., 2005). The critical role of polyamines in cell growth has led to the devel-
opment of a number of agents that interfere with polyamine metabolism.
Example how polyamines derived from arginine-ornithine axis can
participate in progression of cancer growth is described in paper of Miska
et al. Glioblastoma is characterized by the robust infiltration of immunosup-
pressive tumor-associated myeloid cells. The authors showed that despite
acidic environment of tumor, active de novo synthesis of highly basic poly-
amines in myeloid cells maintained normal intracellular pH and cell survival
and thus promoted immunosuppression during tumor evolution (Miska
et al., 2021). Another study presented how mutation KRAS-G12D in
patients with ALL reprogrammed arginine and methionine metabolism
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and by that supported anabolism of polyamines (Xu et al., 2022). In
triple-negative breast cancer (TNBC) which lacks effective targeted therapy
the reduction of rate-limiting polyamine biosynthetic enzyme, ornithine
decarboxylase ODC, was found to be a suitable targetable vulnerability.
Difluoromethylornithine, an ODC inhibitor, sensitized TNBC cells to
chemotherapy in a subtype specific manner (Geck et al., 2020).

3.4 Suitable candidates for arginine-depleting enzyme
therapies

ASST catalyzes synthesis of argininossuccinate from aspartate and citrulline.
In some cancers such as hepatocellular carcinoma, ovarian cancer, mesothe-
lioma and acute myeloid leukemia (AML) expression of ASS1 gene is
decreased (Dillon et al., 2004; Gupta et al., 2018; Miraki-Moud et al.,
2015; Nicholson et al., 2009; Szlosarek et al., 2006; Tan et al., 2014).
Hypermethylation of ASS1 promoter was determined in myxofibrosarcoma
which is also substantially dependent on arginine supplementation from
extracellular environment (Huang et al., 2013). These observations led to
investigations of experimental treatment which would deplete arginine from
blood stream in order to starve the tumors of this amino acid. Existence of
five enzymes catabolizing arginine was established; ARG, NOS, arginine:
glycine amidinotransferase (AGAT), arginine decarboxylase (ADC), and
arginine deiminase (ADI). However, ADC is not suitable for therapy since
the reaction of agmatine is not reversible and it is toxic for tissues.
Therapeutic effect is studied so far in ARG and ADI.

3.5 Arginine deiminase

Arginine deiminase is an enzyme produced by some eukaryotes and bacteria.
For therapy purposes ADI is isolated from Mycoplasma arginini (Ensor et al.,
2002; Takaku et al., 1992, 1995). ADI catalases reaction from which citrulline
and ammonia is produced. First, the enzyme binds arginine by polar interac-
tion, after that nucleophilic attack is performed on CC arginine, following
cleavage of ammonia and thus arginine is transformed to citrulline (Das
etal., 2004). ADI is the first enzyme of so called ADI pathway. The next reac-
tion is catalyzed by OTC which transforms citrulline to ornithine and car-
bamoyl phosphate. In the last step of ADI pathway carbamoyl phosphate is
metabolized to ammonia and carbon dioxide by carbamate kinase which also
phosphorylates ADP to ATP.
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3.5.1 Arginine deiminase-based therapy

The best target for arginine-deprivation therapy are arginine auxotrophic
tumors. There are several types of cancers which have typically low levels
of urea cycle enzymes such as colorectal carcinoma, hepatocellular carci-
noma, ovarian cancer, breast cancer or glioblastoma. ADI as a therapeutical
strategy was tested in all those cancers both in vitro and in vive, also in clinical
trials as monotherapy or in combination with standard chemotherapeutics.

Recent implementation of PEGylated form of ADI (ADI-PEG20) was
developed to moderate immune responses and prolong biological half-life.
After in vitro incubation of cells with ADI-PEG20, both normal and AML
cells increased ASS1 expression, indicating the effort of both cell types to
adapt to an arginine-deficient environment. By increasing the expression
of ASS1, the tumor cells achieved a certain degree of resistance, but com-
pared to tumor growth with sufficient arginine, tumor growth in arginine
deficiency was noticeably slower (Miraki-Moud et al., 2015).

Treatment using ADI-PEG20 has passed I. and II. phase of clinical test-
ing (Izzo et al., 2004; Tsai et al., 2017) and was also tested in III. phase of
clinical testing on patients with hepatocellular carcinoma. In patients with
advanced hepatocellular carcinoma who did not respond to previous treat-
ment, administration of ADI-PEG20 did not prolong overall survival, but it
was increased in other patients (Abou-Alfa et al., 2018).

ADI-PEG20 is suitable for use with other cytostatic agents, since when
ADI-PEG20 is administered alone, tumor cell resistance to treatment may
occur due to restoration of ASS1 expression or activation of a pathway caus-
ing resistance to apoptosis (Tsai et al., 2009).

Phase I trial of ADI-PEG20 and liposomal doxorubicin in patients with
metastatic solid tumors was completed. Preclinical data demonstrated that
depletion of arginine by ADI-PEG20 enhanced liposomal doxorubicin
cytotoxicity in cancer cells with ASS1 deficiency (Yao et al., 2022).

SpyADI (ADI isolated from Streptococcus pyogenes) was also administered
to patient-derived glioblastoma multiforme models in vitro and in vivo and
their susceptibility was confirmed (Fiedler et al., 2015; Schwarz et al.,
2022). Moreover, they monitored the combination of cyclin-dependent
kinases (CDK) inhibition and ADI. CDKi/SpyADI combination yielded syn-
ergistic antitumoral effects. Study highlights the strong antitumoral potential
of a combined arginine deprivation and CDK inhibition approach via effects

on mitochondrial malfunction, invasiveness as well as DINA-damage response
(Riess et al., 2021).
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Arginine-degrading enzymes were effective anticancer drugs also in
colorectal cancers (CRCs) which exhibit low expression of OTC and, in
some cases, ASS1 proteins. CRC cells failed to grow in arginine-free
medium and dietary arginine deprivation slowed growth of cancer cells in
immunocompromised mice (Alexandrou et al., 2018).

In vascular endothelial cells of several models, including human umbilical
vein cells, ADI has been found to have anti-angiogenic eftects, which may be
due to its ability to degrade arginine, a precursor of pro-angiogenic NO, or to
an as-yet-unidentified pathway (Beloussow et al., 2002; Park et al., 2003).

The success of arginine deiminase therapy is attributed precisely to its
effect on NO production, ADI therefore remains a great hope for cancer
diseases such as breast cancer, which is dependent on its ability to induce
angiogenesis.

3.5.2 Limitations of arginine deiminase therapy

From the enzymes used in various therapies, the forms obtained from human
sources are the best tolerated. Since ADI is derived from bacteria, it is more
likely that its presence in the body will trigger an unwanted immune
response when used. The level of enzyme concentration in the plasma is
therefore balanced between the concentration, when sufficiently unfavorable
conditions for tumor cells are induced, and the concentration, which is not yet
toxic for other cells of the body. Another limit of ADI therapy may be the
biological half-life, which is 4 h, and affects the effectiveness of the treatment
(Holtsberg et al., 2002). In a recent study, erythrocyte-encapsulated ADI was
used in mouse models with various ASS1-deficient tumor cell lines, and no
hypersensitivity was observed (Gay et al., 2016).

3.6 Arginase

The enzyme arginase (AR G) belongs to the enzymes of the urea cycle. ARG
ensures the hydrolytic cleavage of urea from arginine to form ornithine.
It seems that ARG is originally a bacterial enzyme, which began to be
expressed in eukaryotes only after the emergence of mitochondria (Dzik,
2014). Most eukaryotes express only arginase 2 (ARG2), which is found
in mitochondria (Morris et al., 1997; Samson, 2000). Some eukaryotes that
use urea as 2 means of excreting excess ammonia also express a cytosolic iso-
form, ARG1, which is found mainly in the kidney (Kepka-Lenhart et al.,
2000). The isoforms have a number of common properties: they consist
of three identical subunits, although the subunits differ slightly between
the isoforms; they have the same reaction mechanism, for which a cofactor
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in the form of manganese cations is important; and both require the same
starting substances and generate the same products (Jenkinson et al.,
1996; Kepka-Lenhart et al., 2000; Morris et al., 1997; Stone et al.,
2010a). An increase in AR G1 activity results in excessive arginine depletion
and reduced NOS function (Kepka-Lenhart et al., 2000). Conversely,
reduced ARG1 activity leads to structural changes in the vasculature, and
thus to increased tumor growth (Caldwell et al., 2018).

3.6.1 Arginase therapy
Another promising arginine-depleting enzyme is AR G1. Using PEGylated
recombinant human AR G1 in vitro, it was found to inhibit the proliferation
of tumor cells deficient in ASS1 or OTC synthesis (Ensor et al., 2002). The
advantages of arginase therapy lie mainly in its human origin, but even then
it struggled with a not very long half-life and low catalytic activity. In order
to increase the catalytic activity, a variant was developed that uses cobalt
cations instead of manganese cations as a cofactor (Stone et al., 2010b).
The modified enzyme in higher doses caused bone marrow necrosis leading
to death in mouse models, which limited its potential clinical use (Agrawal
et al., 2012; Mauldin et al., 2012). Further research will thus focus on
balancing the effectiveness and toxicity of this variant of the enzyme.
Several phase I/1I clinical trials with arginase or its pegylated form is
being launched in arginine auxotrophic solid tumors such as melanoma,
prostate, liver cancer (De Santo et al., 2018; Chan et al., 2021). Also
Phase I trial of pegylated recombinant arginase (PEG-BCT-100) in combi-
nation with systemic chemotherapy in advanced hepatocellular carcinoma
was completed with promising results (Yau et al., 2022). Results showed
anti-tumor activity with survival advantage for patients with advanced hepa-
tocellular carcinoma.

3.6.2 Limitations of arginase therapy

One of the main limits of arginase therapy is resistance development. The
short-term resistance of tumor cells to arginase therapy is characterized by
the activation of the autophagy process, when the cells try to replace the
missing arginine from their own sources. However, this process is not
sustainable in the long term, and after the depletion of intracellular stores,
the process of apoptosis is triggered (Lin et al., 2015; Zeng et al., 2013).
Cancer cells can resist the lack of arginine in the plasma even in the long
term. They take missing nutrients, including amino acids, from stromal cells,
which can cope with their deficiency (Kwong-Lam and Chi-Fung, 2013).
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The ability of tumor cells to obtain missing nutrients from the stroma is
essential for their dynamic growth, but reduces the effectiveness of therapy.
This problem can be solved by administering ARG with another
cytotoxic agent.

4, Methionine

Methionine is one of the few amino acids that contains sulfur. It is one
of the essential proteinogenic amino acids. Humans cannot synthesize it
de novo, thus they must obtaine it from diet or from microbes living in their
gut. Methionine is a precursor for succinyl-CoA, S-adenosylmethionine
(SAM), cysteine, glutathione (GSH) and polyamines such as spermine and
spermidine. SAM is a major methylation agent- the methyl group is trans-
ferred from SAM to DNA, RNA and proteins including histones, and thus
methionine, as a precursor of SAM, has an effect on genome stability and
epigenetic processes. The antioxidant GSH helps to protect cells from damage
caused by reactive oxygen species (ROS), with particularly severe conse-
quences arising from DNA damage. Methionine thus also plays a role in
maintaining redox balance. Last but not least, it is involved in proteosynthesis
and serves as a sulfur donor. Even from this brief list of functions of methio-
nine, its importance for the proper functioning of cellular processes is obvious.

4.1 Methionine metabolism

In the middle of methionine metabolism is the methionine cycle. In the first
of the four reactions of the cycle, SAM, the methyl group donor, is synthe-
sized from methionine and ATP by methionine adenosyltransferase 2A
(MAT2A). In the second reaction, methyltransferase (MT) removes the
methyl group from SAM to form S-adenosylhomocysteine (SAH). The third
reaction is catalyzed by adenosylhomocysteinase (AHCY), here SAH is
converted to homocysteine. The last reaction is catalyzed by the enzyme
methionine synthase (MS), whose corrector is vitamin B12. The methyl
group of 5-methyltetrahydrofolate (5-MTHEF) is transferred to homocysteine,
which leads to the formation of methionine and folate. This reaction is the
reason why the methionine cycle is linked to the folate cycle. In addition to
MS, there is another enzyme that can synthesize methionine from homocys-
teine, betaine homocysteine methyltransferase (BHMT), which is expressed in
the kidney cortex and liver (Sunden et al., 1997). BHMT transfers the methyl
group of betaine to homocysteine.

Beside folate cycle, the methionine salvage cycle and transsulfuration
pathway are also connected to the methionine cycle. The methionine
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salvage cycle allows methionine to be produced again from the SAM formed
in the first reaction of the methionine cycle. The methionine salvage path-
way is important for the synthesis of polyamines and purines. The trans-
sulfuration pathway involves only two reactions. The starting substance is
homocysteine and the product is cysteine, which is a precursor of GSH
(more in the paragraph about cysteine).

4.2 The Hoffman effect

The fact that cancer cells are dependent on methionine supply from the
exogenous environment was observed more than 60 years ago (Sugimura
etal., 1959). The dependence of cancer cells on methionine was intensively
investigated in the following two decades; cancer and non-cancer cells were
cultured in medium that was free of methionine but contained its precursor
homocysteine; normal cells were not significantly affected, while almost no
cell lines of various types of cancer were able to proliferate under these con-
ditions (Halpern et al., 1974; Hoffman and Erbe, 1976; Mecham etal., 1983;
Stern et al., 1984). Interestingly, when methionine is deficient, the cell cycle
of cancer cells stops in the late S/G2 phase (Hoftman and Jacobsen, 1980;
Stern and Hoftman, 1986; Yano et al., 2014). A hypothesis of deficiency
or malfunction of the MS enzyme has suggest itself as an answer to the ques-
tion of why cancer cells were unable to proliferate in that methionine free
medium; however, this hypothesis has not been confirmed (Ashe et al.,
1974; Hoffman and Erbe, 1976; Hoffman et al., 1978). Results of recent
study have shown that cancer cells have MS levels comparable to normal
cells and synthesize methionine in adequate amounts or even greater
amounts than normal cells, thus nowadays hypothesis is that cancer cells
are dependent on methionine from the extracellular environment because
their metabolism consumes it in excessive amounts (Hoffman et al., 2019;
Stern et al., 1984). Human cancer cell lines were tested and it was found that
they all have impaired methionine metabolism in some way. The higher con-
sumption is enabled by upregulation of MAT2A, an enzyme of the methio-
nine cycle (Wang et al.,, 2019b). And deletion of methylthioadenosine
phosphorylase (MTAP), an enzyme of the methionine salvage pathway is also
common (Behrmann et al., 2003; Beroukhim et al., 2010). Thus, the depen-
dence of cancer cells on methionine has become another hallmark of cancer
metabolism and is now known as the “Hofmann effect” after Dr. Robert
M. Hoftman. The Hoffman effect is thought to be as or more significant than
the Warburg eftect, since it is now the only known metabolic change that all
cancer cells suffer from.
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4.3 Methioninase

Based on the findings of the Hoftman effect, research has focused on restric-
tive diets (Durando et al., 2008; Hoshiya et al., 1996; Tan et al., 1997a) and
the enzyme L-Methionine-y-lyase known as methioninase (METase). One
of the reactions that METase catalyzes is the conversion of methionine to
o-ketobutyrate, methanethiol and ammonia (Kreis and Hession, 1973).
METase is dependent on the presence of pyridoxal phosphate (PLP), which
serves as its cofactor. The first methioninase that was used in tumor treat-
ment was purified from Clostridium sporogenes; after treatment, tumor growth
was inhibited and there was no concomitant weight loss orthotopic in rats as
it sometimes happened during methionine free dieting (Kreis and Hession,
1973). However, a recombinant form of METase (rMETase), which was
isolated from Pseudomonas putida, had better properties and subsequent
recombination resulted in higher stability and prolonged half-life of the
enzyme; higher yields were achieved through transformation into E. coli
(Tan et al., 1997b).

4.3.1 Methioninase therapy

Excellent results have been obtained with rMETase used for the treatment of
melanomas, sarcomas and osteosarcomas in patient-derived xenograft
(PDX) and patient-derived orthotopic xenograft (PDOX) mouse models
of cancer. The mice were administered rMETase into the abdominal cavity,
via the peritoneum into the bloodstream where direct methionine depletion
occurred. The tMETase effectively inhibited tumor growth, the tumors had
low methionine concentrations and grew smaller in size (Igarashi et al., 2017;
Kawaguchi et al., 2018b; Murakami et al., 2017; Tan et al., 1996a). IMETase
achieves even better results when administered orally (o-rMETase), the effi-
cacy is probably due to the fact that it depletes methionine already in the gas-
trointestinal tract; that was observed in PDOX mouse models of melanoma
(Kawaguchi et al.,, 2018a). Other studies describe successful methionine
depletion when o-rMETase is administered to PDOX models with pancreatic
cancer, which usually has a very poor prognosis (Igarashi et al., 2018;
Maisonneuve, 2019; Zhu et al., 2018).

In the 1990s, there were two phase I clinical trials of rMETase in cancer
patients, specifically patients with breast cancer, lymphoma, lung cancer or
renal cancer. All patients experienced a reduction in serum methionine
levels, while no adverse side effects, including rMETase toxicity, were
observed in either of these two studies (Tan et al., 1996b; ). Further clinical
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trials investigating the effect of METase on cancer proliferation were con-
ducted after more than 20 long years later. Even in the following clinical
trial, no toxicities were observed and methionine levels began to decrease
within 30min of application (Hoftman et al., 2019). In a recent clinical
trial, the eftects of o-rMETase were investigated in prostate cancer patients,
where methionine was again successfully depleted (Han and Hoffman,
2021). Cell cycle arrest in the late S/G2 phase when administering
rMETase makes cancer cells much more sensitive to the use of chemother-
apy, thus rMETase making chemotherapy more eftective (Kawaguchi et al.,
2017; Stern and Hoffman, 1986; Yano et al., 2014).

To determine potential toxicity, rMETase was administered to primates,
specifically male Macaca fascicularis. Food intake and weight loss were
observed after application (Yang et al., 2004c¢). In an effort to eliminate side
effects and improve the therapeutic properties of rMETase, its PEGylated
form (PEG-rMETase) was developed. PEG-rMETase has twice as long a
half-life as rtMETase (Tan et al., 1998). The same year, just a few months
later, a publication by an almost identical team was published on its use again
in male M. fascicularis. When compared with the results of the previous study,
it was concluded that the PEG-rMETase was preferable as it did not elicit
any immune response and also the biological half-life of apoenzyme activity
was increased by PEGylation, specifically from 2.5h to 143h (Yang et al.,
2004b). Moreover, PEG-rMETase was shown to kill cultured cancer cells
in vitro more reliably than rMETase (Tan et al., 2010). Potential toxicity
could be alleviated by co-administration of homocysteine, vitamin B12
and folate, which promotes methionine synthesis in non-malignant cells
(Epner et al., 2002). Another substance whose co-administration enhances
the properties of METase is its cofactor PLP, which increases the half-life of
holoenzyme (Yang et al., 2004a). An innovative solution to the immunoge-
nicity and short circulating time of the enzyme in the body is the injection
of METase-encapsulated erythrocytes, erymethionase. Erythrocytes have
already been injected into mouse models bearing breast cancer, gastric adeno-
carcinoma and glioblastoma cells with the result prolonged enzyme activity
and dramatic inhibition of tumor proliferation (Gay et al., 2017; Machover
et al., 2019; Sénéchal et al., 2019).

5. Cysteine

Cysteine, as well as the aforementioned asparagine, arginine and glu-
tamine, are conditionally essential amino acids. In the extracellular space,
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disulfide bridges are formed between cysteins by the binding of its sulfanyl
groups. This disulfide is called cystine (CSSC). Cysteine is an indispensable
component of almost all of proteins; a precursor for important metabolites
such as the antioxidant GSH, coenzyme A, sulfate, and taurine; and because
of GSH it is important protection against oxidative stress.

5.1 Cysteine metabolism

Cysteine metabolism is closely linked to methionine metabolism. Cysteine is
synthesized from methionine in four steps - the first two steps are part of the
methionine cycle and the second two are part of the transsulfuration path-
way. As described above in the methionine cycle, methionine gives rise to
SAM, from which homocysteine is subsequently synthesized (Fig. 4).
Homocysteine is coupled to serine in the first reaction of the transsulfuration
pathway by the enzyme cystathionine-f-synthase (CBS) to form cystathionine.
In the next reaction, cystathionine is cleaved by the enzyme cystathion—y-lyase
(CGL) into cysteine, 2-oxobutanoate and ammonia.
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Fig. 4 Methionine metabolism. At the center of methionine metabolism is the methi-
onine cycle. Methionine is sequentially converted to SAM, SAH and homocysteine. First,
methionine is converted to SAM by the MAT2A enzyme. Then SAH is synthesized from
SAM, which is catalyzed by the enzyme MT. The enzyme AHCY can form homocysteine
from SAH. Homocysteine is methylated by either the enzyme MS or the enzyme BHMT.
MS transfers the methyl group of 5-MRHF to methionine, making 5-MTHF into THF,
while BHMT transfers the methyl group of betaine, making dimethylglycine from beta-
ine. The demethylation of 5-MTHF to THF is part of the folate cycle, thus methionine
contributing to the synthesis of both purines and pyrimidines. Methionine can be
re-created from SAM via the methionine salvage cycle and polyamines and purines
can be synthesized at the same time. Homocysteine is further processed via the trans-
sulfuration pathway into the amino acid cysteine.
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Two more reactions are required to produce the GSH tripeptide from
cysteine. First, the enzyme y-glutamylcysteine synthetase (yGSC) combines
cysteine with glutamate to form y-glutamylcysteine. In a second reaction
catalyzed by the enzyme glutathione synthetase (GSS), GSH is formed from
v-glutamylcysteine and glycine. GSH i1s able to oxidize, thereby helping to
maintain redox homeostasis. In a reducing environment, such as in the pres-
ence of reactive oxygen species (ROS), a disulfide bridge is formed between
the two GSH. By linking the two GSHs, a glutathione disulfide (GSSG)
is formed.

Due to genetic and metabolic changes, rapid proliferation, abnormal
growth, and an inflammatory microenvironment, cancer cells are subjected
to high oxidative stress (Olsen et al., 2013; Trachootham et al., 2009). In
order for cancer cells to reduce ROS levels, they need more of the antiox-
idant GSH, and thus more cysteine, to synthesize GSH (Trachootham etal.,
2009). If cancer cells do not obtain sufficient amounts of cysteine from the
extracellular environment, they face high oxidative stress, which can be fatal
to them, as cancer cells are unable to cover their own antioxidant consump-
tion (Trachootham et al., 2009; Zhang et al., 2012). This means that cancer
cells depend on cysteine import from the extracellular environment. The
import is mainly facilitated by the xCT(-) antiporter, through which cyste-
ine enters the cells in the form of its dimer CSSC and glutamate is secreted
into the extracellular environment (Doxsee et al.,, 2007; Shiozaki et al.,
2014; Takeuchi et al., 2013). The dependence of some cancer cells on cys-
teine from the extracellular environment is caused by the fact that they have

low expression of enzymes of the transsulfuration pathway (You etal., 2011;
Zhao et al., 2012).

5.2 Cyst(e)inase

The knowledge of the dependence of cancer cells on cysteine from the extra-
cellular environment reveals another Achilles heel of cancer cells that is suit-
able for targeted therapy. The research team of Cramer focused on the use of
CGL as a therapeutic enzyme (Cramer et al., 2017). The CGL enzyme cat-
alyzes the conversion of cystathionine to cysteine, 2-oxobutanoate and
ammonia within the transsulfur pathway (Fig. 5). However, CGL can also cat-
alyze two other reactions - firstly, it cleaves CSSC to thiocysteine, pyruvate
and ammonia; and secondly, it cleaves cysteine to form pyruvate, sulphate and
ammonia. However, the enzymatic kinetics of these two reactions are so low
that it would not make sense to use CGL in targeted therapy. Upon substi-
tution of two glutamic acids (Glu59 and Glu339) within the active site of
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Fig. 5 Cysteine metabolism. The enzyme CBS synthesizes cystathionine from homocys-
teine and serine. Cystathionine is cleaved by the enzyme CGL into cysteine,
2-oxobutanoate and ammonia. The enzyme y-GSC forms y-glutamylcysteine from cys-
teine and glutamate. The reaction of GSH synthesis from y-glutamylcysteine and glycine
is catalyzed by the enzyme GSS. GSSG is a dimer composed of two GSHs that are linked
by a disulfide bridge.

CGL, there was a fifty-fold increase in the catalytic efficiency of CGL in the
reaction with CSSC, and the catalytic efficiency of the reaction of CGL with
cysteine was increased twenty-fivefold. The version of the modified CGL to
which the methoxy PEG succinimidyl carboxymethyl ester was attached was
named cyst(e)inase.

5.2.1 Cyst(e)inase therapy

To test the functionality of cyst(e)inase in primates, cyst(e)inase was admin-
istered to two cynomolgus monkeys. Cyst(e)inase in primates successfully
depleted cysteine and CSSC in the serum without any toxic effect of the
enzyme being observed (Cramer et al., 2017). An in vitro experiment on
prostate cancer cells showed that after cyst(e)inase treatment there was a
decrease in GSH, an increase in ROS, an increase in AMP kinase (AMPK),
a decrease in phosphorylated mechanistic target of rapamycin (mTOR), and
an increase in the frequency of autophagy of these cells (Cramer et al.,
2017). An interesting experiment was to investigate the eftects of cyst(e)inase
and curcumin on tumor growth in mice. When cyst(e)inase or curcumin was
used alone, only mild tumor inhibition occurred, whereas when these agents
were used together, much more pronounced growth inhibition occurred,
which was consistent with the use of cyst(e)inase alone at a higher dose
(Cramer et al., 2017).

It is known that cancer cells are often nourished by cells of the tumor
microenvironment, which greatly complicates therapy and can lead to
relapses. For example, nourishment of chronic lymphocytic leukemia
(CLL) cells with low levels of xCT(-) expression by stromal cells with high
levels of xCT{(-) expression in a medium which is depleted in cysteine but
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CSSCs rich goes to that CLL cells successfully surviving in this medium, as
the stromal cells imported CSSCs and subsequently exported the cysteine
that the CLL cells imported (Zhang et al., 2012). In conjunction with this
observation, (Cramer et al., 2017) tested cyst(e)inase on a similar coculture
with excellent results, giving hope for the treatment of previously resistant
cancer lines with low xCT{(-) expression. In cancer cells, therefore, the level
of xCT antiporter expression may serve as a good indicator of the suitability
of deploying cyst(e)inase therapy, as well as high ROS levels (Shiozaki et al.,
2014; Takeuchi et al., 2013). A good sign of cyst(e)inase therapy is that, in
addition to cancer cells undergoing ferroptosis after cyst(e)inase treatment,
the therapy also increases T cell-mediated anti-tumor immunity (Wang
et al., 2019a).

The main limitations of therapies are the resistance of cells to treatment
and the toxicity of the agents. Reduction of resistance to cyst(e)inase therapy
can be achieved by the use of aurafonin, a thioredoxin reductase inhibitor.
Reesistant pancreatic cancer cells exhibited high levels of thioredoxin 1 and
good mitochondrial fitness, and were significantly more sensitive to the
effects of cyst(e)inase therapy in vitro and in vivo after the use of auranofin,
without toxic manifestations (Kshattry et al., 2019). To achieve a reduction
in cyst(e)inase cytotoxicity, it is recommended to use the enzyme together
with buthionine sulfoximine (BSO), which also interferes with the GSH
synthesis pathway, and together they are more eftective and much less toxic
than when acting alone (Cramer et al., 2017). However, cyst(e)inase is still a
new player in the field, and it is important that further experiments are
conducted.

6. Concluding remarks

Demand for amino acids in cancer cells differs from that of normal
cells. In this pathological environment, some non-essential amino acids
become (conditionally) essential and a permanent extracellular supply is
required. The difference between normal and tumor cells is being used
for therapeutic purposes which specifically target cancer cells.

Asparagine, a non-essential amino acid, plays an essential part in different
cell metabolism processes. It is biosynthesized via a single enzyme, asparagine
synthetase, often deficient in leukemias and sometimes in other tumors. This
feature makes the cells sensitive to asparagine deprivation which can be rel-
atively easily achieved by treating cells with L-asparaginase.

by
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Arginine is an essential amino acid in tumors in which urea cycle
enzymes are not expressed or only at low levels. These tumors are susceptible
for arginine depletion which can be reached by so far two most tested ther-
apeutic approaches; using arginine deiminase or arginase. Ongoing clinical
trials with these agents bring promising results and hopefully will improve
the survival of cancer patients, particularly those with dismal prognoses.

So far, all cancer cells investigated have altered methionine metabolism in
some way. Methioninase takes advantage of the higher consumption of
methionine by tumor cells and elegantly transforms it into their weakness.
By depleting extracellular methionine, it selectively disadvantages cancer
cells, which are then less likely to proliferate, while normal cells are not
affected by these conditions.

As cancer cells face induced oxidative stress (Renaudin, 2021), they need
high concentrations of antioxidants. The most abundant antioxidant is glu-
tathione, the precursor of which is, among other things, cysteine. Cyst(e)
inase in serum depletes not only cysteine but also its dimer cystine. For can-
cer cells, in the absence of cysteine or cystine, their metabolism becomes
their enemy; by producing ROS in high amount, cancer cells destroy
themselves.

There are other amino acids that are metabolism is dysregulated in cancer
cells as well. An example of an amino acid which we did not discuss here
despite its importance is serine. Serine is part of one-carbon metabolism,
including folate and methionine cycle. Recent studies show that both exog-
enous and endogenous sources of serine are required for tumor progression and
contribute to treatment resistance (Montrose et al., 2021; Tajan et al., 2021).
Serine metabolism affects multiple metabolic pathways, which can increase the
survival of cancer cells (Maddocks et al., 2013, 2016). Deprivation-based ther-
apy is therefore desired to target both, extracellular pool and de novo synthesis
of serine.
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