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ARTICLE INFO ABSTRACT

Keywords: Metabolic reprogramming is a crucial characteristic of cancer, allowing cancer cells to acquire
Metabolic reprogramming metabolic properties that support their survival, immune evasion, and uncontrolled proliferation.
Leukemia

Consequently, targeting cancer metabolism has become an essential therapeutic strategy.
Abnormal amino acid metabolism is not only a key aspect of metabolic reprogramming but also
Leukemic stem cells plays a significant role in chemotherapy resistance and immune evasion, particularly in leukemia.
Amino-acid metabolism Changes in amino acid metabolism in tumor cells are typically driven by a combination of
Amino-acid transporters signaling pathways and transcription factors. Current approaches to targeting amino acid meta-
Immune invasion bolism in leukemia include inhibiting amino acid transporters, blocking amino acid biosynthesis,
and depleting specific amino acids to induce apoptosis in leukemic cells. Different types of
leukemic cells rely on the exogenous supply of specific amino acids, such as asparagine, gluta-
mine, arginine, and tryptophan. Therefore, disrupting the supply of these amino acids may
represent a vulnerability in leukemia. This review focuses on the pivotal role of amino acids in
leukemia metabolism, their impact on leukemic stem cells, and their therapeutic potential.

Signaling pathways
Chemo-resistance

1. Introduction

Leukemia is a hematological malignancy characterized by the uncontrolled proliferation of transformed blood cells in bone marrow
or other hematopoietic tissues, leading to tissue invasion and organ destruction [1,2], causing anemia, bleeding, fever, and other
symptoms [3,4]. Leukemia is classified based on two criteria: the pace of tumor progression (acute or chronic leukemia) and the origin
of leukemia cells (myeloid or lymphoblastic leukemia) [5]. Advances in chemotherapy, stem cell transplantation, and targeted
therapies have improved clinical outcomes for leukemia patients. However, individual differences, prolonged treatment duration, and
the emergence of drug-resistant tumors can lead to severe toxicity and relapse in some patients [6-10]. Therefore, there is a need for
effective and less toxic alternative therapies for leukemia.
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Cancer cells exhibit a metabolic shift from catabolism and oxidative phosphorylation (OXPHOS) to glycolysis and anabolic
metabolism, enabling rapid synthesis of macromolecules necessary for cell duplication [11-14]. In contrast to normal cells, which rely
on glycolysis under hypoxic conditions, cancer cells prefer cytoplasmic glycolysis in both aerobic and anaerobic environments due to
their metabolic heterogeneity [15]. This complex process involves the activation of oncogenes like RAS and C-Myc, as well as the
deletion of tumor suppressors such as p53 and PTEN, which collectively drive the metabolic transformation of cancer cells. Amino acid
metabolism plays a crucial role in protein synthesis, small peptide production, and support for various biosynthetic pathways,
particularly tryptophan metabolism [16-19]. Free tryptophan is used in protein synthesis and in the production of neurotransmitters
(serotonin) and neuromodulators (tryptamine) [20]. The 20 amino acids and their metabolites are essential for various physiological
functions, and disruptions in amino acid metabolism disturb homeostasis and impede cell growth, significantly impacting development
[21,22]. Leukemic cells, for instance, are unable to synthesize sufficient amounts of amino acids on their own, leading to a reliance on
specific amino acids. Consequently, amino acid deficiency is common in leukemic cells, presenting a metabolic vulnerability that can
be targeted for amino acid metabolic therapies [23-27]. This review explores the significance of amino acids in cancer cell physiology
and the potential of targeting amino acid metabolism in leukemia treatment.

2. Harnessing the power of amino acid deprivation as a novel strategy in the treatment of leukemia

Chemotherapy has been a widely used treatment for leukemia for many years. However, its effectiveness is limited due to the toxic
side effects caused by the lack of specificity in most chemotherapeutic drugs [28]. To overcome this challenge, researchers have
explored targeting amino acid metabolism as a potential approach for leukemia treatment [27]. This can be achieved by promoting
amino acid depletion, inhibiting amino acid transporters, or inhibiting amino acid biosynthesis [27,29,30]. One of the main obstacles
in targeting amino acid metabolism is the presence of solute carriers, which are proteins that transport amino acids and other sub-
stances. These carriers have hydrophobic alpha-helices connected by hydrophilic intra- and extracellular connections, allowing them
to transport a wide range of substances including amino acids, nucleotides, inorganic ions, and drugs. However, this also leads to a
functional redundancy of amino acid transporters [29]. In contrast, another approach to targeting amino acid metabolism is to pro-
mote amino acid consumption by activating enzymes in the pathway or inhibiting amino acid biosynthesis. For example, activating
enzymes like phosphoglycerol dehydrogenase (PHGDH), asparagine synthetase (ASNS), and glutaminase (GLS) could be a promising
direction for leukemia treatment [31]. Thus, exploring different strategies to target amino acid metabolism in leukemia treatment
could potentially overcome the limitations of chemotherapy and improve patient outcomes.

Recent research has provided compelling evidence that amino acid starvation, specifically targeting glutamine, asparagine, argi-
nine, and tryptophan, can effectively inhibit the growth of leukemia cells [29,32,33]. For instance, the use of ASNase (L-Asparaginase)
and Navoximod (an inhibitor of tryptophan metabolizing enzyme) has shown promising results in the treatment of acute lymphoblastic
leukemia [23,34]. The successful clinical applications of ASNase in acute lymphoblastic leukemia serve as a notable example of the
efficacy of amino acid starvation therapy [35]. Additionally, glutaminase inhibitors such as CB-839, 987, and ADI (Arginine deiminase
inhibitors) have been explored as potential treatments for leukemia [36-40]. The representative drugs of various amino acid inhibitors
are shown in Table 1. These findings suggest that amino acid starvation therapy holds great potential as a novel approach to combat
leukemia. In this discussion, we will delve into the significance of these four major amino acids as targets for amino acid starvation
therapy.

2.1. Asparagine

ASN (L-Asparagine) is an amino acid that plays a crucial role in protein synthesis and serves as a source of energy for cell
biosynthesis [26,41]. It is considered non-essential, but its presence is vital for cell survival and proliferation. The conversion of
glutamine and aspartate into asparagine and glutamate is facilitated by asparagine synthase (ASNS) through ATP-dependent reactions
[42]. This process requires the involvement of transaminase to supply amino groups from glutamine and consumes an ATP and two
high-energy phosphoric acid bonds [43]. Leukemia cells heavily rely on ASN for survival due to inadequate ASNS expression, which
hinders ASN synthesis [44]. Interestingly, recent research by KRALL et al. [45] has shown that exogenous aspartate can repair the
damage caused by inhibition of the electron transport chain (ETC) without increasing intracellular aspartate levels. This suggests that
aspartate may have a role in altering metabolic pathways during cellular injury and exclusively rescuing cells. Additionally, ASN plays
a role in regulating ammonia metabolism and contributes to cell proliferation by increasing ASN transcription levels through endo-
plasmic reticulum stress [46-49]. These findings suggest that targeting ASN starvation could be a potential strategy for treating
leukemia.

The clinical application of ASNase for the treatment of acute lymphoblastic leukemia (ALL) has shown promising results. In 1953,
Kidd et al. [50,51] discovered the presence of L-asparaginase, an enzyme found in guinea pig serum but not in most mammals, which

Table 1
The representative drugs of various amino acid inhibitors.
ASNase GLS inhibitor Arginine deiminase inhibitor IDO inhibitor
E. coil ASNase CB-839 BCT-100 Navoximod
Peg-asparaginase GP-1681 ADI-PEG20 BMS-986205
Compound 968 Indoximod
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converts asparagine to aspartate. The anti-leukemic effect of ASNase is primarily attributed to its high specificity for asparagine,
leading to the conversion of most circulating asparagine into aspartic acid and ammonia [32]. This mechanism is particularly sig-
nificant in (T-cell) leukemia, where cells often exhibit a deficiency in asparagine. As a result, cells must rely on dietary intake to obtain
asparagine and other dependent amino acids. By blocking the cell’s source of asparagine, ASNase leaves the cell undernourished and
induces apoptosis (Fig. 1). To make ASNase more accessible for the treatment of childhood ALL, researchers have extracted it from
E. coli and chrysanthemum and administered it through intravenous injection. This approach has been widely developed and has
shown significant success when combined with other chemotherapeutic agents [23,52-54]. However, toxic side effects and allergic
reactions have been observed in some ALL patients treated with E. coli ASNase [55-57]. This toxic side effect is mainly due to the
limited purity of bacterial proteins and their pharmacokinetic distribution in mammalian systems (mainly in the central part of plasma
volume), which are usually immunogenic to the host [32]. Therefore, bacterial proteins in ASNase must be extensively purified to
eliminate toxic responses and reduce immune responses, as their biological distribution is limited and can be rapidly eliminated from
circulation [32]. In 2006, the native E. coli ASNase was gradually replaced by peg-asparaginase, which is now used on a large scale as a
first-line treatment for ALL [23]. This chemically modified ASNase has a long half-life, low antigenicity, and is more stable and efficient
than the previous E. coli ASNase [58]. However, it is difficult to determine individual patient dosages due to asparaginase levels
varying widely among patients. Recently, Kloos et al. [59] conducted an epidemiological investigation for peg-asparaginase using the
pop-PK model to determine the clinical characteristics of patients associated with peg-asparaginase clearance [59]. It was observed
that clearance was constant during the first 13 days after administration, after which clearance increased. A higher incidence of
clearance and infection was demonstrated during the induction phase [59]. Other studies have concluded that asparaginase TDM
(therapeutic drug monitoring) is effective in childhood acute lymphoblastic leukemia and that the dosage can be reduced without
compromising the efficacy of ASNase.

The ASN starvation strategy is to provoke amino acid response and endoplasmic reticulum stress (ERS) by ASNase-induced ASN
scarcity, which activates the unfolded protein response (UPR) [42] (Fig. 2). Initiation of UPR upregulates many survivals
inhibition-related genes, leading to disruption of cellular metabolism. UPR proceeds in three pathways: EIF2AK3 (PERK), ERN1
(IRE1), and activating transcription factor 6 (ATF6) [49,60,61]. Next, we will introduce UPR in detail from the above three genes.

EIF2AK3 is a Ser/Thr protein kinase that is highly homologous to the eukaryotic initiation factor (EIF2). When unfolded proteins
accumulate in the endoplasmic reticulum, heat shock protein family A (Hsp70) member 5 (HSPA5) is released, which causes EIF2AK3
to polymerize and phosphorylate in the ER membrane, inducing its activation [62,63]. Activating transcription factor 4 (ATF4)
activation induces DDIT3 (CHOP) expression, which plays an important role in endoplasmic reticulum stress-mediated apoptosis [62,
64]. Subsequently, activated DDIT3 induces GADD34 (growth arrest and DNA damage-inducible gene 34) expression, thereby pro-
moting apoptosis [65].

ERN1 is a transmembrane protein located in the ER with a unique mRNA splicing mechanism [62,66]. ERN1 is activated via
heterodimer formation in response to URP signals. Activated ERN1 relieves ERS and inhibits the expression of heat-shock protein genes
through upregulation of RIDD. When cells are under endoplasmic reticulum stress, X box binding protein-1 (XBP1) mRNA is sheared by
ERN1 to produce the highly active transcription factor XBP1s (XBP1 small). XBP1s enter the nucleus to form a heterodimer with ATF6
and subsequently reduce endoplasmic reticulum stress through a series of reactions. Moreover, ATF6-XBP1 heterodimers can also
activate XBP1 and thus deal with endoplasmic reticulum stress through XBP1 cycle activation [67-69]. Unlike the normal shearing
mechanism, XBP1 mRNA is sheared by ERN1 to excise an intron, which causes a change in the readable frame of the carboxyl terminus
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Fig. 1. Effects of ASNase on leukemia. ASNase rapidly converts ASN to aspartate and ammonia, resulting in an inadequate supply of ASN to
leukemic cells, causing apoptosis.
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Fig. 2. Asparagine lack-induced stress and unfolded protein response. Asparagine deficiency causes ER stress and unfolded protein response, which
leads to apoptosis of leukemia cells.

of the protein [68]. The type of shearing is called " readable frame splicing" [68]. A recent study has shown that the synthesis of XBP1
facilitates cholesterol synthesis and secretion, thereby activating myeloid-derived suppressor cells, and causing immunosuppression
[70]. In the case of unfolded protein accumulation, the release of HSPAS5 induces ATF6 (activating transcription factor 6) to translocate
into the Golgi apparatus, where S1P (sitel protease) and S2P (site2 protease) located in the Golgi apparatus cleave ATF6, which upon
hydrolysis releases the N-terminal structural domain and enters the nucleus to induce transcription of XBP1 and HSPAS5. Above
findings imply that ASNase targeting amino acid stress pathways may be a promising strategy for leukemia therapy.

2.2. Glutamine

Glutamine, despite being a non-essential amino acid, is one of the most consumed nutrients after glucose. It is highly abundant in
the blood, constituting over 20 % of the free amino acids present in serum [29,71]. Furthermore, glutamine plays a crucial role in the
synthesis of other amino acids. It participates in metabolic processes such as the TCA cycle and the urea cycle, facilitating the
metabolism of various amino acids [72] (Fig. 3). Glutamine undergoes deamidation catalyzed by glutaminase, resulting in its con-
version to glutamate. Glutamate, in turn, is converted to alpha-ketoglutarate, which enters the TCA cycle. Additionally, glutamate can
be transformed into asparagine and aspartate through the TCA cycle [72]. Moreover, glutamate can be converted to
pyrroline-5-carboxylate (P5C) by pyrroline-5-carboxylate synthetase (P5CS). P5C can then be interconverted with proline by proline
dehydrogenase (PRODH) and pyrroline-5-carboxylate reductase (PYCR) [73]. Glutamate acid serves as a substrate for the synthesis of
serine and alanine. Alanine is produced by the conversion of glutamate to alanine through the action of alanine aminotransferase 1,/2
(ALT1/2). Furthermore, glutamate and 3-phosphohydroxypyruvate, generated by the glycolytic pathway, undergo catalysis by
phosphoserine aminotransferase 1 (PSAT1) and phosphoserine phosphatase (PSPH) to produce serine [43,74]. Serine, in turn, can be
converted to glycine through one-carbon metabolism and to methionine via the trans-sulfuration pathway, ultimately leading to the
production of cysteine [72]. In addition to its role in amino acid synthesis, glutamine plays a crucial role in providing nitrogen for
purine and pyrimidine synthesis. This makes glutamine a critical factor influencing the proliferation of cancer cells [44,46,75,76].

Given the significant role of glutamine in the growth and proliferation of leukemia cells, the development of glutaminase (GLS)
inhibitors has emerged as a promising approach for leukemia therapy [76,77]. One such inhibitor, CB-839, has shown efficacy in
preclinical studies by effectively inhibiting glutamine hydrolysis and inhibiting tumor proliferation. Traditionally, it was believed that
cells in the tumor microenvironment primarily relied on aerobic glycolysis (Warburg effect) to meet their energy demands for growth
[78]. However, recent studies have demonstrated that leukemic stem cells (LSCs) in acute myeloid leukemia (AML) rely more on
oxidative phosphorylation (OXPHOS), and GLS inhibitors have the potential to reduce mitochondrial OXPHOS and inhibit AML cell
growth. In fact, both CB-839 and HHT (homoharringtonine) have been shown to enhance leukemia cell inhibition by exacerbating
mitochondrial oxidation and inducing apoptosis [79-81]. Furthermore, when combined with FLT3 tyrosine kinase inhibitors like
AC220, CB-839 has been found to induce reactive oxygen species production and deplete glutathione (GSH) in leukemia cells, leading
to apoptosis in a murine model [82,83]. Additionally, the Bcl-2 inhibitor venetoclax has been found to synergize with GLS inhibitors in
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Fig. 4. The urea synthesis pathway involving arginine and PRMT-mediated FLT3 arginine methylation. Elevated intracellular arginine levels and
PRMT1-mediated FLT3 arginine methylation accelerate the spread and proliferation of leukemia cells. The details are shown in the figure.

inducing apoptosis in AML cells [84]. Zhao et al. [85] discovered that BAG3, a gene associated with Bcl-2, specifically enhances GLS
succinylation. BAG3 reduces SIRT5 levels and prevents GLS hydrolysis through ubiquitination labeling and subsequent enzymatic
reactions, thereby promoting GLS stability [85]. However, the therapeutic effect of GLS inhibitors varies for different subtypes of
leukemia. GLS inhibitors have achieved the effect of inhibiting cancer cells in AML by reducing GSH; Although GLS inhibitors can
inhibit cancer cell proliferation in CLL, their therapeutic effect is limited; But for ALL, promoting GSH production by blocking
glutamine metabolism is considered a therapeutic potential for ALL [77]. This suggests that different subtypes of leukemia may utilize
differences in glutamine metabolism to develop appropriate treatment strategies. Consequently, there is a consensus in the scientific
literature that GLS inhibitors effectively reduce leukemia cell survival.
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2.3. Arginine

Arginine is a semi-essential amino acid that can be obtained through dietary intake, conversion of glutamine and proline, or protein
degradation [86]. In pathological conditions, arginine is involved in various metabolic pathways, leading to the production of nitric
oxide, polyamines, and other substances that are essential for cancer cell survival. In the urea cycle, ornithine is transported into the
mitochondria and converted to citrulline by the enzyme ornithine carbamoyltransferase (OCT). Subsequently, citrulline is cleaved to
argininosuccinate with the help of argininosuccinate synthetase 1 (ASS1) before being transported to the cytoplasm. Finally, argini-
nosuccinate lyase (ASL) cleaves argininosuccinate to produce arginine. The transport of arginine is facilitated by CATs (cationic amino
acid transporters) and L - amino acid transporters [86,87]. CAT1, a member of the CAT family, plays a role in maintaining the ma-
lignant characteristics associated with leukemia. Decreased expression of CAT1 can induce macrophage differentiation and reduce
intracellular arginine transport in leukemia cells [27,88]. Studies have shown that low expression of OCT and ASS1, which are
responsible for arginine synthesis, is observed in leukemia cells due to promoter hypermethylation, resulting in arginine deficiency
[89-91]. Considering the dependence of leukemia cells on arginine, depletion of arginine has emerged as a promising therapeutic
strategy.

Protein arginine methyltransferase (PRMT) plays a crucial role in the development of leukemia. As an H4R3 methyltransferase,
PRMT is responsible for catalyzing the methylation of various substrate proteins, including protein inhibitor of activated STAT1
(PIAS1) and heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1), thereby influencing their activity, stability, and protein-protein
interactions [92,93]. During arginine metabolism, PRMT shifts a methyl group from S-adenosylmethionine (SAM) to arginine’s
guanidino nitrogen atom, leading to the creation of monomethylarginine, symmetric dimethylarginine, and asymmetric dimethy-
larginine [93]. The relationship between arginine metabolism and PRMT genes is mainly evident in how arginine, serving as a sub-
strate for PRMT catalysis, affects diverse cellular activities and physiological roles via its methylation alterations. The activity of PRMT
is vital in preserving cell balance and controlling multiple biological functions, leukemia included.

As the one of the key players in leukemia pathogenesis, PRMT1 is essential for the induction of malignant transformation [94].
PRMT1 methylates FLT3 (Fms-like tyrosine kinase 3) at arginine residues 972 and 973 (R972/973), leading to the promotion of
phosphor-tyrosine residue (Y) 969 (Y969) binding to FLT3. This, in turn, enhances the expression of Serine/threonine-protein kinase
(AKT) and STAT (signal transduction and activator of transcription) 5, crucial factors for maintaining leukemia cell growth [94,95].

Furthermore, PRMT1 recruits KDM4C (lysine demethylase 4C) to dysregulate leukemia epigenetics and facilitate malignant
transformation [96]. Recent research by Liu et al. [97] demonstrated that the knockout of PRMT7 in leukemia stem cells (LSCs)
resulted in the suppression of glycine decarboxylase (GLDC) expression. This disruption of glycine metabolism inhibited the survival of
LSCs, highlighting the potential of PRMT as a therapeutic target for leukemia treatment.

Interestingly, arginine, despite being essential for immune system cells, particularly T-cells, can also be exploited by cancer cells to
evade immune control [98]. Elevated levels of arginine activate T-cells, promoting oxidative phosphorylation (OXPHOS) and sup-
porting T-cell biosynthesis, proliferation, and differentiation, thereby enhancing the immune system’s ability to combat cancer [99].

However, cancer cells can escape immune surveillance through arginine starvation therapy, primarily by targeting the NOS-
ARGase pathway [100-102]. Activation of the NOS enzyme leads to the metabolism of arginine, producing nitric oxide (NO). The
cytotoxicity of NO inhibits T-cell survival, facilitating immune evasion by cancer cells [102].

Nevertheless, studies have shown that the immunosuppression caused by arginine starvation can be mitigated or eliminated.
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Fultaing et al. [98] suggest that the cytotoxicity of arginine starvation can be counteracted. De santo et al. [86] demonstrate that
BCT-100, an arginine suppressor, exhibits cytotoxic effects on acute lymphoblastic leukemia (ALL) blasts in vitro and synergizes with
dexamethasone. In ALL xenografts, BCT-100 reduces engraftment and prolongs survival. Another potential candidate for cancer
treatment is ADI-PEG20 (polyethylene glycol-modified Arg deiminase), which has shown efficacy in clinical trials against various
cancer types [103]. Clinical studies have indicated that ADI-PEG20 may be more effective than ASNase when applied to acute myeloid
leukemia (AML), although the exact mechanism remains unclear. Consequently, ADI-PEG20 is considered a promising emerging
anti-cancer agent [104-107].

It is important to note that ADI-induced arginine starvation, promotes autophagy and mitochondrial membrane potential depo-
larization, leading to the death of cancer cells deficient in argininosuccinate synthetase (ASS) [108-110]. In conclusion, targeting the
arginine metabolic pathway holds significant potential for the treatment of hematopoietic malignancies (see Fig. 4).

2.4. Tryptophan

Tryptophan, an essential amino acid, plays a crucial role in cell survival. It is acquired through the diet and transported to cells via
the amino acid transport system, which is involved in intracellular biosynthesis [111,112]. While tryptophan is utilized in protein
synthesis like other amino acids, a significant portion of intracellular tryptophan is metabolized by the rate-limiting enzymes IDO1
(indoleamine-2,3-dioxygenase) and TDO2 (tryptophan 2,3-dioxygenase) to serve as a substrate for the Kynurenine pathway [112-118]
(Fig. 5). Leukemia patients have been found to exhibit increased levels of Kynurenine metabolites, which activate the aryl hydrocarbon
receptor (AHR) pathway downstream of the tryptophan metabolism pathway. AHR activation enables cells to adapt to the tumor
microenvironment and inhibits T-cell survival [116,119,120]. In the absence of tryptophan, cancer cells activate the EIF2AK4
pathway, leading to the differentiation of CD4"CD25" T-cells into CD4CD25+Foxp3-+ regulatory T (Treg) cells and dampening T-cell
activity against cancer cells [121,122].

Furthermore, studies have demonstrated that the Kynurenine pathway can activate the aryl hydrocarbon receptor (AHR) pathway,
leading to the attenuation of the immune system’s anti-tumor capacity [123-127]. Cancer cells, which exhibit high IDO1 activity,
accumulate numerous Kynurenine metabolites intracellularly. These metabolites are then transported into T-cells by SLC7A8 and
SLC36A4, activating the AHR pathway and upregulating programmed cell death protein 1 (PD-1) in CD8" T-cells [128,129]. This
hampers immune functions and promotes immune evasion by cancer cells [130,131]. PD-1 is a crucial immunosuppressive molecule
that regulates the immune system by suppressing inflammatory T-cell activity and promoting self-tolerance, thereby preventing
autoimmune diseases. However, it can also prevent the immune system from effectively eliminating cancer cells [132,133]. Notably,
Sadik A et al. [120] discovered that the tryptophan-metabolizing enzyme interleukin 4 induced 1 (IL4I1) also triggers the AHR
pathway, suppressing the immune response and promoting malignant transformation in leukemia. Additionally, IL411 catalyzes the
conversion of tryptophan to indole-3-pyruvate (I3P), an AHR-dependent substance that upregulates AHR expression. I3P further
promotes AHR expression and suppresses T-cell growth [120,128] (Fig. 5). Overall, intracellular tryptophan levels play a significant
role in the development of immune resistance in cancer cells, enhancing the population of regulatory T (Treg) cells while suppressing
the survival of other immune cells.

Navoximod and BMS-986205 are novel IDO1 inhibitors that have shown promising results in combination with immunotherapy
and are currently being evaluated in clinical trials for hematological malignancies [34]. Navoximod exhibits approximately 20-fold
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selectivity for IDO1 over TDO2 and demonstrates noncompetitive inhibitory kinetics for tryptophan binding. On the other hand,
BMS-986205 is an irreversible inhibitor of IDO1 that specifically targets this enzyme, without significant inhibition of TDO2.
Indoximod, another compound, does not directly inhibit the IDO1 enzymes. Its mechanism of action is complex. In certain settings,
indoximod indirectly inhibits TDO2 and/or IDOL. It can alleviate mTOR blockade caused by tryptophan deprivation, as depicted in
Fig. 5 [134]. Indoximod acts as a potent tryptophan mimetic, which is interpreted by mTORC1 as tryptophan under conditions of high
tryptophan catabolism and autophagy resulting from tryptophan deprivation caused by any catabolic enzyme [134].

3. Branched-chain amino acids

Branched-chain amino acids (BCAAs), including leucine, isoleucine, and valine, are essential amino acids that cannot be synthe-
sized by the body but are abundant, accounting for approximately 35 % of the total essential amino acids (EAAs) [126,135-137]. The
metabolism of BCAAs plays a crucial role in cancer cell growth. Similar to glutamine, BCAAs can provide carbon and nitrogen for the
tricarboxylic acid (TCA) cycle and nucleotide synthesis, promoting oxidative phosphorylation and providing cellular energy
[138-140]. Additionally, BCAAs are involved in the regulation of mammalian target of rapamycin complex 1 (mTORC1) [126,141,
142]. In the presence of BCAAs, Rag GTPase binds to inactivated mTORC], facilitating its localization to the lysosome. Activation of
mTORCI occurs through the small G protein Ras homolog, mTORC1 binding (RHEB), on the lysosomal surface, leading to increased
mTORC1 expression, as depicted in Fig. 6 [143-146].

Once mTORCI is initiated, it contributes to cancer cell growth and proliferation by promoting protein synthesis and autophagy
[147] (Fig. 6). mTORC1 phosphorylates and activates ribosomal protein S6 kinase B1 (RPS6KB1) and promotes its interaction with
DNA polymerase delta-interacting protein 3 (POLDIP3), a protein associated with translation [148]. Furthermore, mTORC1 phos-
phorylates eukaryotic translation initiation factor 4E binding protein (EIF4EBP1). When highly phosphorylated, EIF4EBP1 fails to bind
with eukaryotic translation initiation factor (EIF4E) [149,150]. On the other hand, mTORC1 indirectly regulates autophagy by
phosphorylating Unc-51 Like Autophagy Activating Kinase 1 (ULK1) to prevent its activation [151]. The ULK1 complex acts as a bridge
between upstream trophic or energy receptors, such as mTOR, and downstream autophagy processes [151]. Phosphorylated ULK1 has
been identified as a key regulator of autophagy [151,152]. In a nutrient-rich environment, mTOR binds to the 757th serine site of
ULK]1, inhibiting the interaction between ULK1 and AMP-activated protein kinase (AMPK), resulting in the inactivation of ULK1 and
the subsequent suppression of autophagy signaling [152,153].

In addition, free BCAAs are metabolized by branched-chain amino acid transaminase 1 (BCAT1), which transfers nitrogen to
a-ketoglutarate (a-KG) to produce glutamate and other branched-chain keto acids (BCKAs) [154,155]. BCAT1 is closely associated
with o-KG homeostasis in leukemia [156]. Downregulation of BCAT1 leads to o-KG accumulation and degradation of
hypoxia-inducible factor 1 subunit alpha (HIF1A), which interferes with leukemia cell glycolysis and induces apoptosis [156,157].
Kikushige et al. [158] demonstrated through isotope tracking experiments that the conversion of BCAAs to BCKAs provides a critical
substrate for essential amino acid (EAA) biosynthesis and the TCA cycle in primary leukemia cells. They also showed that inhibiting
BCAA catabolism specifically inactivates the function of polycomb repressive complex 2 (PRC2), an epigenetic regulator involved in
stem cell signatures, by inhibiting the transcription of PRC components such as zeste homolog 2 (EZH2) and embryonic ectoderm
development (EED). These studies suggest that BCAA catabolism plays an important role in maintaining stemness in leukemia, and
molecules related to the BCAA metabolism pathway could be crucial targets for leukemia treatment.

4. Amino acids deficiency therapies in LSCs

Leukemia stem cells (LSCs) represent a subset of tumor stem cells characterized by their ability to self-renew and exhibit high
heterogeneity [159-163]. Myeloid leukemia originating from LSCs is aggressive and is characterized by impaired differentiation of
myeloid progenitor cells, leading to reduced numbers of normal blood cells [164,165]. LSCs have also been implicated in driving
leukemia relapse, as they can migrate into protective microenvironments or utilize adipose tissue to evade the damage caused by
chemotherapy, thereby contributing to the persistence of refractory leukemia [166-169]. The integrated stress response (ISR) pathway
triggered by amino acid deficiency are observed in LSCs. Activation of the ISR results in eIF2a phosphorylation-dependent upregu-
lation of activating ATF4 that facilitates apoptosis of LSCs [26]. A representative therapeutic approach targeting amino acid meta-
bolism in LSCs is the combination of venetoclax and azacitidine, which has been shown to target amino acid metabolism and alleviate
oxidative phosphorylation (OXPHOS) in LSCs [170]. In a subsequent study by Jones et al. [171] depletion of cysteine in LSCs
demonstrated that the glutathione requirement of primary acute myeloid leukemia (AML) cells is driven by exogenous cysteine. They
also confirmed that reactive oxygen species (ROS) induced by the combination of venetoclax and azacitidine may not be the primary
cause of cell death [171-173]. Furthermore, OXPHOS is a preferred pathway for energy production in leukemia cells compared to
glycolysis [174-176]. LSCs utilize amino acids to sustain the tricarboxylic acid (TCA) cycle for energy production and upregulate
glycolysis and fatty acid oxidation to support biosynthesis in the absence of amino acids [177]. Therefore, OXPHOS is more efficient
than the glycolytic pathway in supplying energy to leukemia cells. Importantly, post-chemotherapy LSCs in mice have been found to
exhibit increased levels of glutamine and aspartate, which contribute to leukemia resistance through glutathione and nucleotide
synthesis [178].

5. Conclusion

Thus, targeting amino acid metabolism holds promise as a therapeutic strategy for the treatment of leukemia. Amino acid
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deprivation therapy offers advantages such as limited toxicity and absence of late effects associated with DNA damage. Current ap-
proaches focus on developing targeted inhibitors or agonists against key enzymes involved in specific amino acid metabolic pathways,
such as aspartate lyase, aspartate synthase, glutaminase, and arginine deiminase. However, it is unlikely that inhibitors of amino acid
metabolism alone will be sufficient to treat leukemia, as leukemic cells can develop resistance under conditions of amino acid star-
vation. Therefore, combination therapies involving targeted amino acid agents are being explored in clinical trials, such as the
combination of glutaminase inhibitors with Venetoclax for leukemia stem cells. Before amino acid depletion can be widely applied in
clinical practice, it is crucial to investigate the metabolic dependencies of specific cancer types and their tumor microenvironment in
detail. This will enable the selection of the appropriate amino acid targets. Additionally, researchers need to consider the interaction of
different amino acids with the tumor microenvironment, especially in the context of combination therapies that simultaneously target
multiple metabolic and signaling pathways in leukemia cells. Further studies are needed to understand amino acid metabolism in
specific cancers, identify pathways that promote amino acid depletion, and develop amino acid sensitizers to enhance therapeutic
efficacy and durability.
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