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Amino acid metabolism plays important roles in tumor biology and tumor therapy. Accumulating evidence has shown that amino
acids contribute to tumorigenesis and tumor immunity by acting as nutrients, signaling molecules, and could also regulate gene
transcription and epigenetic modification. Therefore, targeting amino acid metabolism will provide new ideas for tumor treatment
and become an important therapeutic approach after surgery, radiotherapy, and chemotherapy. In this review, we systematically
summarize the recent progress of amino acid metabolism in malignancy and their interaction with signal pathways as well as their
effect on tumor microenvironment and epigenetic modification. Collectively, we also highlight the potential therapeutic application
and future expectation.
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FACTS

● Altered amino acid metabolism in tumors challenges the
traditional classification of essential and nonessential amino acids.

● Amino acids have emerged as pivotal regulators in tumors,
participated in a myriad of bidirectional interactions including
signal pathways, tumor microenvironment, and epigenetic
modifications.

● Clinical trials align with the idea that limiting amino acid intake
may improve cancer prognoses.

OPEN QUESTIONS

● Among the several effects that are simultaneously regulated
by certain amino acid, is there a chief effect that determines
the progression or repression of tumor?

● What are the optimal strategies and urgent challenges for the
clinical translation of amino acids-based therapies in the near
future?

● Is the altered amino acids metabolism, described in different
tumors, causally linked to their tumor etiology and
pathogenesis?

INTRODUCTION
The ‘use of opportunistic modes of nutrient acquisition’ was
recently described as a hallmark of cancer cells [1], living in a
nutrient-poor microenvironment. Cancer cells must adapt their
metabolism to support biomass production, ATP generation and
maintain a redox state. Disrupting these processes can interfere
with both tumor growth and proliferation [2]. Amino acids, like
other biomacromolecules, play an important role in rapidly

proliferating cancer cells, as carbon and nitrogen donors to get
rid of the nutrition limitation [3]. Thus, amino acid metabolism has
been extensively studied following glucose metabolism in tumor.
While the definition of essential amino acids (EAAs) and

nonessential amino acids (NEAAs) is appropriate for normal cells,
the classification does not apply to cancer cells [4]. Altered amino
acids metabolism is common in tumors, and non-essential amino
acids usually become essential in tumors. Thus, targeting certain kind
of amino acids has the potential to control specific tumors. Targeting
asparagine metabolism enzyme such as asparaginase have the
potential to treat leukemia, which is currently in clinical use.
Furthermore, targeting molecules in amino acid metabolic signaling
pathway also has the potential to treat tumors [5]. For example,
targeting mammalian target of rapamycin (mTOR) can control the
growth of various tumors including breast cancer, kidney cancer,
neuroendocrine cancer and so on. Other key molecules including
MYC, and KRAS in amino acid metabolic signaling pathway are also
burgeoning approaches for tumor biotherapy.
In addition to altered nutrient and signal pathway, solid tumors are

known to recruit immune cells in the stroma and create favorable
conditions for their growth and survival [6], which is known as tumor
microenvironment (TME). Cells in TME could not only resist immune
surveillance and drug therapy, but also provide amino acids to
tumors to meet their growth needs. Thus, restricting amino acids in
TME is an effective way to limit tumor growth [7]. Besides, amino
acids also play an important role in epigenetics like DNA methylation
and histone modification [8]. Improving our understanding of its role
in tumor progression and immune evasion could provide novel ideas
for metabolic cancer therapy.

REPROGRAMMED AMINO ACID METABOLISM IN CANCER
A number of cancers have been found auxotrophic for NEAAs [9].
It may be that the demand for proliferate is too large and exceed
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the supply, or the related enzymes are mutated, or metabolic
pathways are dysregulated. These amino acids are named
conditional EAAs. Considering the swift proliferation of tumors
within an environment deprived of nutrients, the composition of
amino acids frequently displays instability. This fluctuation in
amino acids can significantly impact overall cellular metabolism,
ultimately culminating in cell proliferation or death [10]. Therefore,
the 20 standard proteinogenic amino acids, including conditional
EAAs (glutamine, arginine), EAAs (branched-chain amino acids,
tryptophan), and non-essential amino acids (asparagine, aspartate)
play flexible roles in protein synthesis or energy supply activities
in tumor.

Glutamine metabolism
Glutamine (Gln) is a conditional EAA, which is not essential for
normal cells but becomes crucial for tumor cells due to their
heightened demand. It is the most abundant amino acid found in
plasma, and the most rapidly consumed amino acid in tumor cells
[11]. As an EAA in tumors, glutamine participates in rapid
biosynthetic reactions in tumor. Tumor cells utilize glutamine
avidly, known as glutamine addiction [12]. Thus, it always
functions as the rate-limiting molecule of the cell reproductive
cycle. Once deprived of glutamine, cancer cells usually arrest in
S-phase [13]. Additionally, glutamine also plays a crucial role in
maintaining redox homeostasis, replenishing the tricarboxylic acid
(TCA) cycle, and participating in signal transduction processes
within tumors [14].
ASCT2(SLC1A5) is the main glutamine transporter in tumor

(Fig. 1). It is regulated by multiple tumor associated transcription
factors including Rb/E2F [15], androgen receptor 3 [16] and ATF4
[17]. ASCT2 is highly expressed in tumor tissue, and its expression
level is negatively correlated with patients’ prognosis. As ASCT2
transports glutamine for tumor consumption, inhibiting ASCT2
induces apoptosis and exhibits anti-cancer activity in acute
myeloid leukemia [18], gastric cancer [19], prostate cancer [20],
and triple-negative breast cancer [21]. In addition, tumor cells are
capable of synthesize glutamine by themselves from glutamate
(Glu) and ammonia. Glutamine synthetase (GS) is highly expressed
in cancer cells to support their rapid proliferation. Moreover, GS
can also promote cell proliferation independently of its catalytic
function, only by interacting with nuclear pore protein [22].
Therefore, tumor cells acquire a substantial amount of glutamine
through both intrinsically synthesis and extrinsically uptake,
emphasizing its critical role in tumor reprogrammed metabolism.
Glutaminolysis is a process catalyzed by glutaminase 1(GLS1)

or GLS2 to produce glutamate [23]. GLS1 and GLS2 are isozymes
that play opposite roles in tumor development [24]. GLS1 has
oncogenic properties, while GLS2 has been described as a
tumor suppressor. Numerous studies have reported a higher
expression of GLS1 and lower expression of GLS2 in various
tumor types, including liver cancer and colorectal cancer [25,
26]. GLS1 is regulated by the oncogenes MYC [27], Rho GTPases
[28] and Notch [29]. In colorectal cancer cells, GLS1 is essential
to tumor growth, invasion, and metastatic colonization.
Mechanically, under hypoxia TME, HIF-1 activates the expres-
sion of the GLS1 to promote tumor migration, invasion, and
metastatic colonization [26]. Besides, GLS1 plays a crucial role in
boosting the production of GSH and NADH, contributing to
oxidative balance maintain to promote tumor proliferation [30].
Conversely, GLS2 expression is transcriptionally upregulated by
tumor suppressor and stress-related proteins, including p53,
p63, and p73. Although GLS2 plays a role in the production of
GSH, it is worth noticing that GLS2 modestly regulates the ratio
of GSH/GSSG, which is essential to oxidative balance. Different
from GLS1, GLS2 catalyzes glutamate metabolism to promote α-
ketoglutarate (α-KG) production, participating in TCA cycle and
thereby facilitating the production of lipid ROS. The accumula-
tion of ROS leads to mitochondrial membrane hyperpolarization

and thereby inducing ferroptosis [25]. In addition to glutami-
nolysis, glutamine can be metabolized into intermediates like
carbamoyl phosphate (CP) and phosphoribosyl amine (PRA) for
the synthesis of purines and pyrimidines, which are essential
components for DNA synthesis and repair during rapidly tumor
proliferation [31, 32].
Glutamate, the metabolite of glutaminolysis, provides important

resources for energy and biomacromolecule synthesis in tumor
(Fig. 1). In tumors under glucose-limited condition, glutamate acts
as a substitute for glucose, producing the intermediate α-KG to
facilitate the TCA cycle. However, the provision of α-KG alone is
inadequate for sustaining the TCA cycle. This insufficiency arises
from the limited availability of acetyl-CoA, a rate-limiting molecule
in TCA cycle. Studies have found that in glutamine addictive
tumor, mitochondrial phosphoenolpyruvate carboxykinase (PCK2)
expression was elevated, facilitating phosphoenolpyruvate (PEP)
production from oxaloacetate generated in the TCA cycle [33].
Thus, glutamine-derived PEP acts as a substitute for glucose-
derived PEP, offering a valuable source to acetyl-CoA production
that replenishes the TCA cycle [5]. Glutamate and α-KG also
participate in the transaminate to other non-essential amino acids.
In addition, α-KG serves as both substrate and cofactor for DNA
dioxygenase enzymes involved in DNA demethylation [34]
(Detailed later in amino acid metabolism and epigenetic
modification).

Arginine metabolism
Arginine (Arg) is also identified as a conditional EAA in tumor [5]. It
can be synthesized de novo under the catalysis of argininosucci-
nate synthase 1 (ASS1) and argininosuccinate lyase (ASL) from
aspartate and citrulline in urea cycle (Fig. 1). However, ASS1, the
rate-limiting enzyme in urea cycle, is usually downregulated in
cancer and its downregulation has been reported to be associated
with advanced tumor stage [35]. ASS1 downregulation redirects
aspartate from urea production towards pyrimidine biosynthesis,
facilitating the high demand of rapid tumor proliferation. This
phenomenon is commonly known as urea cycle dysregulation
[36]. Since tumors underexpress urea cycle related enzymes like
ASS1 and therefore downregulate arginine synthesis, exogenous
arginine supply is critical for tumors survival and proliferation.
Arginine can be obtained through cationic amino acid transporter
(CAT) family transporters, including CAT-1, CAT-2 and CAT-3. CATs
are always upregulated in many human cancers [37]. Thus, in
arginine-dependent cancer cells, CATs knockdown can decrease
the viability of cancer cells and induce apoptosis [38].
Arginine can be hydrolyzed by arginases (cytoplasmic, ARG1;

mitochondrial, ARG2) and both arginases are upregulated in
cancer cells to ensure the production of polyamines. ARG1 is
upregulated in a wider range of tumors compared to ARG2. ARGs
convert arginine to urea and ornithine. In tumors, ornithine is
metabolized by upregulated ornithine decarboxylase (ODC) into
polyamines including putrescine, spermidine, and spermine [39].
Polyamines are well known for their crucial role in tumor
proliferation and DNA stability [40–42]. They facilitate cell
proliferation by increasing DNA synthesis through the activation
of enzymes such as DNA polymerases, helicases, and DNA ligases.
Besides, cellular protein synthesis is also positively correlated with
polyamines. Moreover, natural polyamines function as free radical
scavengers. Thus, the strong affinity between polyamines and
DNA enables the stabilization of DNA structure, granting
polyamines the capacity to protect nucleic acids from damage
[43, 44].
In addition, arginine can produce NO under the catalysis of

nitric oxide synthase-2 (NOS-2) in tumor and macrophage. NO
affects TME and tumor proliferation by promoting angiogenesis
[45]. Besides, NO derived peroxynitrite can nitrate tyrosine
residues and block tyrosine protein phosphorylation, reducing T
cell proliferation and activation [46].
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Branched-chain amino acid (BCAA) metabolism
BCAAs, namely isoleucine (Ile), leucine (Leu), and valine (Val), are
closely interconnected and classified as EAAs, whether in normal
or tumor cells. Changes in the level of one of the BCAAs are
accompanied by changes in the other two with the same direction
and magnitude [2]. As EAAs, BCAAs cannot be synthesized in
human and thus corresponding transporters are critical.
LAT1(SLC7A5) and LAT2(SLC7A8) serve as primary transporters
for BCAAs [47, 48] (Fig. 1), exhibiting high expression levels in

glioblastoma and clear cell renal cell carcinoma [49, 50]. Drugs
targeting LATs (BAY-8002, JPH203, OKY034 etc.) have already been
used in preclinical treatment of cancer [51, 52].
BCAAs affect protein synthesis either by transmitting the signal

of cell nutritional state or acting as proteinogenic amino acids [53].
BCAAs accumulation mainly promotes mTORC1 activition to
enhance tumor development and growth [54]. Explicitly, mTORC1
triggers a cascade of signaling pathway through phosphorylating
its downstream effectors, including eukaryotic translation

Fig. 1 Amino acid metabolism in tumors. ASCT2 serves as the primary glutamine transporter, importing glutamine to generate purines and
pyrimidines. GLS1 catalyzes glutaminolysis, generating glutamate which synthesizes GSH to maintain redox balance. Glutamate further
transfers to α-KG under the catalyze of transaminase or deaminase. Under glucose-limited condition, glutamate derived α-KG acts as an
alternative for glucose through participating in TCA cycle. Elevated PCK2 prompts PEP production to fuel TCA cycle. α-KG also act as substrate
for DNA dioxygenase in demethylation. LAT1/2 transports BCAAs intracellular, activating mTOR activity and producing BCKA under the
catalyze of BCAT2. BCKA can be further catalyzed to acetyl-CoA and succinyl-CoA to fuel TCA cycle. Arginine can be obtained through CAT
family transporters, and synthesized de novo under the catalysis of ASS1 and ASL from citrulline in urea cycle. In tumors, ornithine is
metabolized by upregulated ODC into polyamines including putrescine, spermidine, and spermine. The overproduction of polyamines results
in uncontrolled tumor growth. Besides, NO production under the catalyze of NOS-2 elevates angiogenesis and suppress immune. De novo
serine synthesis is catalyzed by PHGDH, PSAT and PSPH. SHMT2 catalyzes glycine and 5,10-methylene-THF production, in which glycine can
also be transferred to 5,10-methylene-THF under the catalyze of GLDC, participating in folate cycle and methionine cycle. Besides, glycine also
directly supplies carbon for de novo purine biosynthesis. Tryptophan is mainly catalyzed by IDO1 and TDO to produce kynurenine, and finally
generates NAD+ and alanine to inhibit immune response and promote cancer progression. Seldom tryptophan metabolizes along the 5-HT
and indole pathway, also function to suppress immune response. GLS1 Glutaminase1, GS Glutamine synthetase, GOT Glutamic oxaloacetic
transaminase, GPT Glutamic pyruvic transaminase, GDH Glutamate dehydrogenase, α-KG α-ketoglutarate, OAA Oxaloacetic acid, PCK2
Phosphoenolpyruvate carboxykinase2, PEP Phosphoenolpyruvate, CP Carbamoyl phosphate, PRA Phosphoribosyl amine, ASNS Asparagine
synthase, ASNase Asparaginase, CPS carbamoyl phosphate synthase, ATC Aspartate transcarbamylase, DHO Dihydroorotase, ASS1
Argininosuccinate synthase1, ASL Argininosuccinate lyase, ARG1 Arginase1, NOS-2 Nitric oxide synthase-2, ODC Ornithine decarboxylase,
SPDS Spermidine synthase, SPMS Spermine synthase, 3PG 3-phosphoglyceric acid, 3PHP 3-phosphohydroxypyruvate, 3PS 3-phosphoserine,
PHGDH Phosphoglycerate dehydrogenase, PSAT Phosphoserine aminotransferase, PSPH Phosphoserine phosphatase, SHMT2 Serine
hydroxymethyltransferase2, GLDC Glycine dehydrogenase, MTHFD2 Methylenetetrahydrofolate dehydrogenase2, THF Tetrahydrofolate,
SAM S-adenosyl methionine, IDO Indoleamine 2,3-dioxygenase, TDO Tryptophan 2,3-dioxygenase, AFMID arylformamidase, KMO Kynurenine
3-monooxygenase, KYNU Kynureninase, TPH Tryptophan hydroxylase, Gln Glutamine, Glu Glutamate, Val Valine, Ile Ileucine, Leu Leucine, Asp
Asparate, Asn Asparagine, Arg Arginine, Ser Serine, Gly Glycine, Met Methionine, Trp Tryptophan.
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initiation factor 4E binding protein 1(4EBP-1), p70 ribosomal S6
kinase 1 (S6K1), and sterol regulatory element binding protein
(SREBP), to regulate autophagy and synthesize lipids, nucleotides
and proteins [55] (Detailed later in signal pathways in amino acid
metabolism). For another, BCAAs, especially leucine, are essential
for protein synthesis as they are in great demand in new protein
translation [56].
BCAAs catabolism and related enzymes are closely related to

tumorigenesis. Leucine, isoleucine and valine catabolism is
mediated by BCAA transaminase 2 (BCAT2) to produce branched
chain α-keto acid (BCKA) including α-ketoisocaproate (α-KIC), α-
ketoamethylvalerate (α-KMV) and α-ketoisovalerate (α-KIV) respec-
tively. Subsequently, BCKAs like α-KIC can undergo further
metabolic conversion into acetyl-CoA, while α-KIV can be
metabolized into succinyl-CoA. As for α-KMV, it can undergo
further metabolic conversion into both acetyl-CoA and succinyl-
CoA. These metabolites actively participate in the TCA cycle. Thus,
BCAAs catabolism is critical for the development of cancers,
especially pancreatic ductal adenocarcinoma [54]. BCAAs also play
a vital role in the synthesis of nucleotide through sustaining the
levels of the enzyme ribonucleotide reductase regulatory subunit
M2 (RRM2) [57, 58]. Since BCAAs are tightly related to tumors,
altered BCAAs level in blood can predict the development of
certain tumors in both humans and mouse [59].

Tryptophan metabolism
Tryptophan (Trp) is also an EAA as its anabolism is absence in vivo.
Tryptophan is involved in inherent malignant characteristic of
tumors and can limit tumor immunity. The most important
metabolic pathway for tryptophan is the kynurenine pathway.
Free rather than albumin-binding tryptophan can be catalyzed by
indoleamine 2,3-dioxygenase1 (IDO1) and tryptophan 2,3-dioxy-
genase (TDO) to produce kynurenine [60] (Fig. 1). Along the
kynurenine pathway, a series of biologically active molecules are
produced to influence tumor progression. The primary metabolite
kynurenine has been reported to block T cell proliferation and
induce T cell death [61]. Advanced cancers were associated with
an increased kynurenine/tryptophan ratio, indicating that kynur-
enine level is correlated with tumor malignancy [62]. Under the
catalyze of kynurenine 3-monooxygenase(KMO) and kynurenina-
se(KYNU), kynurenine can be further catabolized to NAD+ and
alanine. Kynurenine pathway is known as the de novo NAD+

synthesis pathway, exhibiting potent resistance to oxidative stress
and promoting cancer cell metastasis [63]. In vivo studies have
revealed that changes in tryptophan metabolism can decrease
NAD+ synthesis and DNA damage, thereby promoting hepato-
carcinogenesis [64]. Besides, alanine is deleterious for spheroid
growth and thereby suppresses cancer progression [65].
Apart from kynurenine pathway, tryptophan can also be

metabolized in 5-hydroxytryptamine (5-HT) pathway and indole
pathway, accounting for less than 5% of tryptophan metabolism
[66]. 5-HT is also called serotonin, which has more recently
emerged as a growth factor for human tumor cells of different
origins [67]. Serotonin enhanced expression of PD-L1 on mouse
and human cancer cells in vitro via serotonylation, covalent bonds
formation between glutamine residues and serotonin, resulting in
tumor progression [68]. Along with the indole pathway, indole
production activates the aryl hydrocarbon receptor (AhR) in
tumor-associated macrophages (TAMs), and thus inhibits intratu-
moral CD8+ T cell function [69]. Tryptophan metabolism also plays
a vital role in the TME, see below amino acid in TME for details.
Increased kynurenine pathway is correlated with tumor

progression. In tumors such as non-small cell lung cancer (NSCLC)
and esophageal squamous cell cancer, higher IDO1 and TDO
expression in kynurenine pathway is associated with higher TNM
stage and shorter overall survival [70]. IDO1 expression can be
either triggered as a counter regulatory response to cytokines like
IL-1β and IL-6 released from tumor-infiltrating immune cells or

maintained through tumor-intrinsic oncogenic signaling [71, 72].
Studies found that intratumoural IDO1 expression has been shown
to correlate with the frequency of liver metastases in colorectal
cancer [73]. Besides, overexpression of IDO1 augmentes the
motility of lung cancer cells, whereas its knockdown reduced
cancer motility [74]. TDO, an enzyme that catalyzes the same
reaction as IDO1, is also linked to a poor prognosis when
overexpressed [66]. In a mouse model of lung cancer, inhibited
TDO resulted in a reduction in the number of tumor nodules in the
lungs [75].

Asparagine and aspartate
Asparagine (Asn) and aspartate (Asp) are inter-convertible and are
classified as non-essential amino acids, which play vital roles in
tumor proliferation and metastasis. Asparagine synthase (ASNS)
catalyzes aspartate to generate asparagine, while asparaginase
(ASNase) catalyzes asparagine to produce aspartate (Fig. 1).
Another way to produce aspartate is to use amino from glutamate
and OAA from TCA cycle under the catalyze of glutamic
oxaloacetic transaminase (GOT). Aspartate is the limiting metabo-
lite for proliferation in tumors under hypoxia, which level is
correlated with hypoxic markers [76]. Besides, aspartate has poor
cell permeability, which prevents its environmental acquisition.
Therefore, inhibited intracellular aspartate synthesis and limited
extracellular aspartate uptake represse tumors proliferation [77].
However, asparagine can be efficiently imported into tumors.
Tumors with high ASNase expression can rescue tumor suppres-
sion through conversion of asparagine into aspartate, bypassing
intrinsic aspartate limitation and promoting tumor growth [78].
Asparagine and aspartate metabolism plays multiple roles in

tumor progression. Aspartate originally participates in urea cycle.
However, in many tumors, loss ASS1 in urea cycle promotes cancer
proliferation by diversion of aspartate substrate towards
carbamoyl-phosphate synthase 2 (CPS2), aspartate transcarbamy-
lase (ATC), and dihydroorotase (DHO), enzymes that catalyze the
first three reactions in the pyrimidine synthesis pathway, resulting
in increased tumor progression [36]. Besides, asparagine export is
accompanied by reverse transport of serine, arginine and
histidine. Thus its intracellular level is critical for various amino
acids uptake and therefore protein synthesis [79]. Proteomic
studies have shown that asparagine is specifically enriched in
proteins associated with epithelial-mesenchymal transition (EMT)
and restricting its availability hampers the level of EMT associated
proteins [80].
Despite regulating pyrimidine and EMT-related proteins synth-

esis to promote tumor progression, asparagine also regulates
mesenchymal-epithelial transition (MET) to complete tumor
colonization at distant metastatic sites [81]. Mechanically, the
scarcity of glutamine at distant metastatic sites, coupled with the
heightened bioavailability of asparagine within these sites,
triggers the activation of GS [82]. This activation propels glutamine
biosynthesis, fostering the accumulation of HIF1α and MYC, which
are pivotal factors in metastatic processes. The relative abundance
of asparagine and glutamine may thus have critical effects on
tumor cells at metastatic sites. Besides, HIF1α and MYC are
associated with increased oxidant stress and play important roles
in the transition of EMT-like tumor cells to MET-like state, which is
necessary for metastatic colonization. Thus, in an aggressive
breast cancer model, ASNS upregulation promotes metastasis and
results in the development of widespread metastases in the brain,
liver, and lungs [80]. Consistently, asparagine restriction can
repress above processes and prolong the survival of patients [40].

Serine/glycine and one-carbon metabolism
As one-carbon donors in the folate cycle, serine, glycine and their
associated enzymes significantly contribute to nucleotide synth-
esis, methylation reaction and redox homeostasis to promote
tumor progression. Serine hydroxymethyltransferase (cytoplasmic,
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SHMT1; mitochondrial, SHMT2) catalyzes the transfer of carbon
from serine to tetrahydrofolate (THF), resulting in the formation of
5,10-methylene-THF, which is essential for nucleotide synthesis to
fuel rapid tumor proliferation (Fig. 1). Large-scale genomic study
of human tumors reveals that SHMT2 is essential for cancer cell
survival and its knockdown severely impairs cancer cell prolifera-
tion [83, 84]. Methylenetetrahydrofolate dehydrogenase2
(MTHFD2), acting as one-carbon metabolism related enzyme, is
upregulated and associated folate cycle with methionine cycle to
promote S-adenosyl methionine (SAM) production in tumor cells
[85]. Thereby, serine/glycine metabolism contributes to methyla-
tion of genes and proteins as well as maintains redox homeostasis
[86] (Detailed later in amino acid metabolism and epigenetic
modification). Additionally, post-translational modifications of
those metabolic enzymes also play a regulatory role in tumor
metabolism and progression. Deacetylation of SHMT2 by SIRT3
promotes its enzymatic activity, increases serine consumption and
finally promotes colorectal carcinogenesis [87]. When MTHFD2 is
hyperacetylated, its enzymatic activity is inhibited and thereby
NADPH level is downregulated. SIRT3 is also responsible for
MTHFD2 deacetylation to maintain redox balance, which can be
inhibited by cisplatin in colorectal cancer cells [88].
As a non-essential amino acid, the synthesis of serine is vital to

tumors. De novo serine synthesis pathway (SSP) startes from
3-phosphoglyceric acid (3PG) generated from glycolysis, catalyzed
by enzymes phosphoglycerate dehydrogenase (PHGDH), phos-
phoserine aminotransferase (PSAT), and phosphoserine phospha-
tase (PSPH). As the rate-limiting enzyme, tumor cells highly
express PHGDH to counteract limited serine availability [89].
Conversely, RNF5, an E3 ubiquitin ligase, mediates PHGDH
degradation and suppresses tumor progression [89, 90]. With
enough serine, serine palmitoyltransferase (SPT) catalyzes the de
novo biosynthesis of sphingolipids. However, when serine
synthesis is limited, SPT will instead use alanine as a substrate
to synthesize cytotoxic deoxysphingolipids and then suppress
tumor [65]. Thus, maintaining certain level of serine is necessary
for tumor cells to escape from cytotoxic suppression.
Mitochondrial SHMT2 is the primary catalyst for glycine

production from serine, thereby promoting the folate cycle.
Elevated glycine level is linked to cancer progression like multiple
myeloma (MM) and lymphoma [91]. The glycine concentration in
the bone marrow is elevated due to bone collagen degradation
mediated by MM cell-secreted matrix metallopeptidase 13
(MMP13) [92]. Although glycine is a non-essential amino acid,
experiments have shown that limiting the supply of exogenous
glycine induces tumor cells arrested in the growth phase (G1
phase). It is worth noting that glycine is required for nucleotide
biosynthesis, directly supplying carbons for de novo purine
biosynthesis, or donating one-carbon unit to the folate pool via
the mitochondrial glycine cleavage system under the catalyze of
glycine dehydrogenase (GLDC) [93]. Besides, remodeled glycine
metabolism mediated by protein arginine methyltransferase 7
(PRMT7) induces toxic death of leukemia stem cells [12].
Mechanistically, PRMT7 loss resulted in reduced expression of
glycine decarboxylase, leading to the reprogramed glycine
metabolism to generate methylglyoxal, which is detrimental to
leukemia stem cells.

SIGNAL PATHWAYS IN AMINO ACID METABOLISM
Conventional understanding states amino acids as essential
building blocks for peptide and protein synthesis. However,
recent research has shed light on the profound significance of
amino acids as bioactive molecules that play active roles in
signaling pathways and metabolic regulation. mTOR, MYC and
KRAS, which sense cellular amino acid levels and orchestrate these
signals in a coordinated manner, play crucial roles in maintaining
cellular metabolic homeostasis. Importantly, not only changes in

amino acid levels impact signal pathways, but alterations in
signaling pathways can also affect amino acid metabolism.

mTOR senses and regulates amino acid metabolism
mTOR is an atypical serine/threonine protein kinase, acting as a
convergence point for anabolism and catabolism. Due to
differences in structure and function, mTOR complexes are
categorized as mTORC1 and mTORC2. mTORC1, which is sensitive
to rapamycin inhibition, comprises mTOR, Raptor, mLST8, Tti/Tel2
and suppressive subunits PRAS40 and Deptor. The phosphoryla-
tion of PRAS40 and Deptor relieves its inhibition and activates
mTORC1 [94]. 4EBP-1, S6K1 and SREBP are downstream effectors
of mTORC1, which are associated with upregulated synthesis as
well as poor prognosis in cancer [95]. mTORC1 is negatively
regulated by low energy conditions, hypoxia, and DNA damage. It
is also positively regulated by growth factors like insulin/insulin-
like growth factor-1 (IGF-1) pathway and receptor tyrosine kinase-
dependent Ras signaling. Particularly, when amino acids are
abundant, the mTORC1 signaling pathway is positively regulated
to transmit signals to facilitate protein synthesis. Conversely,
under condition of amino acid insufficiency, the translation of
proteins is inhibited to meet energy demand. Considering that
cancer cells often exist in a nutrient-deficient environment,
mTORC1 is consistently negatively regulated to adapt to meta-
bolic alterations. mTORC2, which is insensitive to rapamycin,
consists of mTOR, mSIN1, mLST8, Tti/Tel2 and suppressive subunit
Rictor and Deptor. The balance between mTORC1 and mTORC2
orchestrates various metabolic processes, although our under-
standing of mTORC2 remains limited [96]. We mainly focus on the
function of mTORC1 below.
Amino acid sensors in cytoplasm like sestrins, SAR1B, CASTOR1/

2, SAMTOR and LARS sense amino acid levels and thereby regulate
mTOR signaling pathway [97] (Fig. 2a). The Rag GTPase promotes
the localization of mTORC1 to the lysosomal surface and activation.
Rag GTPase is further regulated by amino acids through sensors-
GATOR2-GATOR1 axis. GATOR1, a negative regulator of mTORC1,
interacts with Rag, leading to the inhibition of mTORC1 activity,
while GATOR2 modulates mTORC1 activity by inhibiting GATOR1.
Sestrins and SAR1B are leucine sensors in cytosolic. In situations of
leucine deprivation, they bind to and inhibit GATOR2, a positive
regulator of mTORC1 [98, 99]. Leucine can bind to sestrins and
SAR1B, dissociating GATOR2 from the complex to activate
mTORC1. Furthermore, in cases of amino acid deficiency, the
general control nonderepressible 2 (GCN2)/ATF4 pathway is
activated by uncharged tRNA, leading to the upregulation of
sestrins expression to inhibit mTORC1 activity. Similar to sestrins, in
arginine-depleted conditions, CASTOR1/2 form either a CASTOR1
homodimer or CASTOR1/2 heterodimer to inhibit GATOR2 and
subsequently inhibit mTORC1 activity [100]. Arginine disrupts the
CASTOR1-GATOR2 complex by binding to CASTOR1, and activates
GATOR2 to stimulate mTORC1. SAMTOR senses the changes of
intracellular methionine concentration in the form of SAM. SAM
disrupts the SAMTOR-GATOR1 complex by binding directly to
SAMTOR, and reduces the GTPase-activating protein (GAP) activity
of GATOR1, which then activates the mTORC1 signaling pathway
[101]. With adequate amino acids, the E3 ubiquitin ligase KLHL22
acts as a positive regulator of mTORC1 by promoting the
degradation of GATOR1 [102]. Leucyl-tRNA synthetase (LARS)
senses intracellular leucine and directly activates mTORC1 activa-
tion by directly interacting with Rag rather than acting with
GATOR1/2 [103]. LARS mediates the leucylation of RagA/B, which
subsequently activates mTORC1 [103]. Consistently, abovemen-
tioned amino acid sensors eventually active Rag, and mediate
lysosomal translocation of mTORC1 [104], a critical step in the
activation of the mTORC1. When mTORC1 is activated at lysosomal
membrane, autophagy is inhibited and tumorigenesis is promoted.
In addition to above cytoplasm sensors, lysosomal sensors also

play a crucial role in mTORC1 activation. Ragulator complex
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provides a platform for lysosome to tether Rag. The Ragulator
interacts with the Rag heterodimers in an amino acid- and v-
ATPase-dependent fashion, which finally activates mTORC1 [105].
SLC38A9, a lysosomal membrane protein with homology to amino
acid transporters, participating in the activation of mTORC1
signaling pathway by influencing Rag [106]. Mechanically,
SLC38A9 stimulates the release of GDP from Rag A upon activation
by arginine. This action propels Rag into the activated state,
subsequently activating mTORC1 [107]. Notably, SLC38A9 is crucial
for the efflux of leucine, glutamine, tyrosine, and phenylalanine
generated from lysosomal proteolysis. This efflux is necessary to

activate mTORC1 through cytoplasmic sensors [108]. Thus,
lysosomal sensors allow for the integration of lysosomal nutrient
information into the regulation of mTORC1 activity. Collectively,
amino acids are not only sources for energy and protein synthesis
in tumorigenesis, but also act on mTORC1 as signaling molecules.
Meanwhile, mTORC1 can also regulate amino acid metabolism

through its downstream signaling effectors (Fig. 2a). In response
to growth signals, mTORC1 activates ATF4 to stimulate enzymes in
serine synthesis for folate cycle and purine biosynthesis [109].
Besides, signaling effector ATF4 also transcriptionally regulates
serine transporters SLC1A5 and therefore facilitates the uptake of

Fig. 2 Signal pathways in amino acid metabolism. amTOR signaling and amino acid metabolism. When amino acids are insufficient, GCN2 is
activated by the uncharged tRNA and thereby leading to the activation of eIF2α and subsequently the upregulation of sestrins expression to
regulate mTORC1 activity. Sestrins and SAR1B could be activated under leucine deprivation circumstance. After activation, sestrins and SAR1B
bind and inhibit GATOR2, a positive regulator of mTORC1. In arginine-depleted condition, CASTOR1/2 forms dimers to inhibit mTORC1 activity
by downregulating GATOR2 and upregulating GATOR1. SAMTOR senses methionine concentration in the form of SAM. When the
concentration of methionine is down regulated, SAMTOR binds GATOR1 to inhibit mTORC1. LARS senses leucine concentration and interacts
with Rag by directly mediating leucylation of RagA/B to activate mTORC1. Rag promotes mTORC1 to locate to lysosome which contains its
activator Rheb. Ragulator provides a platform for lysosome to tether Rag. Besides, SLC38A9 participates in the activation of mTORC1 by
influencing Rag. After activation, mTORC1 activates ATF4, stimulating serine synthesis and amino acids uptake. mTORC1 also promotes
glutamine anaplerosis through regulating CREB2, SIRT4 and GDH. Furthermore, mTORC1 triggers phosphorylate 4EBP-1 and S6K1 to regulate
protein synthesis and MYC translation. b MYC signaling and amino acid metabolism. MYC upregulates SLC7A5 and SLC43A1 to transport
EAAs. These EAAs activate mTORC1 and Myc, forming a positive feedback loop. Meanwhile, SLC1A5 and SLC38A5 are also upregulated by MYC
to transport NEAAs. Specifically, MYC promotes the conversion of tryptophan to kynurenine through inducing AFMID in the kynurenine
pathway. MYC also upregulates GS to promote glutamine synthesis. Besides, MYC participates in glutamine catabolism by inducing miR-23a/b
to suppress the expression of GLS. MYC induces P5CS and PYCR to promote proline synthesis. Meanwhile, it increases miR-23b to decrease the
expression of POX/PRODH to inhibit proline catabolism. MYC upregulates BCAT1 and increases BCAAs synthesis. In addition, MYC can
promote serine synthesis from glucose. It also upregulates SHMT2 to metabolize serine, producing glycine to participate in GSH production
and 5,10-mTHF to participate in purine synthesis. c KRAS signaling and amino acid metabolism. Binding of KRAS-GTP to RAF stimulates its
dimerization and activation, triggering the activation of MEK and ERK to drive cell cycle progression and proliferation. Binding of KRAS-GTP to
PI3K activates AKT and mTOR, regulating apoptosis, metabolism and translation. Macropincytosis maintains intracellular glutamine levels
following Kras activation. KRAS downregulates GLUD1, leading to alterations in glutamine metabolism to produce NEAAs instead of
participating in TCA cycle. KRAS not only upregulates GOT1 but also upregulates GOT2, catabolizing glutamine-derived aspartate in
mitochondria and aspartate into OAA in the cytoplasm and finally converted to pyruvate, resulting GSH production to maintain the cellular
redox balance. mTOR Mammalian target of rapamycin, GCN2 General control nonderepressible2, LARS Leucyl-tRNA synthetase, S6K1 P70
ribosomal S6 kinase 1, 4EBP1 4E binding protein 1, SREBP Sterol regulatory element binding protein, CREB2 cAMP-responsive element binding
2, POX Proline oxidase, P5CS P5C synthase, PYCR P5C reductase, P5C Pyrroline-5-carboxylate, BCKA Branched chain α-keto acid, GSH
Glutathione, GSSG Glutathione disulfide, GEFs Guanine nucleotide exchange factors, GAPs GTPase-activating proteins, GLUD1 Glutamate
dehydrogenase1 EAAs Essential amino acids, NEAAs Non-essential amino acids, Pro Proline, Gly Glycine.
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serine [110]. Astutely, ATF4 can also regulate the expression of
other amino acid transporters such as CHAC1, SESN2, SLC7A11,
SLC7A5, SLC7A1, and SLC3A2, and increase amino acid uptake
[111]. Upon the accumulation of glutamine, mTORC1 down-
regulates miR-23a and miR-23b and subsequently promotes GLS
expression to accelerate glutamine catabolism. When glutamine is
deficient, mTORC1 represses the transcription of GDH inhibitor
SIRT4, prompting glutamine anaplerosis [112]. mTORC1 also
activates arginine catabolism by promoting ODC expression in
RAS transformed cells to promote polyamine production and
tumor progression. Mechanically, mTORC1 promotes the associa-
tion between ODC mRNA and mRNA-binding protein, promoting
ODC mRNA stabilization and expression [113]. Besides, positively
regulated mTORC1 leads to the stabilization of MYC, which in turn
induces ASS1 expression by competing with HIF1α for ASS1
promoter binding sites and therefore promotes arginine expres-
sion [114]. Collectively, mTORC1 regulates amino acid metabolism
through multiple signaling effectors, including amino acid
transporters, synthetic and catabolic enzymes. mTORC1 down-
stream signaling molecule MYC also plays extensive regulatory
roles in amino acid metabolism.

Myc drives amino acid metabolism
Myc is a proto-oncogene which encodes transcription factor MYC,
constitutively expressed in tumor and associated with altered
metabolism [115]. MYC directly regulates key metabolic enzymes
expression, resulting in altered metabolism like increased nutrient
uptake, enhanced glycolysis, and elevated fatty acid and
nucleotide synthesis [116]. Amino acid metabolism, both EAAs
and NEAAs are also regulated by MYC (Fig. 2b).
As EAAs rely on external resources, corresponding amino acid

transporters are crucial and often up regulated in cancer. A
positive feedback circuit called MYC-SLC7A5/SLC43A1 is critical in
EAAs metabolism in tumor. SLC7A5 imports EAAs in exchange for
glutamine export, while SLC43A1 facilitates the import of large
neutral essential amino acids (LNEAAs) like BCAAs and tryptophan
[117, 118]. MYC plays a pivotal role in promoting the transcription
of SLC7A5/SLC43A1 and consequently the uptake of EAAs, which
in turn activates mTORC1 and accelerates Myc transcription. When
SLC7A5/SLC43A1 is blocked and thus amino acids uptake is
decreased, the GCN2-eIF2α amino acid stress response pathway
will be triggered, leading to the inhibition of MYC mRNA
translation. Collectively, this circuit leads to a cascade that affects
the entire amino acid metabolic process and oncogene transcrip-
tion, ultimately promoting tumorigenesis [119]. Specifically, MYC
can enhance tryptophan uptake by upregulating the expression of
transporters such as SLC7A5 and SLC1A5. Additionally, it can
promote the conversion of tryptophan to kynurenine by inducing
arylformamidase (AFMID) within the kynurenine pathway
[120, 121]. Elevated level of kynurenine has been found to help
tumors to evade immune surveillance [122]. Additionally, Myc
upregulates BCAT1, a crucial enzyme in BCAAs catabolism, and
increases biosynthesis and promotes tumor development [123].
In addition to above regulation of EAAs, Myc can also catalyze

NEAAs metabolism, like glutamine, proline, and serine. Besides
glucose, glutamine could function as major fuels in tumors. MYC
prompts the expression of glutamine transporters such as
SLC1A5 and SLC38A5 [122]. In addition, Myc also plays a part in
glutamine anabolism and catabolism. MYC can demethylate the
promoter of GS, prompting the synthesis of glutamine in cancer
cells [124]. However, Myc also participates in glutamine
catabolism through acting on miR-23a/b in some cancers. miR-
23a/b can suppress the expression of GLS and then facilitate
glutaminolysis in tumor cells [125]. Collectively, MYC functions
differently in different types of tumor cells, and metabolic
requirements differential within specific cancer types might
dictate the outcome of glutamine metabolism regulated
by MYC.

NEAA proline can be synthesized by aldehyde dehydrogenase
family 18 member A1 (ALDH18A1, P5CS) and pyrroline-5-
carboxylate reductase (PYCR) from glutamine and arginine, thus
MYC induced P5CS and PYCR upregulation can promote the
proliferation and invasion of cancer cells [28, 123]. In this way, the
biosynthesis of glutamine-to-proline is prompted, assisting tumor
cells to alleviate ER stress and promote proline homeostasis. MYC
increases miR-23b to decrease the expression of proline oxidase/
proline dehydrogenase (POX/PRODH), leading to the inhibition of
proline catabolism [126]. Thus, MYC can not only promote the
synthesis of proline, but also inhibit its break down [127].
MYC also participates in serine metabolism. Enhanced activity of

MYC activates metabolic enzymes in SSP such as PHGDH, PSAT
and PSPH, resulting in enhanced serine production [123]. MYC
upregulates SHMT2, which is critical for maintaining cellular redox
homeostasis. Under the catalyze of SHMT2, serine metabolized
glycine directly participates in glutathione (GSH) production. In
this way, MYC promotes GSH synthesis de novo, and then finally
resists oxidant to promote tumor progression. MYC upregulates
SHMT2, leading to increased production of one-carbon unit 5’m-
THF and therefore the generation of NADPH. NADPH also plays a
crucial role in maintaining the redox balance by reducing GSSG to
GSH [128]. Collectively, MYC promotes serine synthesis and
thereby GSH and NADPH production to resist oxidation and
promote tumor growth.

Altered KRAS and amino acid metabolism
KRAS, a frequently mutated oncogenic protein in human cancers,
plays a pivotal role in regulating MYC and mTOR activity through
RAF-MEK-ERK and PI3K-AKT pathways, respectively [129, 130]
(Fig. 2c). The mutation impairs its GTPase activity, leading to
persistent activation of downstream signaling cascades, influen-
cing the cellular metabolism and promoting tumor cell prolifera-
tion. Amino acid metabolism is also regulated by KRAS, and
targeting the metabolic network downstream of KRAS may offer
potential avenues for treating KRAS-driven tumors [131].
KRAS-induced macropinocytosis maintains intracellular gluta-

mine levels. Besides, KRAS regulates enzymes in glutamine
catabolism. KRAS downregulates glutamate dehydrogenase1(-
GLUD1), leading to alterations in glutamine metabolism to
produce NEAAs instead of participating in TCA cycle. Besides,
KRAS upregulates GOT2 in the mitochondrial and GOT1 in the
cytoplasm [132]. Under such circumstance, glutamine-derived
aspartate is converted into OAA by GOT1 in the cytoplasm, and
finally converted into pyruvate, resulting in the production of
NADPH to maintain the cellular redox balance. Thus, Kras-mutated
cells resist cisplatin treatment by upregulating glutamine con-
sumption to maintain a redox state. As upregulated glutamine
catabolism is essential for tumor but dispensable for normal cells,
inhibiting enzymes like GOT1 in the glutamine catabolic pathway
leads to increased levels of reactive oxygen species (ROS),
reducing the levels of GSH and ultimately inhibiting tumor growth
[133].

AMINO ACIDS IN TUMOR MICROENVIRONMENT
Tumors thrive within the intricate TME, which is complex and
continuously evolving including surrounding blood vessels,
immune cells, fibroblasts and the extracellular matrix (ECM)
[134]. The bidirectional interaction between tumor and TME takes
various forms. Tumors assimilate essential nutrients through
macropinocytosis to satisfy its vigorous metabolism. Thus, rapidly
proliferating tumor cells compete for relatively scarce nutrients
with fibroblasts and immune cells, shaping a commonly hypoxic,
acidic, and nutrient-deprived TME. Collectively, the TME promotes
tumor progression and immune evasion through nutrients
deprivation. Besides, tumors secrete various bioactive molecules
that profoundly influence the TME.

J. Chen et al.

7

Cell Death and Disease           (2024) 15:42 



Macropinocytosis in TME takes up amino acids
Macropinocytosis is a type of endocytosis that involves the
nonspecific uptake of extracellular nutrient molecules like proteins
and amino acids [135] (Fig. 3). Even targeted drugs block enzymes
in vital biosynthesis process, cancer cells still take up necessary
biological materials from TME (e.g., collagen fragments) through
macropinocytosis to maintain proliferation. Macropinosomes
formation is an actin-dependent process that is initiated upon
stimulation of growth factors like colony stimulating factor (CSF-1),
epidermal growth factor (EGF), or platelet-derived growth factor.
Besides, oncogenic mutations in Kras or PI3K pathway activation
can also drive micropinocytosis [136]. Proteins ingested through
macropinocytosis can be decomposed into free amino acids by
cellular autophagy for new protein synthesis, or catabolized to
generate ATP for energy supply [137]. Therefore, macropinocytosis
enables tumor cells to survive in harsh environment by providing
both materials and energy.
Macropinocytosis is a metabolic adaptation to nutrient stress,

thus amino acids depletion drives macropinocytosis in cancers to
obtain nutrients. Mechanically, a low amino acid environment
inhibits the Hippo pathway and promotes membrane localization
of EGFR and TGFBRII, triggering macropinocytosis [138]. When
intracellular free amino acids are abundant, mTORC1 precisely
controls the utilization of extracellular protein-derived amino acids
within lysosomes by repressing macropinocytosed protein cata-
bolism [139].

Amino acid metabolism and CAFs
TME is hypoxia and devoid of nutrients, which is unfavorable for
the survival of cancer cells. Therefore, cancer cells cleverly hold
fibroblasts in TME, converting them into CAFs to create an altered
homeostasis suitable for tumor growth [138]. CAFs enhance tumor
invasion through their bidirectional interaction with tumor cells
and highly secretory phenotype to produce ECM [140] (Fig. 3).
CAFs regulate amino acid metabolism to promote multiple
processes like tumorigenesis, angiogenesis, and metastasis [141].
CAFs functional significance in cancer makes them attractive
targets for cancer treatment.
CAFs play a critical role in tumor progression by interacting with

tumor cells and modulating tumor metabolism through amino
acid transport (Fig. 3). In the stiff matrix of TME, ECM mechan-
otransduction re-localizes YAP/TAZ to the nucleus and activates
the transcription of GLS1 and SLC1A3 in both cancer cells and
CAFs [142, 143]. GLS1 promotes the transformation from
glutamine to glutamate. However, upregulated-glutamate does
not contribute to the TCA cycle in tumors, while in CAFs,
glutamate is a major source of carbon for the TCA cycle and
produces asparate. SLC1A3 is upregulated simultaneously in
tumor cells and CAFs, but functions differently. SLC1A3 in CAFs
could provide aspartate to cancer cells, while cancer cells in turn
secrete glutamine-derived glutamate through SLC1A3 to CAFs. In
such metabolic crosstalk between CAFs and cancer cells, CAF-
derived aspartate promotes pyrimidine and protein synthesis to
sustains cancer cells proliferation, while cancer cell-derived
glutamate balances the redox state of CAFs to promote ECM
remodeling. Drugs targeting SLC1A3 can significantly reduce
tumor growth due to the close interaction and extensive
metabolic remodeling between CAFs and tumors. The amino acid
metabolism interaction between CAFs and cancer cells have been
recently reviewed in detail [141, 144].
CAFs are known to be the most important cells for producing

ECM. Collagen, rich in proline, is the main component of ECM, the
degradation of which could provide materials and energy to
tumor cells. Proline synthesis is sustained through the conversion
of glutamate catalyzed by P5C synthase (P5CS) or arginine into
pyrroline-5-carboxylate (P5C). P5C serves as the ultimate precursor
for proline and, consequently, collagen synthesis. Proline synthesis
is upregulated in CAFs and acts as a limiting factor in ECM

production. Thus, P5CS deletion decreases collagen and therefore
ECM production, which could be rescued with proline supple-
mentation [145].

Amino acid metabolism and immune cells
TME comprises diverse cell types, including immunosuppressive
cells like myeloid-derived suppressor cells (MDSCs), TAMs, and
regulatory T cells (Tregs), as well as tumor-antagonizing immune
cells like natural killer cells (NKs), T lymphocytes, B lymphocytes
and dendritic cells (DCs). Although the tumor-antagonizing
immune cells within TME tend to target and kill the cancer cells
in the early stage of tumorigenesis, cancer cells eventually escape
immune surveillance through various mechanisms, including
reprogramming of metabolism.
Tumor associated MDSCs highly express ARG1 (Fig. 3), depriving

arginine in TME, leading to the lack of arginine in T cells and
impairing T cell-mediated anti-tumor immunity [146]. Besides,
MDSCs also highly express NOS-2, not only decompose arginine
but also produce NO to impair anti-tumor effect of T cells [147].
MDSCs express the xc

- transporter to import cystine. Thus, in the
presence of MDSCs, cysteine is reduced and T cell function is
impaired [148]. Apart from depleting arginine and cysteine,
MDSCs also inhibit T cell function by expressing IDO. In tumor
site and drainage lymph nodes, IDO overexpression in MDSCs
deprived tryptophan in TME, which is necessary for T cell and NK
cell proliferation. This eventually leads to T cell stagnating in G0
and NK cell apoptosis [149]. IDO also generates kynurenine, which
has been reported to block T cell proliferation and even induce T
cell death as mentioned above. TAM also creates an immunosup-
pressive TME, which tightly links to glutamine metabolism [150]. In
nutrient-deprived tumor stroma, GS expression in TAM increased
to promote glutamine synthesis. Increased GS provides metabolic
condition skews macrophages toward an M2-like, pro-metastatic
macrophages by providing more glutamine and α-KG [151, 152].
Similar to MDSC, TAM also overexpresses IDO and ARG1 to deplete
tryptophan and arginine as well as produce kynurenine to
suppress T cell function [153]. It is worth noting that NOS-2 is
also upregulated in TAM to reduce arginine and suppress T cell
function.
Tumor-antagonizing immune cells function is also suppressed

in the TME due to altered amino acid metabolism, thereby
influencing the development of tumors. During T cell activation
and differentiation, amino acids play dual roles as both energy
source and substrates for protein and nucleic acid biosynthesis
[154]. Compared to naive CD8+ T cells, activated CD8+ T cells
increases the density of SLC1A5 and SLC7A5 on the cell surface to
enhance glutamine uptake. Glutaminolysis underlies asymmetric T
cell division, as glutaminolysis and mTORC1 activation is necessary
to maintain c-Myc asymmetry. Asymmetric c-Myc levels in
daughter T cells would affect their proliferation, metabolism,
and differentiation [155]. Thus, the daughter T cell proximal to the
antigen presenting cell is accumulated with glutamine transpor-
ters and adopts an effector-like fate, while the distal T cell absence
of glutamine transporters assumes a memory-like fate. The
differentiation of naive T cells into Th1 or Th17 cells also depends
on glutaminolysis. When GLS is inhibited, the number of Th1 cells
increases while the number of Th17 cells decreases [156]. Besides,
glutamine limitation also promotes Treg differentiation [157]. IDO
is activated in DCs to deplete tryptophan and produce kynurenine.
As previously mentioned, kinase GCN2 is activated by elevated
levels of uncharged tryptophan tRNA, triggering CD8+ T cell-cycle
arrest and functional anergy [158]. Moreover, GCN2 activation
fosters de novo Treg differentiation and enhances suppressor
function in mature Tregs [159]. On other hand, kynurenine
overexpression not only impairs effector T cell, but also promotes
the differentiation of Treg through the activation of AhR [160]. DCs
and tumor cells both express SLC38A2 to facilitate glutamine
uptake, modulating anti-tumor immunity. Mechanistically,
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Fig. 3 Metabolic relationship between immune cells and cancer cells in TME. a Tumor macropinocytosis and tumor interaction with CAFs.
Collagen fragments secreted by CAFs are presented in the TME, and are taken up by tumor cells through macropinocytosis and catabolized to
support tumor cells survival. CAFs supply aspartate to cancer cells to synthesis DNA and protein via SLC1A3 while cancer cells in turn secrete
glutamine-derived glutamate to CAFs via SLC1A3 to generate GSH and therefore maintain the redox state. In CAFs, both glutamine and
arginine facilitates proline synthesis and ECM secretion. b Reprogramed amino acid metabolism in MDSCs inhibits T cell and NK cell. MDSCs
highly express ARG1 to deprive arginine in TME, impairing T cell-mediated anti-tumor immunity. MDSCs express xc

- transporter and import
cystine, causing depleted cysteine and impaired T cell function. Overexpression of IDO in MDSCs deprives tryptophan, leading to T cell
stagnating in G0 and NK cell apoptosis. The differentiation of naive T cells into Th1 or Th17 cells depends on glutaminolysis. This is because
lacked glutamine promotes Th1 cells while inhibits Th17 cells. MDSCs also highly express NOS-2, producing NO to impair anti-tumor effect of
T cells. c Reprogramed amino acid metabolism in TAMs polarizes macrophage and suppresses T cell. The expression of GS in TAMs increased,
promoting glutamine synthesis and M2-like macrophage polarization. TAMs also overexpress IDO to produce kynurenine, blocking T cell
proliferation and inducing T cell death. ARG1 overexpression depletes arginine and thereby suppresses T cell function. It is worth noting that
NOS-2 is also upregulated to produce NO and suppress T cell function. d Reprogrammed glutamine and tryptophan metabolism in DC
influences T cell. Upregulated IDO expression in DC induces kynurenine production and tryptophan depletion as well as the activation of AhR
and GCN2 respectively, leading to CD8+ T cell dysfunction and Treg differentiation. DC and tumor cells both express SLC38A2 to mediate
glutamine uptake to tune anti-tumor immunity. Glutamine in DC promotes the formation of the FLCN-FNIP2 complex and thereby restricts
TFEB activity, promoting antigen cross-presentation and T cell immunity. Glutaminolysis underlies asymmetric T cell division. The daughter T
cell proximal to the APC is accumulated with glutamine transporters and adopts an effector-like fate, while the distal T cell absence of
glutamine transporters assumes a memory-like fate. CAFs Cancer-associated fibroblasts, ECM Extracellular matrix, MDSC Myeloid-derived
suppressor cell, TAM Tumor-associated macrophage, GCN2 General control nonderepressible2, AhR Aryl hydrocarbon receptor, Kyn
Kynurenine, DC Dendritic cell, NK Natural killer cell, Cys Cysteine.
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glutamine acts as an intercellular metabolic checkpoint that
licenses DCs function in activating CD8+ T cells [161]. Glutamine
promotes the formation of the FLCN-FNIP2 complex, consequently
restricting TFEB activity. TFEB acts as a molecular switch,
regulating exogenous antigen-presentation pathways through
lysosome activation and thus influencing CD8+ T cell activity.
As mentioned above, arginine metabolism regulates immune

response and responsible for tumor progression [162]. Arginine
metabolic enzyme NOS-2 directs the polarization of gamma delta
T cells towards a pro-tumoral phenotype, thereby inducing
metastatic progression [163]. Asparagine up regulates the LCK
signaling pathway to enhance CD8+ T cell activity and thereby
inhibit tumor growth. This subverts the previous understanding of
the cancer-promoting function of asparagine [164]. Collectively,
above findings reveal that amino acid metabolism in tumors and
immune cells plays vital roles in the process of tumorigenesis and
development.

AMINO ACID METABOLISM AND EPIGENETIC MODIFICATION
Epigenetics refers to heritable phenotype changes that do not
involve alterations in the DNA sequence [165]. It encompasses
various mechanisms, including DNA methylation, histone mod-
ifications, chromatin remodeling, and small RNA regulation. Amino

acid metabolites like SAM and acetyl-CoA are essential substrates
for epigenetic modification, while amino acid metabolism also
requires epigentic modification of associated metabolic enzymes
[166]. This reciprocal regulatory relationship has a profound
impact on tumor progression.

Methylation
SAM is synthesized from methionine and functions as the primary
methyl donor in various methylation reactions, mainly DNA
methylation (Fig. 4). DNA methylation is catalyzed by DNA
methyltransferases, which transfer methyl group from SAM to
DNA. As a methionine transporter, SLC7A5 is crucial for
intracellular methionine concentration. Disruption in methionine
concentration is closely associated with cancer development, as
DNA hypermethylation usually suppresses tumor suppressor
genes expression [167].
Tumorigenesis is also affected when methylation occurs on

histones [168]. The effect of histone methylation depends on
which amino acid residue is methylated and how many methyl
groups are involved [10]. Specifically, arginine methylation on
histone can promote transcriptional activation, while lysine
methylation on histone involves both transcriptional activation
and repression [169]. When it terms to transcriptional repression,
tumors always overexpress methionine transporter SLC43A2 to

Fig. 4 Amino acid metabolism and epigenetic modification. Tumors often overexpress SLC7A5 to obtain methionine, competing with T cell
to inhibit T cell function as well as participating in methionine cycle to synthesis SAM. The downregulation of glycine or the knock down of
GNMTs in the methionine cycle reduces the consumption of SAM and thus promotes the methylation of histone by HMT and DNA by DNMT.
Serine fuels folate cycle under the catalyze of SHMT2 and produces glycine. Glycine can also be metabolized to produce 5,10-mTHF to fuel the
folate cycle. Threonine depletion from the culture medium decreases folate cycle and the levels of SAM as it serves as the precursor for
5-mTHF synthesis. Mutated IDH, in contrast with common IDH, generates 2-HG which suppresses DNA demethylation by KDMs, leading to a
hypermethylation phenotype. Isoleucine and leucine catabolism directly generates acetyl-CoA in the mitochondria. Alanine, cystine, glycine
and threonine convert to pyruvate to synthesis acetyl-CoA. Lysine, phenylalanine, tryptophan and tyrosine convert to acetoacetyl-CoA to
synthesis acetyl-CoA. Collectively, above amino acids derived acetyl-CoA donates acetyl groups to modify histone proteins, which is catalyzed
by HATs. An alternative pathway for isoleucine and leucine to activate mTORC1 involves providing acetyl-CoA to the EP300 acetyltransferase.
This enzyme mediates inhibitory acetylation of the mTORC1 regulator Raptor, ultimately leading to mTORC1 activation. Deacetylation refers to
acetyl groups remove from histones catalyzed by HDAC. The sirtuin proteins are classified as class III HDACs due to their dependence on
NAD+ for catalysis, in contrast to the zinc-dependent catalysis observed in class I, II, and IV enzymes. The tryptophan metabolism and NAD+/
NADH ratio exhibits a close correlation with both the acetylation state and energy status. SAH S-Adenosyl-homocysteine, GNMTs glycine N-
methyltransferase, DNMTs DNA methyltransferases, HMT Histone methyltransferase, 2-HG 2-hydroxyglutaric acid, IDH Isocitrate
dehydrogenase, HATs Histone acetyltransferases, Thr Threonine, Ile Isoleucine.
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outcompete T cells for methionine. Methionine deficiency in
T cells leads to downregulation of H3K79me2, promoting CD8+ T
cell death and inhibiting Th17 polarization [170]. When it terms to
transcriptional activation, downregulation of SLC7A5 in T cells
restricts methionine absorption, and alters H3K27me3 deposition
at the promoters of key T cell stemness genes. These changes
promote the maintenance of a ‘stem-like memory’ state and
improve long-term persistence and anti-tumor efficacy [171]. In
conclusion, methionine metabolism regulates genomic architec-
ture, chromatin dynamics and gene expression by dynamically
modulating methylation on DNA and histone [172].
In addition to methionine, other amino acids can also indirectly

regulate the level of methylation. Threonine metabolizes into
5-mTHF while serine metabolizes into 5,10-mTHF, playing pivotal
roles in cell fate by contributing to SAM synthesis and thereby
methylation status. Previous studies reveal that threonine deple-
tion decreased the levels of SAM, leading to decreased tumor
growth and increased differentiation [173]. Transaminase like
glycine N-methyltransferase (GNMT) catalyzes the transfer of a
methyl group from SAM to glycine to form sarcosine, leading to
SAM depletion and S-Adenosyl-homocysteine (SAH) accumulation
[174]. The ratio of SAM/SAH affects methylation [175]. Therefore,
knock down of transaminase like GNMT or the dysregulation of
glycine clearly affects the methylation of histone and DNA,
affecting gene expression and tumorigenesis [176, 177]. Moreover,
glycine can also be metabolized to produce 5,10-mTHF to fuel
folate cycle, and thereby regulating methionine cycle.

Demethylation
Amino acid like glutamine can be catabolized to produce α-KG.
Meanwhile, through α-KG-dependent dioxygenase, the methyla-
tion of histone and DNA can be removed [178]. The family of α-
KG-dependent dioxygenases includes Jumonji C-domain lysine
demethylases (JmjC-KDMs), ten-eleven translocation (TET) DNA
cytosine-oxidizing enzymes, and prolyl hydroxylases (PHDs) [179].
Normal isocitrate dehydrogenases (cytoplasmic, IDH1; mito-

chondrial IDH2) catalyze isocitrate to produce α-KG in TCA cycle to
fuel tumors. However, IDH is the most frequently mutated
metabolic genes in human cancer. When IDH is mutated, it can
further catalyze α-KG to 2-hydroxyglutaric acid (2-HG), and 2-HG
can competitively inhibit α-KG-dependent dioxygenases [180].
Thus, mutated IDH inhibits DNA and histone demethylation,
leading to a hypermethylation phenotype and promoting the
differentiation of cancer stem cells [181]. In IDH mutant
glioblastoma, the CpG island in promoter region of BCAT1 is
usually hypermethylated. The inhibition of BCAT1 expression
results in the reduction of glutamate and therefore inhibit tumor
growth and invasion [182]. Consistently, individuals diagnosed
with IDHWT/TET2WT myeloid leukemia, α-KG is maintained at
normal levels and therefore BCAT1 expression is promoted
compared to IDHmut/TETmut myeloid leukemia. Elevated expres-
sion of BCAT1 serves as a robust indicator for poorer survival
prognosis, which level has been observed significantly escalates
upon disease relapse [183].

Acetylation and deacetylation
Histone acetylation is a process in which acetyl-CoA donates
acetyl groups to modify histone proteins catalyzed by histone
acetyltransferases (HATs) [184]. Both acetyl-CoA abundance and
the ratio of acetyl-CoA to coenzyme A regulate histone acetylation
in cancer [185]. Histone acetylation leads to attractive force
reduction between histones and DNA, promoting a more open
chromatin structure that allows for increased transcriptional
activity [11, 186]. Furthermore, acetyl-CoA derived from amino
acid metabolism also plays a role in non-histone protein
acetylation and regulates tumor growth.
Acetyl-CoA level and amino acid metabolism affects each other.

BCAAs like isoleucine and leucine synthesize acetyl-CoA under the

catalyze of transaminase. Other amino acids such as lysine,
phenylalanine, tryptophan, and tyrosine also contribute to acetyl-
CoA production by forming acetoacetyl-CoA. Similarly, alanine,
serine, tryptophan, cysteine, glycine, and threonine synthesize
acetyl-CoA through pyruvate formation. Leucine metabolism
provides acetyl-CoA to the EP300 acetyltransferase, leading to
acetylation of mTORC1 regulator Raptor. This acetylation ulti-
mately results in mTORC1 activation and altered amino acid
metabolism [187]. Isoleucine and leucine catabolism generates
acetyl-CoA within the mitochondria. Subsequently, mitochondrial
acetyl-CoA must be transported to the cytoplasm and nucleus to
regulate gene expression through epigenetic mechanisms [188].
Deacetylation refers to the removal of acetyl groups from

histones, which is typically catalyzed by histone deacetylase
(HDAC). Histone deacetylation results in a more condensed form
of DNA known as heterochromatin, which is linked to reduced
levels of gene transcription. The sirtuin proteins are classified as
the class III HDACs depending on NAD+ in contrast to the zinc-
dependent catalysis by Class I, II, and IV enzymes [189]. Thus, the
tryptophan metabolism and therefore NAD+/NADH ratio exhibit a
close correlation with both the acetylation state and energy status,
playing important roles in inhibiting gene expression and thereby
influencing tumor progression.

Phosphorylation, succinylation, and lactylation
In addition to the aforementioned types of epigenetic modifica-
tions, it is noteworthy to consider other post-translational
modifications (PTMs), including phosphorylation, succinylation,
and lactylation. Each of these PTMs alters the charge and structure
of proteins. For instance, modifications to histones affect their
binding to DNA, thereby influencing chromatin status and gene
expression [190]. PTMs of enzymes influence their binding to
substrates, thereby affecting various metabolic processes.
Serine, threonine as well as tyrosine residues have established

as residues for histone phosphorylation [191]. AMP-activated
protein kinase (AMPK) is a sensor of cellular energy status and
phosphorylates a variety of cellular substrates include histones
[192]. As a nutrient sensor, AMPK can be activated under a variety
of stress conditions. Recent studies indicate that AMPK is activated
by the amino acids like alanine [193], aspartate [194] and cysteine
[194] and then phosphorylates histones. Histone phosphorylation
is linked to various cellular processes, including transcriptional
activation, mitosis, DNA repair, and apoptosis [195]. Phosphoryla-
tion also occurs in enzymes related to amino acid metabolism.
When phosphorylation occurs in branched chain ketoacid
dehydrogenase kinase, it regulates EMT genes and leads to the
metastasis of colorectal cancer [196]. Besides, phosphorylation of
GLS is essential for its enzymatic activity and critically contributes
to tumorigenesis [197].
Succinylation is an innovative PTM where a succinyl group is

added to a lysine residue. This modification is associated with the
catabolism of BCAAs, as the generation of succinyl-CoA serves as
an intermediate for succinylation [198]. The transcriptional
characteristics of succinylated histones resemble those observed
in acetylated counterparts, thereby activating gene expression
[198, 199]. Therefore, succinyl-CoA accumulation may enhance
cancer initiation and progression by promoting a global
succinylation program that favors cancer growth [200]. Enzymes
involved in amino acid metabolism can also be succinylated. Upon
oxidative stress, enhanced succinylation of GLS leads to increased
oligomerization and activity, thereby promoting glutaminolysis
and tumor growth [201].
Lactylation is also a novel epigenetic modification, in which

lactic acid modifies the lysine residues [202]. Hypoxia is linked to
elevated lactate levels originating from heightened glycolysis
activity, thereby enhancing intracellular histone lactylation [203].
Histone lactylation can affect gene expression in tumors and
immunological cells, thereby promoting malignancy and
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immunosuppression. In tumor-infiltrating myeloid cells, a potent
accumulation of lactate occurs, leading to the upregulation of
methyltransferase-like 3 (METTL3) through lactylation. The
increased expression of METTL3 in these cells was correlated with
the poor prognosis of patients [204].

TARGETING AMINO ACID METABOLISM IN TUMOR THERAPY
Primary strategies in cancer treatment involve targeting disparities
between normal and tumor cells in gene expression and
phenotype. Metabolism alteration in tumors is a noteworthy
phenotype. Amino acids metabolism, being fundamental to vital
biological processes, play a crucial role in tumor initiation and
progression [5]. Consequently, targeting amino acid metabolism
like amino acid depletion is significant in cancer treatment
approach [7]. Strategies for targeting amino acid metabolism
encompass inhibiting amino acid transporters, regulating amino
acid biosynthesis and consumption as well as developing amino
acids modified dietary (Table 1). Given different metabolism in
different tumors, developing tailored strategy for distinct tumors
becomes imperative.

Amino acid transporters inhibition
Amino acids substantial uptake occurs in tumor cells which
overexpress amino acid transporters. Consequently, targeting
these transporters to restrict amino acid availability is an effective
strategy for inhibiting tumor growth. Drugs targeting amino acid
transporters and related enzymes have transitioned from pre-
clinical research to clinical trials and have demonstrated efficacy in
some cases [205]. Glutamine transporters usually highly expressed
and associated with poor prognosis as external glutamine is
essential for cancer cells to survive [206, 207]. This differentiates
cancer cells from normal cells, providing a target for tumor
therapy. Clinically, Tamoxifen and Raloxifene block glutamine
uptake by inhibiting ASCT2 expression in breast cancer to
suppress tumor [208]. Likewise, pharmacological blockade of
ASCT2 with V-9302 also resultes in attenuated cancer cell growth
and proliferation [209]. However, therapy targeting ASCT2 alone is
not enough, as there are compensation from other transporters
like cystine/glutamate antiporter(xCT) to replace ASCT2 to fuel

tumors. Cationic amino acid transporters like CAT-1, CAT-2 and
CAT-3 for lysine, arginine, and histidine are also dysregulated in
tumors and associated with drug resistance. Specifically, CAT-1
expression exhibits a correlation with tumor grade in prostate
cancer [208]. It also plays a pivotal role in promoting growth,
proliferation, and metastasis of colorectal cancer and breast
cancer [210]. Upregulated CAT-3 increases arginine uptake and
thereby induces tumors to adapt glutamine deprivation [39].
Downregulation of CATs (CAT-1, CAT-3) through lentiviral trans-
duction with shRNAs or chemical like verapamil shuts down tumor
proliferation and induces death [211, 212]. Conversely, loss of CAT-
2 exacerbates inflammation-associated colon tumorigenesis [213].
Apart from targeting these tranporters directly to prevent

amino acids uptake, these tranporters can also be targeted to
deliver drugs. The glutamine macromolecular analog polygluta-
mine (PGS) can mimic glutamine and selectively ferry siRNA
through ASCT2. Therefore, siRNA delivered by PGS targets the
growth and survival of certain cancer [214]. Thus, RNAi in
combination with chemotherapy can augment the anti-tumor
effect. Apart from ASCT2, SLC6A14 is another amino acid
transporter that demonstrates upregulation in numerous cancer
types [215]. Hence, SLC6A14 emerges as a promising target for
tumor therapy, with its potential extending to enabling the
selective delivery of anticancer drugs to tumor cells. Stealth
liposomal systems functionalized with the aspartate-
polyoxyethylene stearate conjugate (APS) are developed for
transporter-mediated targeted delivery of docetaxel to SLC6A14,
resulting in a significantly efficiency for delivering anticancer
drugs into cells [216].

Amino acid metabolism enzymatic inhibition
Amino acid metabolism is also reglulated by biosynthetic enzyme
and catabolic enzyme. Numerous pharmacological inhibitors
targeting key enzymes in amino acid metabolism undergo
extensive research. Asparagine is the most successful and well-
documented target in amino acid depletion therapy, especially in
acute lymphoblastic leukemia [217]. Asparlas, a drug frequently
used in clinical practice, is developed for the treatment of acute
lymphoblastic leukemia. It acts as a long-acting asparagine-
specific enzyme to deplete asparagine [218]. Studies shown that

Table 1. Key enzymes/transporters and their drugs in cancer amino acid metabolism.

Target Drug Cancer type Clinical phases

Amino acid
transporters

ASCT2 Tamoxifen and Raloxifene Breast cancer Approved

ASCT2 PGS-siRNA NSCLC Preclinical

ASCT2 V-9302 HCC Preclinical

CATs verapamil Colorectal cancer Preclinical

SLC6A14 Aspartate-modified
docetaxel-loading stealth
liposomes

Lung cancer Preclinical

Asparagine
metabolism

ASNS metformin Multiple cancers Preclinical

Asparlas Acute lymphoblastic leukemia Approved

Arginine
metabolism

ADI ADI-PEG20 Ovarian cancer Phase III

INCB001158 Advanced or metastatic solid tumors Phase II

Glutamine
metabolism

GLS Telaglenastat NSCLC, lymphoma, glioma, breast cancer,
pancreatic cancer, and kidney cancer [234]

Phase II

GLS1 968 NSCLC [235] Preclinical

One-carbon
metabolism

DHFR Methotrexate Multiple cancers Approved

Thymidylate
synthase

5-fluorouracil Multiple cancers Approved
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inhibited ASNS or metformin inhibited ETC limits tumor aspar-
agine synthesis, impairing tumor growth in multiple mouse
models [219]. Kras mutation activates the ATF4 signaling pathway
through its downstream AKT and NRF2 in NSCLC. When ASNS is
inhibited by AKT and the extracellular asparagine is depleted
simultaneously, tumor growth can be reduced [220]. Therefore,
ASNS is also a promising therapeutic target for Kras-
mutated NSCLC.
Arginine is another targeted amino acid in depletion therapy. As

mentioned above, ASS1, a rate-limiting enzyme for synthesizing
arginine, is frequently deficient in tumors and thereby arginine is
depleted. Meanwhile, enzymes such as arginine deiminase (ADI)
and ARG I could also exhaust extracellular arginine by transform-
ing arginine into citrulline and ornithine, respectively. Thus,
depleting arginine by ADI-PEG20 or rhArg1-PEG to downregulate
arginine level in serum is essential to restrain cancer cells
proliferation [221, 222]. Since ARG is consistently overexpressed
in both cancer cells and MDSC, the ARG inhibitor INCB001158 has
the potential to normalize arginine levels within TME, conse-
quently revitalizing T cell functionality [223]. Simultaneously, the
intracellular inhibition of ARG by INCB001158 prevents tumor cells
from utilizing arginine for polyamine generation. In combination
with immune checkpoint therapy, INCB001158 has been used in
patients with advanced/metastatic solid tumors and has shown
significant efficacy in a Phase II clinical trial. Additionally, previous
study has proved that ASS1 is a new tumor repressor via
epigenetic mechanism and downregulated in cancers such as
ovarian cancer. Its downregulation has been reported to be
associated with advanced tumor stage and susceptible to ADI-
PEG20 treatment [224].
Similarly, as mentioned above, tumors driven by Myc or Kras are

highly dependent on exogenous glutamine, and pharmacological
inhibitors of GLS like telaglenastat or 968 has shown excellent
results in multiple tumors [7]. Besides, tumors control related
enzymes expression to exploit serine and other one-carbon
biosynthetic pathway to reduce the dependence on exogenous
supply. Drugs targeting the one-carbon metabolic pathway like
methotrexate targeting dihydrofolate reductase (DHFR) or
5-fluorouracil targeting thymidylate synthase has been widely
used clinically.

Amino acids modified dietary
Cumulating researches have demonstrated that amino acid like
methionine, serine, glycine, leucine, glutamine and cysteine
restriction plays roles in cancer intervention. Restricted methio-
nine intake prevents tumor growth and metastasis such as TNBC
[225], CRC [226], and glioma [227]. Preclinical studies show that
restriction of serine and glycine intake significantly inhibits tumor
cells proliferation in intestinal cancer and lymphoma mice [228]. In
the leucine-rich diet, metabolism shifts from glycolytic metabolism
to oxidative phosphorylation, resulting in a less aggressive tumor
phenotype [229]. Metabolomic analysis reveals that dietary uptake
of glutamine effectively increases the concentration of glutamine
in tumors and its downstream metabolite, α-KG, without increas-
ing biosynthetic intermediates necessary for cell proliferation. The
increase in intratumoural α-KG concentration drives hypomethyla-
tion of H3K4me3, thereby suppressing epigenetically-activated
oncogenic pathways in melanoma [230]. However, this effect may
be melanoma specific, as glutamine would fuel tumor cell
proliferation in most tumors.
Amino acid dietary restriction also affects tumor development

by affecting immune cell function. Diet lack of sulfur-containing
amino acids like methionine and cysteine downregulates the
differentiation of CD4+ T cells towards Tregs and promotes the
migration of CD8+ T cells, increasing the ratio of CD8+/Treg in
tumors and thereby enhancing the immune killing function [231].
Dietary methionine restriction blocks cGAS methylation, releasing
cGAS from chromatin and promoting it into cytoplasm [232].

Cytoplasm cGAS would sense dsDNA and activate the immune
response, leading to tumor restriction. The effect of tumor
immunotherapy is significantly enhanced by restricting the dose
of amino acids in diet.

SUMMARY
During the process of proliferation, tumor cells dysregulate their
metabolism to obtain more energy and nutrients. Amino acids are
used as fuels and raw materials in protein synthesis as well as
signal molecules in energy metabolism, participating in tumor
growth process. In addition, amino acid metabolism also
intertwines with signaling pathways, TME and epigenetic mod-
ification. Amino acids act as pivotal signaling molecules, stimulat-
ing signal pathways like mTORC1, MYC and KRAS to drive tumor
growth and proliferation. Within the TME, a dynamic interplay
occurs as nutrient competition and amino acid availability dictate
tumor progression. Tumor and immune cells collaborate to
regulate amino acid metabolism, which is crucial for sustaining
the metabolic needs of proliferating tumor cells and sculpting the
immune response. Moreover, amino acid-derived metabolites like
α-KG, acetyl-CoA, NAD+ and SAM wield influence over epigenetic
regulation. Comprehending this metabolism network provides
foundation for targeted therapeutic approaches which aim to
disrupt amino acid metabolism.
Compared with normal cells, tumor cells have more emphasis

on amino acid requirement and dependence. Therefore,
targeting amino acid metabolism to treat tumors is more
effective and less damage. However, the field still faces many
challenges. Some drugs targeting amino acid metabolism have
shown promising effects in animal experiments but realize them
clinically is still difficult. Insufficient amino acid depletion may
merely maintain tumor cells in a state of cell quiescence, and
once treatment is terminated, tumor cells will reappear. The
effect of amino acid intervention on tumor development is not
only related to tumor type but also depends on external factors
even tumor location [233]. Since most metabolism inhibitors are
not effective as single agents, combination therapy may be a
more reasonable strategy. Nevertheless, compared with other
therapies, amino acid depletion therapy is safer to normal cells.
It is hoped that with the wider understanding of amino acid
metabolism in tumor and the advancement of metabolic
analysis techniques, appropriate patients can be identified.
Thus, fully understand of the metabolic flexibility in amino acid
metabolism in cancer cells is of great significance, which
provides further insight into metabolic dependences and
liabilities that can be exploited therapeutically.
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