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Highlights:  

 Amino acid sensors integrate nutrient signals to coordinate tumor adaptation. 

 Amino acid sensing remodels metabolism, epigenetics, immunity, and redox balance. 

 Targeting amino acid sensors offers new strategies for cancer therapy. 

Abstract: Amino acid sensors are central regulators that link nutrient availability to tumor adaptation. 

They coordinate metabolic homeostasis, modulate epigenetic landscapes via metabolite-driven chromatin 

remodeling, shape the immune microenvironment by controlling nutrient competition and stress 

signaling, and maintain redox balance under oxidative stress. This review examines how amino acid 

sensing circuits sustain tumor growth, plasticity, and immune evasion, highlighting their potential as 

therapeutic targets to exploit metabolic vulnerabilities and enhance anti-cancer efficacy. 
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1. Introduction 

Cancer is a complex disease characterized by sustained proliferation and remarkable adaptability. Its 

evolution is not solely driven by the stepwise accumulation of genetic mutations, but rather by the 

dynamic interplay among genetic alterations, metabolic reprogramming, and microenvironmental 

pressures [1,2]. Within this complex network, amino acids play diverse and essential roles, serving 

not only as nutrients but also as key regulators of metabolism, signaling pathways, and immune 

responses [3]. These diverse roles position amino acids as key determinants of tumor initiation, 

progression, and metastasis. 

Beyond serving as substrates for energy production and macromolecular biosynthesis, amino acids 

also function as critical signaling molecules that actively participate in the regulation of cellular fate and 

homeostasis. Cells rely on molecular sensors and associated signaling cascades to detect amino acid 

levels, coordinating nutrient availability with context-specific signaling responses. By integrating these 
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signals, nutrient-sensing circuits coordinate anabolic and catabolic processes to maintain growth 

homeostasis under stress conditions [4]. The mechanistic target of rapamycin complex 1 (mTORC1) and 

general control nonderepressible 2 (GCN2) are two evolutionarily ancient and deeply conserved amino 

acid-sensing pathways that safeguard nutrient homeostasis in eukaryotic cells [5,6]. Under physiological 

conditions, they coordinate cell growth, protein synthesis, autophagy, and energy metabolism in 

response to nutrient availability, ensuring survival during amino acid deprivation and restoring metabolic 

balance upon nutrient replenishment. In cancer, however, these nutrient-sensing mechanisms are 

profoundly altered. Rather than constraining growth under metabolic stress, oncogenic signaling, 

ubiquitin-system dysregulation, and aberrant post-translational modifications (PTMs) of nutrient sensors 

uncouple amino acid scarcity from mTORC1 inhibition [7,8]. As a result, tumor cells sustain anabolic growth 

despite fierce competition with immune cells for limited nutrients. Concurrently, the GCN2-activating 

transcription factor 4 (ATF4) stress-response program is transformed from a transient cytoprotective 

mechanism into a chronic adaptive network that promotes nutrient acquisition, redox homeostasis, 

epigenetic plasticity, and the persistence of therapy-resistant cancer cells. Collectively, by precisely 

tuning signaling thresholds and reallocating metabolic resources, tumor cells adapt to diverse stressors 

and dynamically shift among proliferative, survival, and drug-tolerant states, thereby promoting malignant 

progression and therapeutic resistance [5,9]. 

Increasing evidence now indicates that amino acid metabolism is structurally coupled to long-term 

tumor adaptation and evolution through its capacity to reshape the epigenetic landscape and remodel the 

immune microenvironment [10,11]. Within cancer cells, rewiring of amino acid metabolic pathways 

directly modulates the intracellular pools of key metabolites and cofactors required for epigenetic 

processes, including histone modifications and deoxyribonucleic acid (DNA) methylation. These alterations 

drive transcriptional reprogramming programs that sustain tumor heterogeneity, cellular plasticity, and 

the maintenance of stemness-associated states [9,12,13]. In the tumor microenvironment (TME), 

intense competition between tumor cells and immune cells for limited amino acids is a key driver of 

metabolic immune suppression [14]. This competition not only deprives immune cells of essential 

nutrient substrates required to support activation and effector function, but also activates nutrient-

sensing stress signaling pathways within immune cells. As a result, immune cell proliferation, cytokine 

production, and cytotoxic activity are directly suppressed, collectively promoting immune evasion and 

diminishing the efficacy of immunotherapeutic interventions [15]. 

Accordingly, this review synthesizes recent advances from a systems-level perspective, 

highlighting how amino acid sensing and signal integration are connected to downstream phenotypic 

outcomes. We focus on the molecular mechanisms by which amino acid sensors perceive amino acid 

availability and transmit these signals to signaling and metabolic networks. We also discuss their 

functional significance in cancer biology and provide a mechanistically informed framework for 

developing combination therapeutic strategies that exploit metabolic vulnerabilities and alleviate 

tumor-associated immunosuppression. 

2. Amino acid sensors regulate tumor metabolic homeostasis 

Within the complex network of tumor metabolic reprogramming, cells rely on a series of highly 

coordinated amino acid sensors to monitor intracellular and extracellular amino acid availability and 

convert this information into downstream signaling outputs that regulate cell growth, proliferation, 
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survival, and metabolic activity [4,8]. The mTORC1 is a central regulator of cell growth and represents 

a key signaling hub that links amino acid sensing to metabolic reprogramming. Activation of mTORC1 

is essential for ribosomal protein synthesis and cancer cell growth, whereas its inhibition leads to cell 

cycle arrest, induction of autophagy and apoptosis, and a reduction in overall cellular viability [16]. 

Leucine and arginine sensors transmit amino acid availability signals to mTORC1, thereby coordinating 

anabolic and catabolic metabolism and providing the biosynthetic precursors and energy required to 

support rapid tumor cell proliferation (Figure 1). 

 

Figure 1. Amino acid sensing in tumor metabolic homeostasis. Representative amino acid sensors 

and their downstream signaling pathways coordinate tumor metabolic homeostasis. Leucine, 

arginine, and threonine sensors, including Sestrin2, secretion-associated Ras-related GTPase 1B 

(SAR1B), Leucyl-tRNA synthetase 1 (LARS1), cytosolic arginine sensor for mTORC1 subunit 1 

(CASTOR1), Solute carrier family 38 member 9 (SLC38A9), RNA-binding motif protein 39 

(RBM39), Bcl-2-associated athanogene 2 (BAG2), and threonyl tRNA synthetase 2 (TARS2), 

regulate mTORC1 activity through distinct mechanisms, integrating nutrient availability with 

metabolic reprogramming, autophagy, and tumor growth. Arg, Arginine; Leu, Leucine; Thr, 

Threonine; G, GlcNAcylation; Glc, Glucose; P, Phosphorylation. 

2.1. Leucine sensing by its sensors in tumor metabolic control 

Leucine is an essential branched chain amino acid and represents one of the most potent activators of 

mTORC1 signaling. In cancer, leucine sensing mechanisms are frequently reprogrammed to sustain 

elevated levels of protein synthesis and proliferative signaling [17,18].  
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Sestrin2 functions as a key metabolic regulator in cancer cells by determining whether 

intracellular leucine availability is sufficient to support growth [19,20]. Sestrin2 directly binds leucine 

and modulates mTORC1 activity through its interaction with the GTPase-activating protein activity 

toward Rags 2 (GATOR2) complex, thereby controlling Ras-related GTP-binding GTPase (Rag 

GTPase) signaling and the recruitment of mTORC1 to the lysosomal surface [21,22]. Under conditions 

of leucine deprivation, Unc-51-like autophagy-activating kinase 1 (ULK1) phosphorylates Sestrin2 

and enhances its interaction with GATOR2, leading to inhibition of Ras-related GTP-binding protein A 

(RagA) and Ras-related GTP-binding protein B (RagB) activation and preventing mTORC1 localization 

to lysosomes. In contrast, under leucine-rich conditions, Sestrin2 undergoes dephosphorylation, which 

facilitates mTORC1 activation [23]. Beyond phosphorylation, leucine availability further modulates 

mTORC1 signaling through regulation of Sestrin2 polyubiquitination, which critically determines its 

interaction with GATOR2. In gastric and colorectal cancers, elevated expression of the E3 ligase RING 

finger protein 167 (RNF167) and reduced expression of the deubiquitinase STAM binding protein like 1 

(STAMBPL1) lead to decreased polyubiquitination of Sestrin2, whereas genetic ablation of STAMBPL1 

or correction of its heterozygous mutations significantly suppresses xenograft tumor growth [7]. In parallel, 

the deubiquitinase OTU deubiquitinase 5 (OTUD5) has been shown to promote bladder cancer progression 

through the OTUD5-RNF186-Sestrin2-mTOR axis by deubiquitinating and stabilizing ring finger protein 

186 (RNF186), thereby facilitating Sestrin2 degradation [24,25]. These modifications thereby fine-tuning 

Sestrin2-mediated leucine sensing and downstream mTORC1 signaling and indicate that PTMs modulate 

amino acid sensing through regulating sensor activity.  

Functionally, Sestrin2-dependent regulation of mTORC1 signaling has profound consequences for 

cellular metabolism and stress adaptation. In brain tissue, the absence of the local phosphorylated 

mTOR (p-mTOR)/hypoxia-inducible factor-1α (HIF-1α) pathway within Sestrin2-enriched regions 

results in enhanced glycolysis [26]. In tumor core regions characterized by severe hypoxia and nutrient 

deprivation, suppression of mTORC1 activity cooperates with sustained activation of HIF-1α to drive 

a metabolic shift from anabolic programs toward catabolic states [27,28]. A hallmark of this adaptive 

response is the induction of autophagy. As a key negative regulator of autophagy initiation, inhibition 

of mTORC1 directly relieves repression of the autophagic machinery, leading to enhanced autophagic 

flux [29]. In line with this mechanism, Sestrin2 promotes cancer cell death through autophagy in 

bladder cancer models [30,31], while its overexpression in osteosarcoma cells suppresses mTORC1 

and HIF-1α signaling, accompanied by increased autophagy and apoptosis [32]. Beyond its role in autophagy 

regulation, Sestrin2 functions as a metabolic stress sensor by forming a complex with AMP-activated protein 

kinase (AMPK) and regulating liver kinase B1 (LKB1)-dependent phosphorylation events, thereby linking 

autophagic activity to cellular energy metabolism and metabolic homeostasis [33]. In line with this notion, 

in breast cancer, Sestrin2 regulates the expression of AMPK subunits and modulates cellular responses 

to ionizing radiation, whereas in colorectal cancer, Sestrin2 suppresses tumor cell proliferation through 

activation of the AMPK/mTORC1 signaling axis [33,34]. 

SAR1B is a small GTPase best known for its canonical role in COPII vesicle formation during 

endoplasmic reticulum to Golgi transport [35]. Strikingly, beyond this classical trafficking function, 

SAR1B acts as an intracellular leucine sensor that couples nutrient availability to mTORC1 signaling. 

SAR1B directly binds leucine through a leucine binding pocket located within its amino terminal alpha 

helical domain, leading to conformational changes upon ligand binding [36]. Under leucine limiting 
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conditions, SAR1B interacts with the GATOR2 complex to modulate mTORC1 activity. Conversely, 

SAR1B dissociates from the meiosis regulator for oocyte development (MIOS) subunit of GATOR2, 

suppresses mTORC1 activity, and establishes a negative feedback regulatory loop. Loss of SAR1B is 

associated with lung cancer progression, and silencing of SAR1B or its homolog SAR1A promotes 

mTORC1-dependent lung tumor growth in mouse models [36]. Another study reports that SAR1B plays 

a functional role in liver tumor initiating cells and in hepatocellular carcinoma (HCC) cells that exhibit 

resistance to mTORC1 inhibition. Baicalein induced chemosensitivity can be restored through SAR1B 

expression, and deletion of SAR1B in hepatocellular carcinoma cells treated with mTORC1 inhibitors 

recapitulates this phenotype [37]. 

LARS1, beyond its canonical role in catalyzing leucyl-tRNA charging during protein synthesis, has 

emerged as a key intracellular leucine sensor. In response to leucine availability, LARS1 directly binds 

leucine and regulates mTORC1 activity through its C-terminal RagD GTPase activating domain [38,39]. 

This dual functionality enables cells to coordinate translational capacity with nutrient availability, 

ensuring that protein synthesis occurs only under favorable metabolic conditions. Glucose serves as the 

primary energy source for most cells, and cancer cells frequently enhance glucose uptake and glycolytic 

flux to support rapid growth and proliferation [40,41]. Notably, LARS1 activity is modulated by glucose 

availability and the overall cellular energy status. O-GlcNAcylation of LARS1 at S1042 dynamically 

regulates its leucine-sensing activity by enhancing its interaction with RagD, thereby promoting 

leucine-dependent mTORC1 activation. In addition, O-GlcNAcylation of LARS1 promotes 

phosphorylation of the leucine binding site by the autophagy initiating kinase ULK1, reduces leucine 

affinity, and suppresses mTORC1 activity [42]. These modifications highlight that PTMs fine-tune 

amino acid sensing rather than act as independent signaling events. In addition, glucose starvation 

activates AMPK, which further stimulates ULK1 activity. ULK1 subsequently phosphorylates LARS1 

at serine 720, thereby reducing leucine binding affinity and downregulating mTORC1 signaling [43]. In 

thyroid cancer, knockdown of LARS1 suppresses cellular viability through modulation of autophagy 

activation by inhibiting mTOR activity in vitro [44]. Furthermore, LARS1 is significantly downregulated 

in intrahepatic cholangiocarcinoma (iCCA). The downregulation of LARS1 can disrupt the biosynthesis 

of N-glycans in iCCA and enhance the chemotherapy resistance mediated by ATP-binding cassette 

sub-family C member 1 (ABCC1) [45]. 

Collectively, these findings indicate that amino acid sensors are regulated not only by 

fluctuations in nutrient availability but also by diverse PTMs, including phosphorylation, ubiquitination, 

and O-GlcNAcylation. Rather than serving as static nutrient detectors, these sensors integrate nutrient 

availability with oncogenic signaling through dynamic PTM-mediated regulation. Such modifications 

influence sensor stability, ligand-binding affinity, subcellular localization, and interactions with 

downstream signaling complexes, thereby fine-tuning mTORC1 activity and metabolic adaptation under 

different nutrient conditions. These observations suggest that PTMs constitute an additional regulatory 

layer controlling amino acid sensing and may provide novel therapeutic opportunities for selectively 

targeting nutrient-sensing pathways in cancer. 
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2.2. Regulatory roles of arginine sensing in tumor metabolic homeostasis 

During tumor growth and metabolic reprogramming, arginine functions as a semi essential amino acid 

with dual roles as both a metabolic substrate and a signaling molecule, thereby exerting a central 

influence on the regulation of tumor growth [46,47]. On the one hand, arginine directly contributes to 

the biosynthesis of proteins, nucleotides, polyamines, and nitric oxide, providing essential building 

blocks for rapid tumor cell proliferation. On the other hand, arginine is sensed by tightly coordinated 

intracellular nutrient-sensing systems that translate its availability into signaling cues, thereby sustaining 

the activation of multiple growth promoting and metabolism supporting pathways. 

At the signaling level, the CASTOR1-GATOR2-mTORC1 axis has been identified as a key 

regulatory module linking arginine availability to mTORC1 activation. Arginine regulates mTORC1 

activity through a dual-sensing mechanism involving both cytosolic and lysosomal components, 

thereby ensuring metabolic homeostasis and coordinated cellular growth. CASTOR1, a member of the 

GATS protein family, serves as a cytosolic arginine sensor that modulates mTORC1 signaling in 

response to intracellular amino acid status [48,49]. Under arginine deprivation, CASTOR1 reversibly 

associates with the upstream GATOR2 complex via its aspartate kinase-chorismate mutase-TyrA 

(ACT) domain, leading to suppression of Rag GTPase-dependent mTORC1 activity [50]. In contrast, 

arginine binding triggers dissociation of CASTOR1 from GATOR2, thereby relieving its inhibitory 

effect and allowing mTORC1 activation. Competitive binding assays demonstrated that the 

dissociation constant (Kd) for the interaction between arginine and CASTOR1/2 is approximately 30 

µM. Mutations within the ACT domain completely abolished CASTOR1’s ability to bind arginine in 

vitro, confirming that arginine binding to CASTOR1 is essential for the mTORC1 pathway’s response 

to arginine availability. Similarly, SLC38A9, a lysosomal transmembrane transporter, acts as a luminal 

arginine sensor that promotes mTORC1 activation through its interaction with Rag GTPases and the 

Regulator complex on the lysosomal surface [51,52]. In addition, the lysosomal membrane protein 

TM4SF5 directly binds extracellular free arginine through its extracellular loop and facilitates 

arginine efflux via SLC38A9, thereby further enhancing Rag and Rheb-dependent mTORC1 

signaling output [53]. These convergent signals are ultimately integrated at the Rag and Rheb 

mTORC1 axis, tightly coupling intracellular arginine availability to cell growth, suppression of 

autophagy, and metabolic reprogramming. 

In lung adenocarcinoma, the expression of CASTOR1 is significantly reduced, and CASTOR1 

regulates lung adenocarcinoma by controlling the activation of mTOR [54]. Kirsten rat sarcoma viral 

oncogene homolog (KRAS) mutant tumor cells exhibit a pronounced dependence on the arginine 

mTORC1 axis. In non-small-cell lung cancer (NSCLC), CASTOR1 serves as a critical negative regulator 

of arginine sensing. Its loss significantly accelerates KRAS G12D driven lung tumorigenesis. 

Mechanistically, CASTOR1 deletion leads to constitutive GATOR2 activation, sustaining mTORC1 

activity even under arginine-deprived conditions. Persistent mTORC1 activation further amplifies 

crosstalk between the PI3K-AKT and KRAS-ERK pathways, thereby conferring strong resistance to 

therapies targeting KRAS or PI3K signaling. In breast cancer, regulation of tumor growth by arginine 

displays features of arginine independent activation. AKT phosphorylates CASTOR1 at serine 14, 

promoting its interaction with the E3 ubiquitin ligase RNF167 and inducing K29 linked 

polyubiquitination, which accelerates CASTOR1 protein degradation and modulates its interaction with 
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GATOR2 and downstream mTORC1 signaling [55]. Thus, PTMs serve as regulatory mechanisms 

that fine-tune amino acid sensing rather than functioning as independent signaling pathways. In HCC, 

arginine sensing is tightly coupled to mitochondrial metabolic reprogramming. Primary mitochondrial 

defects can promote fermentative glycolysis, which is commonly referred to as the Warburg effect, 

thereby supplying energy and metabolic intermediates that fuel uncontrolled anabolic growth in 

cancer cells [56]. Transmembrane 4 superfamily member 5 (TM4SF5) enriched lysosome-like 

multivesicular compartments directly bind to free L arginine and facilitate its efflux through 

SLC38A9, leading to activation of mTORC1 signaling. Simultaneously, TM4SF5 promotes the efflux 

of cholesterol and remodeling of mitochondrial membrane architecture, triggering mitochondrial 

functional reprogramming and conferring Warburg-like metabolic features in hepatocellular 

carcinoma cells. This arginine driven metabolic remodeling not only sustains glycolytic energy 

production but also provides intermediates for lipid and nucleotide biosynthesis, thereby substantially 

enhancing tumor growth capacity [57]. 

Beyond canonical sensing pathways, the roles of RBM39 and Bcl-2-associated athanogene 2 (BAG2) 

in specific tumor contexts further highlight the hierarchical diversity of arginine mediated regulation. 

RBM39 has been identified as an arginine sensitive RNA binding protein whose stability is directly 

regulated by intracellular arginine levels. In hepatocellular carcinoma, accumulation of arginine to 

high intracellular concentrations promotes direct binding to RBM39, thereby regulating the 

expression of metabolic genes. At the same time, RBM39 mediated upregulation of asparagine 

synthesis enhances arginine uptake, establishing a positive feedback loop that sustains elevated 

arginine levels and oncogenic metabolic programs [58]. Small molecule degraders targeting RBM39 

have been shown to disrupt tumor metabolic homeostasis, underscoring its critical role in arginine-

dependent metabolic vulnerability. 

BAG2 is increasingly implicated in metabolic-stress adaptation in cancer. In metabolically active 

tumors such as gastric cancer and breast cancer, high expression of BAG2 is strongly associated with 

aggressive behavior and poor clinical outcome [59,60]. Beyond its role in proteostasis regulation, BAG2 

has been reported to modulate oncogenic signaling pathways including AKT/mTOR [61], and recent 

work identifies BAG2 as an arginine-responsive factor that supports tumor cell survival under arginine 

limitation. In hepatocellular carcinoma and colorectal cancer characterized by highly active arginine 

metabolism, BAG2 acts as an arginine sensor that directly interacts with arginine and regulates sterile 

alpha motif domain containing 4B (SAMD4B). Under arginine deprived conditions, BAG2 releases 

SAMD4B, leading to degradation of beta catenin and stabilization of ATF4 protein, which enhances cell 

survival. In contrast, under arginine replete conditions, strengthened interaction between BAG2 and 

SAMD4B prevents β-catenin degradation and activates Wnt/β-catenin signaling, thereby supporting 

tumor cell growth [62]. 

2.3. Regulatory roles of threonine sensing in tumor metabolic homeostasis 

Mitochondrial TARS2 has been identified as a threonine sensor that links amino acid availability to 

mTORC1 signaling. TARS2 interacts with inactive Rag GTPases, particularly GTP bound RagC, leading 

to increased GTP loading of RagA and subsequent activation of mTORC1. In cells lacking TARS2, 

mTORC1 activity is no longer responsive to threonine supplementation [63]. In addition, in vitro studies 
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demonstrate that variants within the 301 to 381 amino acid region of TARS2 exhibit reduced binding to 

Rag GTPases, which may impair mTORC1 activation [64]. 

Clinical evidence indicates that TARS2 is highly expressed in lung adenocarcinoma tissues and that 

elevated TARS2 expression is associated with poorer overall survival. Functional studies further show that 

downregulation of TARS2 suppresses cell proliferation through the retinoblastoma protein pathway and 

promotes mitochondrial reactive oxygen species induced apoptosis [65]. However, whether the oncogenic 

effects of TARS2 are directly mediated through mTORC1 activation remains to be fully elucidated. 

Collectively, these findings establish amino acid sensors as central coordinators of tumor 

metabolic homeostasis, integrating nutrient availability with anabolic signaling, stress adaptation, and 

metabolic reprogramming. Importantly, the consequences of amino acid sensing extend well beyond 

metabolic regulation. By reshaping intracellular metabolic states and the availability of metabolites 

required for chromatin modification, these nutrient-sensing pathways provide a mechanistic link 

between metabolic adaptation and epigenetic remodeling, thereby supporting transcriptional plasticity 

during tumor progression. 

3. Amino acid sensors in the regulation of tumor epigenetic programs 

Tumor initiation and progression constitute a highly complex multistep process in which metabolic 

reprogramming and epigenetic dysregulation are not independent events but are tightly interconnected 

through metabolite mediated signaling [66,67]. Metabolic intermediates within tumor cells function not 

only as sources of energy or substrates for macromolecular biosynthesis, but also as direct regulators of 

epigenetic modifying enzymes [68,69]. Through these mechanisms, cellular metabolic states are 

translated into stable or reversible changes in gene expression, forming a central nexus between tumor 

metabolism and epigenetic regulation. 

Within this context, intracellular amino acid sensors play a critical role. These sensing proteins 

precisely detect fluctuations in the levels of specific amino acids or their metabolic derivatives and 

convert this information into downstream signaling cascades or directly modulate the activity of 

epigenetic enzymes. Through these mechanisms, amino acid sensors enable dynamic regulation of the 

epigenetic landscape, thereby contributing to tumor cell plasticity and malignant progression. 

3.1. Methionine sensors link mTORC1 signaling to histone methylation control 

Methionine is a sulfur-containing essential amino acid that plays a fundamental role in epigenetic 

regulation. Through the action of methionine adenosyl transferases (MAT), methionine is converted 

into S-adenosylmethionine (SAM), which serves as the universal methyl donor for DNA, RNA, and 

histone methylation reactions [70,71]. The intracellular abundance of SAM and the SAM/ 

S-adenosylhomocysteine (SAH) ratio directly determine global methylation potential [72]. In multiple 

tumor types, methionine adenosyltransferase 2A (MAT2A) is frequently upregulated or becomes a 

functional dependency, thereby enhancing methionine to SAM flux and supporting tumor growth [73–75]. 

For example, in HCC, reprogramming of the methionine cycle is accompanied by elevated levels of 

SAM/MAT. Genetic deletion of MAT2A not only suppresses tumor growth but also alleviates 

immunosuppressive phenotypes [76]. In gastric cancer, silencing of MAT2A inhibits tumor cell 

proliferation, migration, and invasion while activating p53-associated tumor suppressive programs, 
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supporting its oncogenic role [77]. In colorectal cancer associated metastasis models, tumor derived 

secretion of MATα2, the protein encoded by MAT2A, influences the tumor liver metastatic niche, 

further expanding the functional landscape of MAT2A in tumor progression [78]. 

Recent studies have identified S-adenosylmethionine sensor upstream of mTORC1 (SAMTOR) as 

a key intracellular sensor of SAM availability. When intracellular SAM levels are elevated, SAMTOR 

dissociates from the GATOR1 complex, thereby relieving GATOR1 mediated inhibition of Rag 

GTPases and activating downstream mTORC1 signaling [79,80]. Importantly, SAMTOR function 

depends on coordinated regulation with the KICSTOR complex (KICSTOR) [81]. Under conditions of 

low SAM availability, SAMTOR associates with KICSTOR to maintain suppression of mTORC1 by 

GATOR1. In contrast, increased SAM weakens the interaction between SAMTOR and KICSTOR, 

releases GATOR1 mediated inhibition, and activates mTORC1 signaling (Figure 2). Through this 

mechanism, metabolic advantages in methionine utilization are converted into amplified growth 

promoting and epigenetic remodeling signals [80]. 

 

Figure 2. Amino acid sensors regulate tumor epigenetic programs. SAMTOR and Protein 

arginine methyltransferase 1 (PRMT1) sense methionine-derived SAM and connect nutrient 

availability to GATOR1-mTORC1 signaling and methylation-dependent gene regulation. 

Histone deacetylase 6 (HDAC6) senses valine availability and modulates tet methylcytosine 

dioxygenase 2 (TET2)-dependent DNA demethylation. In parallel, BCAT1/2-dependent 

branched-chain amino acid metabolism alters acetyl-CoA and α-KG availability, thereby influencing 

histone acetylation and DNA demethylation. Met, Methionine; SAM, S-adenosylmethionine; Val, 

Valine; Me, Methylation; Ac, Acetylation; P, Phosphorylation; BCAAs, Branched-chain amino 

acids; BCKAs, Branched-chain keto acids; α-KG, α-ketoglutarate. 
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Sustained activation of mTORC1 may lead to aberrant expression or activity of DNA methyltransferases 

and histone methyltransferases, thereby promoting oncogene activation through hypomethylation or 

silencing of tumor suppressor genes through hypermethylation [82,83]. These alterations are frequently 

accompanied by widespread changes in histone methylation patterns that contribute to tumor initiation and 

progression [84]. Enhancer of zeste homolog 2 (EZH2) functions as the catalytic core of polycomb 

repressive complex 2 (PRC2) and mediates di-methylation and trimethylation of histone H3 lysine 27 

(H3K27) through its SET domain, resulting in transcriptional repression [85]. Trimethylated histone H3 

at lysine 27 (H3K27me3) has been shown to suppress multiple genes associated with cancer cell 

survival, and its abundance is closely linked to tumor progression and malignancy. mTORC1 signaling 

has been reported to upregulate EZH2 protein levels, enhance H3K27me3, and promote cell 

proliferation [86]. EZH2 promotes mammary tumor initiation through epigenetic regulation of the Wnt 

and mTORC1 signaling pathways [87]. In human glioblastoma, coordinated activation of mTORC1 

and mTORC2 drives tumor progression through specific epigenetic regulatory mechanisms, 

highlighting these complexes as therapeutically actionable targets [88]. In addition to EZH2, mTORC1 

also cooperates with the histone methyltransferase G9a to regulate autophagy related gene expression. 

By increasing the repressive histone mark dimethylated histone H3 at lysine 9 (H3K9me2) at 

promoters of autophagy associated genes, mTORC1 suppresses autophagic programs and supports 

tumor cell growth [89]. 

PRMT1 as an additional methionine and SAM sensor that cooperates with SAMTOR to regulate 

mTORC1 signaling. Elevated cytosolic SAM promotes dissociation of SAMTOR from GATOR1, which 

facilitates the interaction between GATOR1 and PRMT1. This interaction leads to methylation of 

nitrogen permease regulator-like 2 (NPRL2) and suppression of GATOR1 GAP activity, thereby activating 

mTORC1 signaling [90]. PRMT1 is aberrantly expressed across multiple tumor types [91,92]. In pancreatic 

cancer, PRMT1 is highly expressed, and loss of PRMT1 reduces glycolysis and impairs tumor forming 

capacity. Pharmacological inhibition of PRMT1 synergizes with gemcitabine to suppress pancreatic 

tumor growth in vitro and in vivo [93]. Increased PRMT1 protein expression has also been reported in 

hepatocellular carcinoma [94,95]. Mechanistically, enhanced PRMT1 activity is linked to increased 

mTORC1 signaling. Under amino acid replete conditions, cyclin-dependent kinase 5 (CDK5) 

phosphorylates PRMT1 at serine 307, promoting its translocation from the nucleus to the cytosol and 

lysosomes. In these compartments, PRMT1 not only acts on GATOR1 but also methylates WD 

repeat domain 24 (WDR24), a key component of GATOR2, thereby activating mTORC1 through an 

additional mechanism. Disruption of the CDK5-PRMT1-WDR24 axis suppresses HCC proliferation and 

inhibits xenograft tumor growth [96]. 

Glycine N-methyltransferase (GNMT) functions as a key hepatic methyl-group buffering enzyme 

that regulates intracellular SAM homeostasis and methylation potential [97,98]. By catalyzing the 

transfer of methyl group from SAM to glycine, GNMT modulates the intracellular SAM/SAH ratio 

and thereby influences global methylation balance. GNMT predominantly exists as an active tetramer, 

whereas disruption of its quaternary structure markedly reduces enzymatic activity [99]. Through these 

mechanisms, GNMT serves as an important regulator of hepatic methyl donor flux and epigenetic 

stability. Genetic deletion of GNMT results in hepatic SAM accumulation, aberrant DNA methylation 

patterns, and spontaneous development of HCC in murine models. In human HCC, GNMT expression 

is frequently downregulated, and its loss is considered an early event in hepatocarcinogenesis [100]. 
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Restoration of GNMT expression suppresses proliferation and promotes apoptosis in HCC cells, 

consistent with a tumor-suppressive role. Mechanistically, GNMT has been reported to interact with 

components of the mTOR signaling pathway, including DEP domain containing MTOR interacting 

protein (DEPTOR) and mTORC1, thereby modulating downstream S6K1 activation and cell-cycle 

progression [101]. 

3.2. Coupling of branched chain amino acid sensing to histone acetylation and methylation  

In contrast to methionine, which primarily regulates cellular methylation reactions, branched-chain 

amino acids (BCAAs) are more closely associated with other major epigenetic processes, 

particularly histone acetylation and histone or DNA demethylation. Catabolism of BCAA, including 

leucine, isoleucine, and valine, not only supplies energy and biosynthetic precursors but also 

generates key metabolites that directly regulate epigenetic enzymes [102,103]. Acetyl-CoA serves 

as the obligate substrate for histone acetyltransferases, whereas α-ketoglutarate (α-KG) functions as 

an essential cofactor for dioxygenases, including TET family DNA demethylases and JmjC domain 

containing histone demethylases [104]. As a result, branched chain amino acid sensing constitutes 

an important pathway that links nutrient availability to the dynamic balance between histone 

acetylation and demethylation [105]. Ranched-chain amino acid transaminase 1 (BCAT1) and 

BCAT2, particularly BCAT1, represent key metabolic checkpoints connecting branched chain 

amino acid metabolism with epigenetic regulation in cancer cells [106,107]. In glioblastoma, 

BCAT1 is markedly upregulated, and its high expression is strongly associated with poor patient 

prognosis [108,109]. In acute myeloid leukemia, aberrant overexpression of BCAT1 reduces 

intracellular α-KG levels, suppresses TET2 activity, and promotes DNA hypermethylation, thereby 

driving leukemic cell proliferation and maintenance of AML properties [110]. These findings 

identify the BCAT1-α-KG axis as an important non genetic mechanism for regulating TET enzyme 

activity in cancer. 

Following transamination, BCKA are oxidatively decarboxylated by the branched-chain α-keto acid 

dehydrogenase complex (BCKDH) complex in mitochondria, generating Acetyl-CoA derivatives that 

ultimately enter the TCA cycle and contribute to an Acetyl-CoA production [111,112]. Because Acetyl-

CoA is the sole acetyl donor for histone acetylation reactions, flux through BCAA catabolism directly 

influences the nuclear Acetyl-CoA pool available for chromatin modification [102,113]. In KRAS 

mutant pancreatic cancer, BCAA catabolism is rewired in a manner that may promote incorporation of 

BCAA derived Acetyl-CoA into histone acetylation processes [114,115]. Conversely, acetylation of 

metabolic enzymes involved in BCAA degradation, such as BCAT2, exerts feedback regulation on 

pathway activity, indicating a bidirectional regulatory relationship between BCAA metabolism and 

acetylation-dependent epigenetic control [116]. 

Notably, restriction of valine, one of the branched chain amino acids, has been shown to exert a 

direct effect on demethylase activity. Histone deacetylase 6 HDAC6 functions as a direct valine sensor 

that coordinates epigenetic responses under nutrient stress conditions [37]. The SE14 repeat domain of 

HDAC6 contains a hydrophobic binding pocket that confers specific affinity for valine (Kd ≈ 1.95 μM) 

while showing negligible binding to leucine, isoleucine, or other amino acids. Under nutrient replete 

conditions, the HDAC6 valine complex remains localized in the cytoplasm, where HDAC6 primarily 

deacetylatesα-tubulin. Upon valine depletion, dissociation of valine exposes a nuclear localization 
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signal, enabling translocation of HDAC6 into the nucleus. Nuclear HDAC6 associates with the DNA 

demethylase TET2 and deacetylates it, thereby activating DNA demethylation processes that promote 

DNA damage through thymine DNA glycosylase mediated base excision. This mechanism demonstrates 

that valine binding represents not merely a metabolic event but a nutrient-dependent signaling input 

capable of regulating chromatin structure. Functionally, dietary valine restriction suppresses xenograft 

tumor growth and enhances the therapeutic efficacy of poly(ADP-ribose) polymerase 1 (PARP) inhibitors, 

indicating that the HDAC6 valine TET2 axis constitutes a critical regulatory node linking tumor epigenetic 

plasticity to treatment sensitivity. 

Collectively, BCAA metabolism not only supplies Acetyl-CoA and α-KG to directly support histone 

acetylation and demethylation reactions, but also fine tunes the activity of key epigenetic enzymes 

through nutrient sensing mechanisms. Through these coordinated inputs, branched chain amino acid 

metabolism is deeply embedded within the epigenetic regulatory network of tumor cells. 

Accordingly, the branched chain amino acid BCAT acetylation and demethylation axis represents 

an important hub that links metabolic state to chromatin plasticity, thereby shaping tumor 

progression and responses to therapy. 

4. Amino acid sensors in the regulation of antitumor immunity 

The tumor microenvironment is a complex and dynamic ecosystem characterized not only by extensive 

interactions among diverse cell types but also by a distinct metabolic landscape [117,118]. Within this 

environment, nutrient availability, particularly the concentration of amino acids, constitutes a critical 

battleground that shapes both tumor progression and immune cell function. To meet the demands of 

rapid proliferation and biosynthesis, tumor cells consume large amounts of essential amino acids and, 

through their metabolic activities, actively remodel the chemical composition of the tumor 

microenvironment [119–121]. This remodeling results in localized depletion of specific amino acids or 

abnormal accumulation of metabolic byproducts, thereby imposing substantial metabolic stress on 

infiltrating immune cells and constraining effective anti-tumor immunity. 

4.1. Tryptophan sensor mediated regulation of immune cell metabolism 

Tryptophan is an essential amino acid that contributes to protein synthesis as well as the production of 

neurotransmitters and diverse bioactive metabolites. Within the tumor immune microenvironment, 

tryptophan metabolism is predominantly regulated by indoleamine 2,3 dioxygenase, which catalyzes 

the first and rate limiting step of the kynurenine pathway [122] (Figure 3). Across multiple tumor 

types, increased tryptophan uptake and upregulation of indoleamine 2,3-dioxygenase (IDO) are 

associated with poor clinical outcomes. For example, in pancreatic cancer, widespread expression 

of IDO1 and tryptophan 2,3-dioxygenase (TDO) correlate negatively with overall survival and 

recurrence free survival. 
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Figure 3. Amino acid sensors coordinate antitumor immunity by integrating nutrient availability 

with immune and stress signaling. Aryl hydrocarbon receptor (AHR) senses tryptophan-derived 

kynurenine to promote immune suppression, GCN2 detects amino acid deprivation to activate the 

integrated stress response, and G protein-coupled receptor class C group 6 member A (GPRC6A) 

senses extracellular amino acids to regulate T cell function. Glutamine metabolism further shapes 

metabolic competition between tumor and immune cells. Trp, Tryptophan; Kyn, kynurenine; 

TMA, Tumor-associated macrophage; Gln, Glutamine; Arg, Arginine; Leu, Leucine. 

The AHR functions as a key endogenous receptor for kynurenine and plays a central role in the 

differentiation and function of regulatory T cells, particularly type 1 regulatory T cells [123,124]. 

Activation of Aryl hydrocarbon receptor is not restricted to regulatory T cells, but broadly induces 

immunosuppressive programs across multiple immune cell populations. Through these effects, AHR 

signaling reshapes the tumor microenvironment at a systemic level and promotes tumor immune evasion. 

Macrophages represent major cellular targets of kynurenine within the tumor microenvironment. In 

macrophages, activation of the kynurenine AHR signaling axis induces multiple immunosuppressive 

effects, including downregulation of costimulatory molecule expression and impairment of antigen 

presentation capacity. These changes effectively limit T cell activation and effector function [125,126]. 

In glioblastoma, for instance, kynurenine driven activation of AHR in tumor associated macrophages 

induces expression of the ecto-nucleotidase ectonucleoside triphosphate diphosphohydrolase 1 (CD39), 

which cooperates with ecto-5′-nucleotidase (CD73) to generate adenosine and promote cluster of 

differentiation 8 (CD8) positive T cell dysfunction [127]. 

In dendritic cells, AHR activation suppresses the expression of costimulatory molecules such as CD80 

and cluster of differentiation 86 (CD86), as well as major histocompatibility complex class II (MCH-II) 

molecules including human leukocyte antigen-DR (HLA-DR). In parallel, AHR signaling inhibits the 

secretion of proinflammatory cytokines such as interleukin-12 (IL-12), interleukin-6 (IL-6), and tumor 

necrosis factor-α (TNF-α) [128]. Importantly, AHR activation also upregulates a set of immunosuppressive 
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mediators, including IDO1, interleukin-10 (IL-10), and programmed death-ligand 1 (PD-L1) [129]. These 

changes impair the ability of dendritic cells to function as effective antigen presenting cells and instead 

promote their conversion into tolerogenic dendritic cells that actively induce regulatory T cell 

differentiation and T cell anergy. In effector T cells, AHR activation directly promotes the expression 

of inhibitory receptors such as programmed cell death protein 1, thereby predisposing these cells to enter 

an exhausted state [39]. Collectively, AHR functions as a central signaling node downstream of the 

tryptophan metabolite kynurenine and establishes a robust immunosuppressive network within the tumor 

microenvironment. Targeting AHR or its upstream metabolic regulators, including IDO1 and TDO2, has 

therefore emerged as an important direction in cancer immunotherapy research. 

4.2. GCN2 integrates stress responses to regulate antitumor immunity 

GCN2 is an evolutionary conserved serine and threonine protein kinase that functions as a central 

intracellular sensor of amino acid deprivation. Within the tumor microenvironment, essential amino 

acids such as tryptophan, arginine, and leucine are frequently depleted as a consequence of aberrant 

tumor metabolism and competitive nutrient consumption. This depletion leads to accumulation of 

uncharged transfer RNAs within immune cells. Uncharged transfer RNAs directly bind to the histidyl 

tRNA synthetase related domain of GCN2, relieving its autoinhibitory conformation and inducing 

GCN2 dimerization and autophosphorylation, thereby activating the kinase [130]. Activated GCN2 

phosphorylates its canonical substrate eukaryotic initiation factor 2 alpha (eIF2α), generating 

phosphorylated eIF2α (p-eIF2α). p-eIF2α suppresses the activity of its guanine nucleotide exchange 

factor eIF2B, resulting in a global reduction in protein translation rates that conserves energy and amino 

acid resources. Despite this general translational repression, selective translation of stress responsive 

transcripts is enhanced, most notably activating transcription factor 4. This GCN2-eIF2α-ATF4 cascade 

constitutes a core component of the integrated stress response, which enables cells to adapt to a wide 

range of intrinsic and extrinsic stresses, including nutrient limitation [131,132]. 

Importantly, the impact of the GCN2 mediated integrated stress response on T cell fate is highly 

context dependent and functionally complex. This pathway can operate either as an executor of 

immunosuppressive programs or as an essential adaptive mechanism that allows T cells to survive within 

hostile metabolic environments [133–135]. Beyond direct growth suppression, amino acid stress and 

tryptophan catabolism may also initiate immunoregulatory programs through GCN2-dependent pathways. 

These include induction or expansion of Foxp3 positive regulatory T cell, and under conditions of 

moderate or transient activation, promotion of adaptive metabolic reprogramming characterized by 

enhanced mitochondrial oxidative phosphorylation. In contrast, chronic activation of the integrated 

stress response within tumors, accompanied by persistent ATF4 upregulation, is frequently associated 

with dysfunction of tumor infiltrating lymphocytes, increased apoptosis, and resistance to 

immunotherapy [134]. In contrast to its immunosuppressive roles, GCN2 has been shown to be essential 

for the survival and effector function of tumor infiltrating CD8 positive T cells in extremely nutrient 

deprived glioblastoma models. Loss of GCN2 results in marked apoptosis and necrosis of intratumoral 

CD8 positive T cells, thereby compromising antitumor immunity. Furthermore, in preclinical adoptive 

cell transfer models, ex vivo pretreatment of CD8 positive T cells with GCN2 agonists such as 

halofuginone enhances oxidative metabolism and effector function. Upon reinfusion, these metabolically 

conditioned T cells exhibit superior tumor control and can even eradicate established tumors. 
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Collectively, these findings suggest that the GCN2 pathway may present a therapeutically 

exploitable window. Controlled and context appropriate activation of GCN2 may function as a form of 

metabolic training that enhances T cell adaptability and antitumor efficacy within the metabolically 

hostile tumor microenvironment.  

4.3. Glutamine metabolism as a central regulator of tumor-immune interactions in the 

tumor microenvironment 

Glutamine exerts its regulatory functions in TME not only through its abundance as a metabolic 

substrate, but more importantly through a network of glutamine-binding proteins that sense, transport, 

and metabolize this amino acid [136,137]. These proteins, including glutamine transporters such as 

SLC1A5 (ASCT2) [138,139], glutaminases (GLS1/GLS2) [140], and glutamine synthetase (GS) [141] 

serve as molecular nodes that integrate nutrient availability with signaling pathways, epigenetic 

remodeling, and immune regulation. 

In multiple solid tumors, SLC1A5 is frequently upregulated, enabling enhanced glutamine uptake 

to sustain rapid proliferation [142–144]. Once internalized, glutamine is converted by GLS1 into 

glutamate and subsequently into α-KG, fueling the tricarboxylic acid (TCA) cycle and supporting 

nucleotide biosynthesis [145]. Elevated GLS1 expression correlates with tumor aggressiveness and 

metastatic potential [146,147], whereas GLS2, often downregulated in HCC, exhibits tumor-suppressive 

properties linked to redox balance and metabolic restraint [148]. Beyond supporting tumor growth, 

glutamine-binding proteins critically shape immune cell function. Activated CD8⁺ T cells depend on 

SLC1A5-mediated glutamine uptake to sustain mTOR signaling, clonal expansion, and effector 

molecule production [149]. However, in the TME, tumor cells often outcompete immune cells for 

glutamine due to higher transporter expression and GLS activity, leading to localized glutamine 

deprivation. This metabolic imbalance impairs T cell proliferation, reduces interferon-γ and granzyme 

B production, and promotes exhaustion phenotypes [150]. In ovarian cancer and melanoma models, 

pharmacological inhibition of GLS has been shown to alleviate metabolic competition, enhance CD8⁺ T 

cell infiltration, and improve responses to immune checkpoint blockade [151,152]. 

Glutamine sensors also regulate immunosuppressive cell populations. In breast and lung cancers, 

glutamine metabolism supports tumor-associated macrophage (TAM) polarization toward an M2-like 

phenotype, while myeloid-derived suppressor cells (MDSCs) rely on glutamine-dependent metabolic 

pathways to maintain suppressive function [119,153]. Conversely, targeting tumor-intrinsic GLS1 

activity can shift the metabolic balance within the TME, indirectly restoring T cell functionality. 

4.4. Other amino acid sensors in the sensing and regulation of antitumor immunity 

Arginine is a key amino acid that shapes the tumor immune microenvironment. Recent work identifies 

lymphocyte specific protein tyrosine kinase as an arginine sensor in this setting. Lymphocyte-specific 

protein tyrosine kinase (LCK) is a central component of T cell receptor signaling and is required for T 

cell activation. Binding of arginine induces a conformational change in LCK that alters the 

phosphorylation pattern of tyrosine 394 and tyrosine 505. The resulting increase in LCK activity 

augments downstream T cell receptor signaling cascades and modulates T cell responses within the 

tumor microenvironment. 
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GPRC6A is a cell surface G protein coupled receptor of the class C family that senses the 

extracellular availability of specific amino acids. Studies demonstrate that GPRC6A functions as a direct 

sensor for basic L amino acids, including arginine and lysine. In the tumor microenvironment, 

extracellular arginine levels are strongly influenced by tumor cell metabolism and by arginase 1(ARG1) 

expressed by myeloid derived suppressor cells, creating spatially heterogeneous arginine gradients. 

Expression of GPRC6A enables immune cells to monitor and respond to these fluctuations in extracellular 

arginine. Upon ligand binding, including arginine, GPRC6A activates downstream G protein signaling 

pathways that coordinate immune cell functional programs. 

5. Amino acid sensors in the regulation of tumor oxidative stress 

Within the metabolically and structurally hostile tumor microenvironment, the survival and proliferative 

capacity of cancer cells critically depend on their ability to adapt to metabolic stress and oxidative stress. 

Maintenance of redox homeostasis represents a central component of this adaptive capacity. In tumor 

cells, specific amino acid sensors function not only as carriers for metabolic substrates but also as 

nutrient sensors and allosteric regulators that continuously monitor intracellular and extracellular 

nutrient states. Through mechanisms that include allosteric control, transcriptional reprogramming, and 

noncanonical translation, these proteins dynamically tune the global reducing capacity of cancer cells 

and support redox balance under stress conditions. 

5.1. Serine mediated allosteric activation of PKM2 in the control of tumor oxidative stress 

Pyruvate kinase M2 (PKM2) is a key terminal enzyme of glycolysis and a central hub in tumor metabolic 

reprogramming. PKM2 can reversibly switch between a highly active tetrameric form and a low activity 

dimeric form, and this oligomeric transition directly determines the fate of upstream glucose derived 

carbon flux. Through this mechanism, PKM2 profoundly influences the rate of reduced nicotinamide 

adenine dinucleotide phosphate (NADPH) production and thus cellular reducing capacity. NADPH is 

essential for maintaining redox homeostasis, as it provides the reducing power required for the 

glutathione and thioredoxin systems and is indispensable for the catalytic activity of glutathione 

reductase and thioredoxin reductase. 

PKM2 contains a unique amino acid binding pocket that enables it to sense intracellular amino acid 

availability [154]. Serine functions as a natural allosteric activator by directly binding to this pocket and 

enhancing PKM2 catalytic activity [155]. Under conditions of amino acid limitation, such as serine 

deprivation, PKM2 shifts toward a low activity state. This promotes accumulation of glycolytic 

intermediates and their diversion into the pentose phosphate pathway, thereby increasing NADPH 

generation. The resulting enhancement of antioxidant capacity supports cell survival under oxidative 

stress [156,157]. These findings indicate that PKM2 can function as a metabolic emergency valve during 

oxidative stress, trading reduced ATP production for increased reducing power to preserve redox balance 

and promote stress tolerance [158]. 

5.2. Cysteine binding proteins in the regulation of tumor oxidative protection 

Cysteine is a critical precursor within the cellular antioxidant system and serves as an essential 

component for glutathione synthesis. Tumor cells are highly dependent on uptake of extracellular cystine 
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through the cystine glutamate antiporter system xc, which is frequently upregulated to sustain 

intracellular redox balance. In tumor microenvironments such as breast cancer, cancer cells export 

glutamate through system xc-, thereby inhibiting cystine uptake by surrounding cells and leading to 

depletion of intracellular free cysteine pools. Cysteine deprivation triggers oxidative self- inactivation 

of EglN1 also known as prolyl hydroxylase domain protein 2 (PHD2), rendering it unable to efficiently 

hydroxylate hypoxia inducible HIF-1α even under normoxic conditions (Figure 4). This results in 

pseudohypoxic stabilization of hypoxia inducible HIF-1α and activation of adaptive transcriptional 

programs that promote tumor survival and progression [159,160]. 

 

Figure 4. Glucose and cystine sensing coordinate metabolic and redox homeostasis by regulating 

NADPH production, antioxidant capacity, and stress-responsive signaling. These adaptive 

responses support tumor cell survival under oxidative stress. Ser, Serine; GR, Glutathione 

reductase; TrxR, Thioredoxin reductase; FIH, Hypoxia-Inducible Factor. 

6. Dietary restriction and targeted therapeutic strategies based on tumor amino acid 

sensing networks 

During rapid proliferation and malignant progression, tumor cells exhibit aberrant dependencies on 

multiple amino acids and achieve metabolic reprogramming by remodeling pathways of amino acid 

uptake, synthesis, and utilization. These adaptations support energetic demands, biosynthetic output, and 

epigenetic regulation required for tumor growth and survival [161,162]. It is important to note that the 

current understanding of amino acid sensing is not equally advanced across different amino acids. While 

several amino acid-sensing pathways have been well characterized, the molecular machinery governing 

serine, cysteine and other amino acids remains poorly characterized, a discrepancy stemming from the 
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current progress of research rather than their biological significance. Building on this concept, a range 

of therapeutic strategies centered on amino acid metabolism has emerged in recent years. These 

approaches include dietary interventions that restrict amino acid availability as well as precision 

therapies that achieve selective amino acid deprivation through enzymes or pharmacological agents. By 

disrupting tumor amino acid homeostasis at distinct levels, such strategies provide new avenues for 

anticancer intervention. 

6.1. Amino acid restriction 

6.1.1. Dietary methionine restriction 

Dietary methionine restriction exhibits consistent and repeatable antitumor effects in various solid tumor 

models and currently represents one of the most extensively studied and clinically translatable amino 

acid based dietary interventions (Table 1). In colorectal cancer and soft tissue sarcoma models, 

methionine restriction significantly suppresses tumor growth and enhances the efficacy of 5-Fluorouracil 

or radiotherapy, effects that are closely linked to reprogramming of one carbon metabolism [163]. In 

hematologic malignancies, methionine depletion has been identified as a metabolic vulnerability in acute 

myeloid leukemia. Dietary methionine starvation is well tolerated in mice and markedly delays disease 

progression in both cell line based and patient derived acute myeloid leukemia models [164]. A phase I 

clinical study further tested methionine-restricted diet paired with radiotherapy in solid tumor patients, 

verifying acceptable safety yet highlighting poor patient compliance and insufficient plasma methionine 

reduction as critical obstacles to clinical implementation [165]. 

Table 1. Dietary restriction strategies based on tumor amino acid sensing networks. 

Amino acid Tumor types Key mechanisms Therapeutic implications Clinical Stage 

Methionine 
CRC, sarcoma, AML, 

HCC, GBM 

Disruption of one-carbon 

metabolism; cell-cycle arrest; 

senescence; ferroptosis 

Tumor inhibition; sensitization to 

therapy 

Phase Ⅰ [165] 

Cysteine GBM Glutathione depletion 
Enhanced response to ferroptosis 
inducers 

Preclinical 

Serine/Glycine CRC 
One-carbon metabolism 

inhibition; metabolic stress 

Tumor suppression; enhanced 

CD8⁺ T cell immunity 

Preclinical 

BCAAs 
KRAS-mutant 

PDAC, CHOL 

Inhibition of BCAT2-PPDPF-

mTORC1 axis 

Suppressed tumor initiation and 

progression 

Preclinical 

In hepatocellular carcinoma, methionine deprivation in vitro induces irreversible cell cycle arrest. 

Inhibition of MAT2A-dependent methionine catabolism triggers cell cycle arrest and DNA damage, 

ultimately leading to cellular senescence in liver cancer cells [166]. In addition, methionine restriction 

exerts antitumor effects through induction of glutathione depletion. In mouse glioma models, 

combinatorial cysteine deprivation and methionine-restricted diets improve responses to the ferroptosis 

inducer RAS-selective lethal 3 (RSL3) and significantly extend survival [167]. 

However, methionine also serves as a critical nutrient for immune cell function within the tumor 

microenvironment. T cell activation and proliferation require sustained exogenous methionine supply, 

and intratumoral methionine supplementation enhances CD8 positive T cell mediated antitumor 
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immunity. Methionine deficiency within the tumor microenvironment has been shown to reduce histone 

H3K79 methylation [168]. 

Importantly, the impact of methionine restriction on responses to immunotherapy exhibits strong 

temporal dependence. When implemented after tumor establishment, methionine restriction synergizes 

with antitumor immunotherapies to inhibit tumor growth [169,170]. In contrast, methionine restriction 

initiated prior to tumor development compromises the efficacy of immunotherapeutic interventions [168]. 

Collectively, these findings highlight the pronounced context dependence of dietary methionine 

restriction in cancer therapy. Its anti-tumor efficacy and immunological consequences are jointly 

influenced by tumor type, disease stage, and timing of intervention, underscoring the need for precise 

and stage specific design of methionine restriction strategies in clinical applications. 

6.1.2. Dietary serine restriction 

Dietary serine restriction exerts pronounced antitumor effects in tumors that are highly dependent on 

exogenous serine supply. Early studies demonstrated that removal of serine markedly suppresses 

proliferation of colon cancer cells, and that p53 plays a central role in coordinating metabolic stress 

responses induced by serine starvation. Cancer cells lacking p53 display heightened sensitivity to serine 

deprivation [171]. In mouse xenograft models of colorectal cancer, simultaneous dietary restriction of 

serine and glycine induces accumulation of deoxy sphingolipids and leads to significant inhibition of 

tumor growth [172]. More recent studies indicate that serine and glycine free diets suppress colorectal 

cancer cell growth and enhance CD8 positive T cell mediated antitumor immunity. However, serine and 

glycine restriction also promotes lactylation of programmed cell death protein 1 (PD-1), delaying its 

degradation and thereby facilitating immune evasion. Blockade of the programmed cell PD-1 and PD-L1 

signaling axis restores the function of CD8+T cells recruited under serine and glycine restricted 

conditions, highlighting the therapeutic potential of combining serine and glycine dietary restriction with 

immune checkpoint inhibition [173]. 

6.1.3. Dietary restriction of BCAA 

Evidence indicates that BCAA catabolism, mediated in part by BCAT2, is functionally required for the 

initiation and progression of KRAS mutant pancreatic ductal adenocarcinoma [174]. In corresponding 

mouse models, reduction of dietary branched chain amino acids suppresses or delays pancreatic tumor 

development and progression [114]. In cholangiocarcinoma, metabolic rewiring of branched chain 

amino acid utilization promotes tumor progression through the pancreatic progenitor cell differentiation 

and proliferation factor (PPDPF) mTORC1 axis. Consistently, dietary leucine restriction or 

pharmacological targeting of PPDPF markedly inhibits tumor growth, further supporting the potential 

of BCAA restriction as a metabolism-based intervention in selected tumor contexts [175]. 

Nevertheless, accumulating evidence suggests that the therapeutic efficacy of dietary amino acid 

restriction is influenced not only by tumor-intrinsic metabolism but also by systemic metabolic 

regulators. Among these, the gut microbiome has emerged as a key determinant of amino acid 

availability and treatment response. Emerging evidence indicates that the therapeutic efficacy of dietary 

amino acid restriction is also shaped by the gut microbiome. Intestinal microorganisms actively 

synthesize, degrade, and transform amino acids and their metabolites, thereby influencing systemic 
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amino acid availability and the metabolic state of the tumor microenvironment [117,168]. Microbiota 

composition may therefore modify the response to methionine, serine/glycine, or branched-chain amino 

acid restriction, and may also affect the efficacy of therapies targeting amino acid-sensing pathways by 

regulating host metabolism and antitumor immunity [18]. These findings suggest that integrating 

microbiome modulation with amino acid restriction or sensor-targeted therapies may further improve 

therapeutic outcomes. 

Despite encouraging preclinical results, caution is warranted when interpreting data derived from 

conventional cancer cell lines and xenograft models [176]. Most xenograft studies are performed in 

immunodeficient mice, preventing accurate assessment of interactions between amino acid sensing 

pathways and antitumor immunity [177]. Furthermore, dietary interventions frequently employ severe 

amino acid restriction regimens that are difficult to replicate safely in humans [163]. Such interventions 

may induce systemic metabolic adaptations that differ substantially from those occurring in patients. 

Therefore, future studies should increasingly incorporate genetically engineered mouse models, 

humanized immune models, patient-derived organoids, and clinically relevant dietary interventions to 

improve translational relevance. 

6.2. Targeting amino acid sensors 

Compared with systemic amino acid restriction, directly targeting amino acid sensors that mediate 

nutrient sensing and signal integration in tumor cells offers a more selective therapeutic strategy. For 

example, inhibitors that disrupt the interaction between LARS1 and RagD, such as BC-LI-0186, have 

been shown to suppress the noncanonical mTORC1 activating function of LARS1. When combined with 

mitogen-activated protein kinase kinase 1 (MEK1) and mitogen-activated protein kinase kinase 2 (MEK2) 

inhibitors, this approach produces enhanced anti-tumor effects in non-small cell lung cancer models [178]. 

However, small molecule interventions targeting other amino acid sensors or sensors that converge on 

mTORC1 signaling largely remain at an early stage of development, with current efforts focused 

primarily on structural and mechanistic characterization. 

Beyond direct inhibition of amino acid sensing pathways upstream of mTORC1, selective targeting of 

HDAC6 has been widely explored as a combination sensitization strategy through remodeling of non-histone 

acetylation and proteostatic stress. Representative examples include ricolinostat, also known as ACY-1215, 

a selective HDAC6 inhibitor, which has demonstrated feasibility in early clinical combination studies 

with lenalidomide and dexamethasone in relapsed and refractory multiple myeloma [179]. Similarly, 

citarinostat, also known as ACY-241, an orally‑bioavailable selective HDAC6 inhibitor, has been 

evaluated in combination with nivolumab in a phase Ib study in previously treated non-small-cell lung 

cancer, and further development of next generation candidates such as KA2507, a potent 

orally-bioavailable selective HDAC6 inhibitor, remains ongoing [180,181]. 

In parallel, small-molecule targeting RBM39 in cancer primarily relies on aryl sulfonamide based 

molecular glues that induce proteasomal degradation. Compounds such as indisulam, E7820, and 

tasisulam promote formation of a ternary complex between RBM39 and the CRL4-DCAF15 ubiquitin 

ligase, triggering RBM39 ubiquitination and degradation. This leads to widespread splicing disruption 

and suppression of tumor growth [182,183]. A phase II clinical trial of E7820 confirmed in vivo RBM39 

degradation and splicing interference in patients with splicing factor-mutant myeloid malignancies, yet 

single-agent E7820 exhibited modest anti-tumor activity in heavily pretreated cohorts [184] (Table 2). 
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From a translational perspective, RBM39 degradation has been explored as a sensitization strategy in 

combination therapies. For instance, in ovarian cancer models, indisulam enhances sensitivity to 

cisplatin and poly ADP ribose polymerase inhibitors [185]. 

Table 2. Targeting amino acid sensors or binding proteins. 

Target Tumor types Key mechanisms Therapeutic implications Clinical Stage 

LARS1 NSCLC 
Blockade of non-canonical 

mTORC1 activation 

Synergistic efficacy with MEK1/2 

inhibitors 

Preclinical 

HDAC6 MM, NSCLC 
Proteostasis stress via non-

histone deacetylation 

Sensitization to immunotherapy and 

IMiD-based regimens 

Phase I/II [179] 

RBM39 
Ovarian and other 

solid tumors 

CRL4-DCAF15-mediated 

splicing disruption 

Increased sensitivity to platinum and 

PARP inhibitors 

Phase II [184] 

Collectively, compared with single nutrient restriction approaches, targeting amino acid sensors and 

binding proteins represents a next generation strategy with the potential to achieve greater selectivity and 

an improved therapeutic window for interventions aimed at tumor metabolism and signaling pathways. 

7. Conclusions and future perspectives 

Amino acid metabolism reprogramming is not only an important way for cells to obtain energy and 

biosynthetic precursors, but also a core regulatory mechanism for cells to sense nutritional status, regulate 

growth programs, adapt to fluctuations in nutrient supply, and resist environmental stress [186,187]. 

Notably, the current mechanistic understanding of amino acid sensing remains uneven across different 

amino acids. While leucine- and arginine-sensing pathways have been extensively characterized because 

of their central roles in mTORC1 regulation, the sensing mechanisms for serine, cysteine, and several 

other amino acids remain comparatively less well defined and warrant further investigation. Increasing 

evidence from spatial transcriptomics, spatial metabolomics, and mass spectrometry imaging has 

demonstrated that tumors exhibit profound spatial metabolic heterogeneity, characterized by steep 

gradients of oxygen and nutrient availability between the well-perfused tumor periphery and the hypoxic, 

nutrient-deprived tumor core, thereby establishing region-specific metabolic microenvironments [188,189]. 

In the nutrient-rich tumor periphery, abundant leucine uptake mediated by solute carrier family 7 

member 5 (SLC7A5) enables coordinated activation of the amino acid sensors LARS1 and Sestrin2, 

resulting in robust mTORC1 signaling [38,190]. Conversely, in nutrient-deprived tumor regions, 

persistent Sestrin2 activation suppresses mTORC1 activity, promoting metabolic adaptation, autophagy, 

and cellular dormancy, thereby facilitating the persistence and accumulation of therapy-resistant cell 

populations [21,191]. This spatial segregation of nutrient-sensing activity highlights that amino acid 

sensors function as context-dependent regulators that establish distinct signaling thresholds according 

to local nutrient availability. Such metabolic compartmentalization has important therapeutic implications, 

as conventional mTOR-targeted therapies preferentially eliminate proliferative cells while often sparing 

quiescent, therapy-resistant cells in nutrient-deprived regions [192]. Future therapeutic strategies may 

therefore benefit from simultaneously targeting amino acid transport, nutrient-sensing pathways, and 

metabolic adaptation to overcome spatially heterogeneous therapeutic responses. Advances in spatial 

metabolomics, spatial transcriptomics, and integrated spatial multi-omics will further facilitate the 

characterization of nutrient gradients and amino acid sensor activation in situ, providing new insights 
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into the regulation of metabolic plasticity and therapeutic resistance and enabling the development of 

spatially informed precision metabolic therapies [192,193]. 

Importantly, within the tumor microenvironment, amino acid availability shapes the metabolic 

competition and functional crosstalk between tumor cells and immune cells. By establishing the balance 

between immune activation and suppression, these nutrient-dependent interactions provide a key 

metabolic foundation for sustained tumor growth and immune evasion [194]. 

However, despite the robust antitumor activity of amino acid restriction strategies exhibit strong 

anti-tumor activity in various preclinical tumor models, there are still significant challenges in its 

effective clinical implementation [3,195]. Amino acid restriction does not only affect tumor cells. By 

altering the overall nutritional supply status of the tumor microenvironment, it can simultaneously reshape 

the metabolic characteristics and functional phenotypes of both tumor cells and immune cells [122]. 

Consequently, the impact of amino acid restriction on immunity is often complex and highly context 

dependent. Such interventions may enhance antitumor immune responses in some settings, yet in 

others they may compromise therapeutic efficacy by limiting immune cell proliferation and effector 

function [196]. Therefore, future intervention strategies based on amino acid restrictions should not 

merely focus on evaluating the intrinsic metabolic inhibitory effect of tumor cells, but should prioritize 

the overall immune net effect. This will require more refined intervention designs that explicitly account 

for immune context, disease stage, and the timing of dietary modulation. 

Future work should be carried out in several directions. First, context dependence and systemic 

compensation represent major challenges for amino acid restriction strategies. Because amino acid 

limitation can exert dual effects on tumor cells and immune cells, its net impact must be rigorously 

evaluated across distinct immune microenvironments, tumor types, and treatment schedules. This 

highlights the need for clinically stratified implementation, with tailored approaches for defined patient 

subsets, such as immune inflamed versus immune cold tumors. Second, the spatial and cell state 

dependent logic of metabolism and signaling integration requires systematic investigation. Nutrient 

gradients, metabolite accumulation, and the metabolic heterogeneity of immune cells within the tumor 

microenvironment drive context-dependent functional divergence of signaling axes across distinct cell 

types and tissue locales. Studies integrating single cell omics, spatial metabolomics, and in vivo 

functional tracing will be critical for unraveling the spatial heterogeneity of amino acid restriction effects 

on both tumors and immunity. Third, targeting nodes that mediate amino acid sensing and signal 

integration represents a promising direction. By modulating amino acid sensing proteins and their 

downstream signaling pathways, it may be possible to more precisely control tumor metabolic responses 

while coordinating immune cell function. 

In summary, although amino acid restriction strategies hold considerable promise in cancer therapy, 

major challenges remain for clinical translation. Future studies should prioritize a refined 

characterization of the metabolism immunity tumor interface, optimize intervention designs around net 

immunological outcomes, and develop more precise and personalized therapeutic paradigms. By 

integrating mechanistic metabolism research with immunology and clinical trial data, it should be 

feasible to maximize the therapeutic benefit of amino acid restriction-based interventions. 
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