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Abstract. Amino acid (AA) sensing plays an important
role in maintaining cellular metabolic homeostasis as well
as tumorigenesis and progression. Studies on classic AA
sensing pathways such as rapamycin complex 1 (mTORCI)
and general control nonderepressible 2 (GCN2) have revealed
their central position in cancer metabolic reprogramming.
AA sensing pathways are often hijacked in tumors to adapt
to the nutrient-deprived microenvironment, promoting cell
proliferation, anti-apoptosis and treatment tolerance. In
addition, the regulation of AA sensing and transport plays
a crucial role in maintaining the metabolic flexibility of
tumor cells. By targeting the AA sensing mechanism, it is
expected to disrupt the metabolic homeostasis of cancer cells,
providing new strategies for precision therapy. The present
review summarized the latest advances in the research on
the role of the mTORC1 and GCN2 AA sensing pathways in
tumor metabolism, emphasizing their potential and the chal-
lenges faced in cancer diagnosis and treatment. Additionally,
it provided novel insights into the therapeutic targeting of
AA sensing pathways and proposes future research direc-
tions aimed at overcoming current limitations in cancer
metabolism therapy.

Contents

Introduction

mTORCI1 sensing signaling pathways and cancer
GCN2 AA sensing signaling pathways and cancer
Cross-regulation network of mMTORCI1 and GCN2

Bw e

Correspondence to: Professor Na Chen, Department of
Hematology, Beijing Luhe Hospital, Capital Medical University,
82 Xinhua South Road, Tongzhou, Beijing 101199, P.R. China
E-mail: nachen1982@126.com

*Contributed equally

Key words: amino acid sensing, metabolic reprogramming, tumor
microenvironment, targeted cancer therapy

5. AA sensing in cancer therapy
6. Conclusions

1. Introduction

Proteins, glucose and lipids are universally recognized as the
three nutrients essential for sustaining human life. Amino acids
(A As), the basic structural units of proteins, serve not only as
building blocks but also as critical substrates for synthesizing
key biological regulators, such as thyroid hormones, under-
scoring their profound physiological significance (1-3). Every
human protein is composed of a combination of 20 AAs,
including nine essential AAs (EAAs) and 11 non-essential
AAs (NEAASs). EAAs are defined as those AAs whose carbon
skeletons cannot be synthesized de novo or whose endogenous
production is insufficient to meet metabolic demands (4,5).
The fundamental nutritional roles of AAs have long been
well-established. However, recent studies have highlighted
their emerging functions as signaling molecules in the regula-
tion of energy balance and metabolic homeostasis. Beyond their
involvement in protein metabolism, AAs also serve as critical
molecular regulators of glucose and lipid metabolism (6,7).

Generally, A As regulate cellular life activities through two
primary mechanisms: Metabolism and sensing. In the context
of AA sensing, the direct binding of AAs to specific sensors
represents a more evolutionarily streamlined and efficient
regulatory mechanism (8). The human body's detection of
elevated concentrations of specific AAs can trigger the binding
of these molecules to cell membranes or intracellular sensors,
thereby initiating transport processes or signal transduction
pathways (9). The human body's sensing of AA concentrations
can also occur indirectly through the detection of surrogate
molecules, such as metabolites, which reflect their abun-
dance (10). At the organism level, distinct pathways for sensing
intracellular and extracellular A A concentrations are integrated
and coordinated to maintain systemic metabolic homeostasis.
This adaptive response to fluctuations in AA availability is
orchestrated by a sophisticated regulatory network (11). This
network comprises a variety of dynamic components, which
play a pivotal role in activating downstream effectors at both
cellular and molecular levels.

In cancer, these processes are reprogrammed to fulfill the
heightened metabolic demands of rapidly proliferating cells,
allowing tumors to sustain survival under nutrient-limited
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conditions and to thrive across diverse microenvironments (12).
Cancer cells exhibit reprogrammed AAs metabolism, marked
by enhanced uptake and utilization of specific AAs, including
glutamine, serine and glycine (13-16). This metabolic
reprogramming supports cancer cells in sustaining anabolic
processes, facilitating energy production and maintaining
redox homeostasis (15). Notably, the capacity to sense AA
levels in both extracellular and intracellular compartments is
intricately linked to these metabolic adaptations (17). The AA
sensing pathway acts as a pivotal regulatory mechanism in
determining cancer cell fate, integrating nutrient availability
with growth signaling and stress response pathways (18,19).
Key molecular sensors and signaling pathways involved in AAs
detection include the mechanistic target of rapamycin complex
1 (mTORCI), general control nonderepressible 2 (GCN2), acti-
vating transcription factor 4 (ATF4) and the Sestrin (SESN)
family of proteins (20-23). These pathways play a pivotal role
in orchestrating cellular responses to AA levels fluctuations,
modulating protein synthesis, autophagy and metabolic repro-
gramming. Furthermore, their dysregulation in cancer has
profound implications for tumor progression, metastasis and
therapeutic resistance.

Investigating the mechanisms of AA sensing and iden-
tifying key AA sensors are crucial for deciphering the
regulatory networks that govern cellular life activities and
disease progression. These insights not only advance the under-
standing of tumor biology but also unveil novel therapeutic
opportunities. By targeting AA sensing pathways or exploiting
metabolic vulnerabilities, it is possible to disrupt the metabolic
adaptability of cancer cells and suppress tumor growth. The
present review aimed to summarize current knowledge on AA
sensing in cancer, with a focus on its molecular mechanisms,
implications for tumor biology and potential therapeutic
applications.

2. mTORCI sensing signaling pathways and cancer

Structural organization and spatial regulation of the mTORCI
signaling pathway. The mechanistic target of rapamycin
(mTOR) is a central regulator of cell growth, orchestrating
cellular homeostasis in response to nutrients, growth factors
(GFs) and environmental cues (24). mTOR, composed of 2,549
AAs, is a member of the phosphatidylinositol 3-kinase-related
kinase superfamily, and assembles into two function-
ally distinct complexes, mTOR complex 1 (mTORC1) and
mTORC?2, through interactions with various accessory
proteins (24,25). mTORCI serves as a central hub in AA
sensing (26) and it is assembled from core components that
form its functional architecture (27,28). Among these, Raptor
is a key regulatory protein that binds to the TOR signaling
motif, facilitating the recruitment of mTORCI substrates and
stabilizing the complex. In this complex, mTOR provides
catalytic activity, while the mammalian lethal with SEC13
protein 8 enhances the stability of the mTOR kinase domain,
making these components indispensable for the assembly
and functionality of mTORCI (29,30). Non-core components,
such as DEP domain-containing mTOR-interacting protein
and 40 kDa proline-rich Akt substrate (PRAS40), act as
negative regulators by binding to mTOR and modulating its
activity (31,32). FK506-binding protein 12 and rapamycin form

a ternary complex with the FRB domain of mTOR, partially
blocking substrate access to its kinase active site and thereby
mediating rapamycin's inhibitory effect on mTORCI (33).
mTORCI, together with its downstream effector components,
forms a comprehensive sensing pathway. Moreover, mTORC1
is ubiquitously expressed across diverse tissues and organs,
playing a pivotal role, particularly in metabolically active and
rapidly proliferating tissues (34).

Upstream regulatory mechanisms of the mTORCI signaling
pathway. mTORCI integrates diverse environmental signals,
including ADP-ribosylation factor GTPase-activating
protein 1, DNA damage, ATP, GFs, AAs, glucose, cholesterol
and oxygen. These upstream signals enable mTORCI1 to
orchestrate distinct physiological functions, thereby main-
taining cellular and organismal homeostasis (35-38). The
upstream signals of mMTORCI can be classified into two distinct
categories based on their dependency: GFs-dependent signals
and A As-dependent signals (39). The specific mechanisms are
presented in this section as shown in Fig. 1.

Regulatory mechanisms of mTORCI via GFs-dependent
signaling. Nearly all GF-dependent signals are transduced
through the tuberous sclerosis complex (TSC)-Ras homolog
enriched in brain (Rheb) cascade. Rheb, a GTPase, directly
binds to and activates mTORCI, inducing a conformational
change in the complex (40). The biological activity of Rheb
is regulated by the TSC complex, which integrates multiple
upstream signals and modulates mTORCI1. TSC functions
as a Rheb-specific GTPase-activating protein (GAP) and
is composed of TSC1, TSC2 and TBC1 Domain Family
Member 7 (41). Receptor tyrosine kinase-dependent RAS
signaling activates mTORCI via ERK and its downstream
effector p90 Ribosomal S6 Kinase, leading to the phosphoryla-
tion of TSC2 (42,43). Additionally, the EGF signal can activate
mTORCI through AKT-Ubiquitin-Specific Protease 4-medi-
ated Rheb deubiquitination, resulting in the release of Rheb
from the TSC (44).

Insulin induces mTORCI1 activation through two
distinct regulatory mechanisms (45). First, similar to other
GF-dependent signaling pathways, insulin and insulin-like
growth factor 1 receptor stimulation induce AKT-dependent
phosphorylation of TSC2 at multiple sites, leading to mTORC1
activation through the TSC-Rheb pathway. Second, insulin
can alleviate PR AS40-mediated inhibition of mMTORCI kinase
activity via AKT-dependent phosphorylation of PRAS40,
although the precise mechanisms underlying this process
remain unclear. Other GF-dependent signaling molecules,
such as the secreted glycoprotein Wingless-type MMTV
Integration Site Family (Wnt) and the cytokine Tumor Necrosis
Factor-a, also enhance mTORCI activity by inhibiting the
TSC, although the underlying mechanisms remain poorly
understood (46).

Regulatory mechanisms of mTORCI via AAs-dependent
signaling. Unlike other signals, AAs regulate mTORCI1
through distinct pathways. The mechanisms underlying
AAs' signal transmission upstream of mTORCI1 have been
progressively elucidated and specific sensors or signaling
pathways for individual AAs have also been identified (20).
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Figure 1. Upstream regulatory mechanisms of the mTORCI signaling pathway. In the figure, the red lines represent inhibitory effects, while the black lines
denote promoting or cascading responses. The portions of the study where the mechanisms remain unclear, have been indicated them with dashed lines.
Created with MedPeer (medpeer.cn). mTORCI, rapamycin complex 1; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; RAS, rat
sarcoma; RAF, rapidly accelerated fibrosarcoma; MEK, mitogen-activated protein kinase/extracellular signal-regulated kinase kinase; ERK, extracellular
signal-regulated kinase; RSK, ribosomal S6 kinase; Wnt, wingless-related integration site; TNF-a., tumor necrosis factor Alpha; IGF-1, insulin-like growth
factor 1; IRS-1, insulin receptor substrate 1; PI3K, phosphoinositide 3-kinase; PDK-1, 3-phosphoinositide-dependent protein kinase 1; TSC1, tuberous sclerosis
complex 1; TSC2, tuberous sclerosis complex 2; TSC Complex, tuberous sclerosis complex; GTP, guanosine triphosphate; Arfl, ADP-ribosylation factor 1;
RABIA, ras-related protein aab-1A; IRS, insulin receptor substrate; S6K, S6 kinase; LRS, leucine-rich sequence; SAR1B, secretion associated and ras related
GTPase 1B; CASTORI, CATI1 and sestrin2 regulator 1; GATORI, GAP activity towards rags 1; GATOR2, GATORI complex 2; GDP, guanosine diphosphate;
mTOR, mechanistic target of rapamycin; SAM, S-adenosylmethionine; SAMTOR, SAM sensor upstream of mTORCI.

AA sensing primarily operates through two pathways: The Rag
GTPase-mediated lysosomal sensing and the Rag-independent
pathways, along with the regulatory networks that fine-tune
these processes (38).

Rag GTPase-mediated lysosomal sensing regulates mTORCI.
Rag GTPases, which form heterodimers (RagA or RagB
with RagC or RagD), play a critical role in lysosomal AA
sensing (47-49). Their nucleotide-binding states dictate the
recruitment of mTORCI to the lysosomal surface (50,51).
When AAs are abundant, RagA/B are GTP-bound, while
RagC/D are GDP-bound. This configuration allows the Rag
GTPase heterodimer to bind Raptor and recruit mTORCI1
to the lysosomal surface for activation by Rheb. Under AA
deprivation, the Rag GTPase heterodimer switches to an inac-
tive state (RagA/B GDP-bound and RagC/D GTP-bound),
causing mTORCI to dissociate from the lysosomal surface
and preventing its activation. The activity of Rag GTPase is
tightly regulated by a network of complexes that modulate
its nucleotide-binding state, creating a robust mechanism

to couple nutrient availability with cell growth (52). Rag
GTPase is anchored to the lysosomal surface through its
interaction with the Ragulator complex, which consists of Late
Endosomal/Lysosomal Adaptor, MAPK and MTOR Activator
(LAMTOR)1 (p18), LAMTOR?2 (p14), LAMTOR3 (MP1),
LAMTOR4 (C1ORF59) and LAMTORS (HBXIP) (53).
Myristoylation and palmitoylation at the N-terminus of
LAMTORI are critical for the lysosomal localization of the
Ragulator-Rag GTPase complex (53,54). AAs can induce
conformational changes in vacuolar ATPase (V-ATPase) and
weaken its interaction with the Ragulator complex, suggesting
that lysosomal lumen A As may signal to Rag GTPases through
V-ATPase and Ragulator. However, the precise mechanism by
which V-ATPase senses AAs remains to be elucidated (55).

Rag GTPases-independent regulation of mTORCI. Although
Rag GTPases are central in sensing extracellular AAs
and glucose levels, the regulatory network of mTORCI1
is more complex, encompassing pathways independent of
Rag GTPases. Certain alternative mechanisms can activate
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mTORCI independently of Rag GTPases. For instance, the
small GTPase Arfl can substitute for Rag proteins to activate
mTORCI in response to glutamine. Research has found that
the downregulation of Arfl expression in pancreatic cancer
(PC) can promote tumor proliferation, migration and invasion
and is considered to be associated with the glutamine-sensing
role of Arfl in PC (56). Additionally, glutamine stimulates
Rabla, facilitating the interaction between mTORCI1 and
Rheb at the Golgi apparatus, thereby bypassing lysosomal
recruitment (57,58). It is noteworthy that the role of Rabla
varies across different tumors. Overexpression of Rabla is
markedly associated with short-term survival and metastasis
in non-small cell lung cancer (NSCLC), with elevated Rabla
levels correlating with sensitivity to Janus kinase 1 (JAK1)
inhibitors. Conversely, Rabla overexpression renders cancer
cells vulnerable to JAK1-targeted therapies (59). However,
in breast cancer, downregulation of Rabla inhibits cell
growth, migration, invasion and epithelial-mesenchymal
transition (60). These pathways underscore the adaptability of
mTORCI1 in responding to diverse cellular conditions.

Some researchers proposed a new model for mTORCl1
activation (26,61). According to this model, a critical prerequi-
site for mTORCI activation is the simultaneous availability of
both nutrients and GFs at sufficient levels. mnTORCI activation
is tightly regulated in a cascade-like manner. This cascade
begins with the AA-induced translocation of mTORCI to the
lysosome, followed by Rheb-mediated activation of mTORC1
at the lysosome, driven by GFs. This model suggests that AAs,
rather than GFs, are dominant in regulating mTORCI, with the
lysosome serving as the central hub for its activation.

AA sensors in the regulation of mTORCI activity. The iden-
tification of AA sensors marks a breakthrough in the field
of AA sensing, as these are pivotal in regulating mTORCI1
activity (62). As key molecular detectors of intracellular and
lysosomal AA levels, these sensors are localized in the cytosol
and lysosomal compartments, where they recognize specific
AAs and transduce signals to mTORCI1 through diverse
molecular mechanisms (63).

The leucine sensor was the first to be discovered. Initially
identified for their roles in oxidative stress responses,
SESNI1 and SESN2 did not garner significant attention from
researchers. However, subsequent studies demonstrated that
SESNI1 and SESN2 inhibit the mTORCI1 pathway through the
AMPK-TSC signaling axis (64,65). The absence of SESN1
and SESN2 abolishes mTORCI inhibition under leucine
deprivation. Additionally, SAR1 homolog B (SAR1B) and
leucyl-transfer ()RNA synthetase were proposed as alternative
leucine sensors by some researchers (66,67). While multiple
mechanistic hypotheses were proposed, the precise mecha-
nisms remain unclear. Cytosolic Arginine Sensor For MTORC1
Subunit 1 (CASTORY1) inhibits GAP Activity Towards Rags
(GATOR)2 under arginine-deprived conditions, thereby
suppressing mTORC]I activation. In the presence of arginine,
however, arginine binds to CASTORI, disrupting its interac-
tion with GATOR?2 and activating mTORC]1 signaling (68,69).
Transmembrane 4 L six family member 5 (TM4SF5) is a
transmembrane protein that acts as an arginine sensor by
binding arginine via its extracellular loop (70). In contrast
to CASTORI, TM4SFS5 translocates to the lysosome under

arginine-replete conditions and directly promotes mTORC1
activation (71). Methionine, a key nutritional regulator of
mTORCI activation, is sensed indirectly through its metabolite
S-adenosylmethionine (SAM), unlike other AAs (72). Under
methionine-deprived conditions, SAM Sensor Upstream
Of mTORC1 (SAMTOR) binds to GATORI, enhancing its
GAP activity and inhibiting mTORCI. By contrast, under
methionine-replete conditions, SAMTOR dissociates from
GATORI, while Protein Arginine Methyltransferase 1
(PRMT1) methylates NPR2 Like, GATOR1 Complex Subunit
to suppress GATORI activity, thereby activating mTORCI.
Additionally, mitochondrial threonyl-tRNA synthetase 2
(TARS?2) was identified as a sensor for threonine. In the pres-
ence of threonine, TARS2 interacts with inactive Rag GTPase,
promoting GTP loading on RagA and facilitating mTORC1
activation (73). Solute carrier family 38 member 9 serves as an
intrinsic lysosomal AA sensor, specifically detecting arginine.
Moreover, it mediates the efflux of other AAs, such as leucine,
from lysosomes, thereby promoting mTORC]1 activation under
nutrient-deprived conditions (74-76).

Role of the mTORCI1 AAs-dependent sensing pathway in
cancer. mTORCI is critical in regulating cellular homeo-
stasis and growth, and its dysregulation is strongly linked
to the pathogenesis of various diseases, including cancer.
Genetic mutations and environmental factors can both drive
tumorigenesis by disrupting mTORCI activity. Recent studies
highlighted the critical role of the AA-mTORCI signaling axis
in cancer biology.

mTORCI AAs-dependent sensing pathway regulates protein
synthesis in cancer cells. Under nutrient-replete conditions,
including ample AAs and GFs, mTORCI1 phosphorylates
downstream substrates, activates anabolic processes such as
protein synthesis and promotes cell growth (77). mTORCI1
inhibits eukaryotic initiation factor 4E-binding protein 1
(4E-BP1), causing its dissociation from eukaryotic transla-
tion initiation factor 4E and enhancing mRNA translation
efficiency. This mechanism allows tumor cells to rapidly
synthesize cell cycle-related proteins and growth-promoting
factors (78). The phosphorylation of 4E-BP1 by mTORCI is
critically involved in breast cancer (BC) and plays a similarly
critical role in the progression of colorectal cancer (CRC) and
head and neck squamous cell carcinoma (HNSCC) (79,80).
Ribosomal protein S6 kinase 1 (S6K1) regulates cell growth,
ribosome biogenesis, glucose homeostasis, and lipogenesis,
with the critical role of mTORCI in these processes being
well-established (81). mTORCI1 activates S6K1, which
phosphorylates the S6 protein and other targets, enhancing
ribosome biogenesis and translation efficiency, thereby
driving cellular growth and proliferation (82) In NSCLC, the
activation of ATF4-induced Developmental and DNA Damage
Response 1 inhibits mMTORC1/S6K1 signaling, complicating
therapeutic interventions (83).

mTORCI AAs-dependent sensing pathway drives metabolic
reprogramming in cancer cells. Metabolic reprogramming in
tumors has been widely recognized in recent years as a hallmark
of tumorigenesis and cancer progression (84). To support their
sustained growth, tumor cells undergo extensive adaptations



Bzl SPANDIDOS
7] .§, PUBLICATIONS

in energy metabolism (85). mTORCI plays a pivotal role in
the metabolic reprogramming of cancer cells. By modulating
the uptake and utilization of AAs, tumor cells obtain essential
substrates for growth and proliferation, thereby sustaining
their rapid expansion and survival (86). mTORCI also
drives de novo lipid synthesis by activating sterol regulatory
element-binding proteins and enhances nucleotide biosyn-
thesis via S6K1-dependent activation of Carbamoyl Phosphate
Synthetase 2-Aspartate Transcarbamylase-Dihydroorotase,
the rate-limiting enzyme in pyrimidine synthesis (87). CRC
development is associated with mMTORCI dysregulation, where
aberrant AA sensing drives tumor growth and metabolic
reprogramming (88).

mTORCI AAs-dependent sensing pathway regulates
autophagy in cancer cells. In addition to promoting
anabolic metabolism, mTORCI1 also suppresses catabolic
autophagy, thereby preventing the degradation of newly
synthesized cellular components (89). Furthermore, AA
deprivation-induced autophagy is predominantly mediated
by the mTORCI signaling pathway, enabling the recycling
of intracellular components and ensuring that cancer cells
sustain high metabolic activity (89,90). Under nutrient-replete
conditions, mTORC1 promotes cell growth and suppresses
autophagy. By contrast, under nutrient-deprived conditions,
mTORCI inhibition induces autophagy to sustain cellular
metabolism (89). Autophagy activation and increased gluta-
mine synthesis are critical for maintaining AA homeostasis
during starvation. Glutamine metabolism is sufficient to
restore mTORC1 activity during prolonged AA deprivation in
an autophagy-dependent manner (91).

AA sensors in cancer progression. AA sensors drive cancer
development and progression by promoting mTORCI hyper-
activation in tumor. The role of SESN2 in cancer is complex,
with its effects potentially varying across tumor types. In CRC,
SESN2 promotes tumor cell growth while modulating p53 in
the context of mTORCI signaling (92). However, in NSCLC,
SESN2 differentially regulates mTORC1 and mTORC2,
reprogramming lipid metabolism and enabling the survival
of glutamine-deprived cancer cells by maintaining energy
and redox homeostasis (93). SARI1B is frequently deleted in
lung cancer (LC). A study showed that inhibiting SAR1A
and SAR1B promotes mTORCI1-dependent tumor growth in
mouse xenograft models (66). PRMT1 upregulation is critical
in the development and progression of multiple solid tumors
and leukemias (94.,95).

3. GCN2 AA sensing signaling pathways and cancer

Structural organization and distribution of the GCN2 AA
sensing pathway. General control nonderepressible 2 (GCN2),
a member of the conserved serine/threonine kinase family,
primarily senses AA deficiency by binding to deacylated
tRNA. It serves as a key kinase in the cellular response to
AA starvation or ribosomal stress (96-98). GCN2 consists of
five conserved domains and forms an inactive homodimer.
Its autoinhibitory molecular interactions prevent aberrant
activation of the kinase domain under basal conditions (99). In
mammals, GCN2 is ubiquitously expressed, with particularly
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high levels in the brain, liver and skeletal muscle (100-102).
The GCN2 signaling pathway comprises core components,
including GCN2, deacylated tRNA and GCNI1, as well as
downstream regulators such as eukaryotic translation initia-
tion factor 2a (eIF2a), ATF4 and fibroblast growth factor 21.
Together, they sense AAs deficiency and regulate cellular and
organismal metabolic homeostasis (103-105).

Upstream regulatory mechanisms of the GCN2 AA sensing
pathway. GCN2 interacts with GCN1 via its RWD domain and
associates with the ribosome to promote activation (105). GCN1
transfers deacylated tRNA from the ribosomal A site to GCN2,
thereby activating GCN2 (106). Notably, this deacylated tRNA
accumulates in cells under AA deprivation (97). Deacylated
tRNA acts as an intracellular sensor of AA deficiency, inter-
acting with the C-terminal region of GCN2, particularly the
HisRS-like domain, which also participates in the autoinhibi-
tion of the kinase domain (96,107). The HisRS-like domain
of GCN2 is a pseudoenzyme capable of directly binding
deacylated tRNA (96). Beyond deacylated tRNA-related
mechanisms, GCN2 can also be activated through ribosomal
translation stalling and the ribosomal P-stalk (108,109). The
relationship between these two mechanisms has long been a
puzzle. Recent studies showed that deacylated tRNA binds
to the HisRS domain to activate GCN2, while the ribosomal
P-stalk protein serves as an alternative activating ligand on
stalled ribosomes (107). GCN2 undergoes autophosphorylation
upon activation, which, together with eIF2a phosphorylation,
can serve as a useful biomarker for determining the activa-
tion status of GCN2 in cancer samples (103). The specific
mechanism is shown in Fig. 2.

The role of the GCN2 AA sensing pathway in cancer. GCN2
has been strongly linked to various cancers and hematological
malignancies (110,111). Compared with healthy tissues, the
total levels of GCN2 and phosphorylated GCN2 are mark-
edly elevated in tissue samples from CRC, NSCLC, BC and
hepatocellular carcinoma (HCC) (21). As a central sensor of
AA availability, GCN2 orchestrates the cellular response to
nutrient deprivation, a common challenge for rapidly prolifer-
ating tumor cells. GCN2 maintains intracellular homeostasis
by modulating protein synthesis (112), upregulating AA trans-
porters (98), promoting autophagy (113,114) and enhancing the
utilization of scarce AAs for protein synthesis (115). These
functions highlight the pivotal role of GCN2 in sustaining
tumor cell stability and driving tumorigenesis.

GCN2 AA sensing pathway regulates protein synthesis in
cancer cells. Under severe AA deprivation, GCN2 enhances
ATF4 expression, directly inducing the stress-response protein
SESN2 (116). SESN2 plays a critical role in maintaining
mTORCI inhibition by preventing its lysosomal localization,
ultimately resulting in a significant reduction in overall protein
synthesis in cancer cells (117). Additionally, under leucine or
arginine deprivation, GCN2 can suppress mTORCI activity
through an ATF4-independent mechanism (102,118). Under AA
deprivation, GCN2 activation and mTORCI inhibition coor-
dinately maintain organismal metabolic homeostasis (105).
These mechanisms directly influence cancer cell survival by
maintaining AA homeostasis. The integrated stress response


https://www.spandidos-publications.com/10.3892/ijmm.2025.5684

o

©/\€:
N,

</ I OH
HN NH,
Amino acid deficiency

[
on | 9

HO~
“o o

NH,

Brain, liver, skeletal
musclel

<8
sﬁ’/

Accumulatlon of

deacylated tRNA
g )
DC R 22 | o

DN { onp <')
: SO N“-HON

w NH.

— [\/ — ,> N ",

Perceiving the lack

of amino acids

, - >

P

Ribosomal P-stalk Activated GCN2

protein

ZHANG et al: mTORC1 AND GCN2 PATHWAYS IN TUMORIGENESIS

Deacylated tRNA ]
) *
O\ =) OJ L—Q Autophosphorylation
@ < .~
L %/ L\ - ,‘
c
e Transm|SS|on 4'\) Ribosome
Ribosome Activated GCN2
|
Cg DeacyiaL
/’ ‘\
) [
G
& Ribosome

as

C~D

GCN2

P

Activated GCN2

Transmission

\'F\u
A 4
GCN1
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(ISR) is a critical cellular mechanism that protects against
environmental stress. A key feature of GCN2 in the ISR is its
function as an AA depletion sensor (119). Combining tumor
asparagine synthesis restriction with dietary asparagine limi-
tation effectively suppresses tumor growth in multiple murine
cancer models, a process mediated by the GCN2-ATF4
pathway (120). Proline deprivation in melanoma cells also
activates GCN2, leading to reduced protein synthesis (121).
In CRC, arginine deprivation activates the GCN2 pathway,
suppressing protein synthesis through mTOR signaling inhibi-
tion (122). Arginine can mitigate interferon (IFN)-y-induced
malignant transformation of mammary epithelial cells,
including the suppression of cell proliferation, migration and
colony formation, potentially via the NF-kB-GCN2/elF2a
pathway (123). Additionally, arginine deprivation induces a
comprehensive stress response, promoting cell cycle arrest and
quiescence in HCC cells, a process also dependent on GCN2.
Preclinical studies demonstrated that combining dietary
arginine restriction, GCN2 inhibition and pharmacological
treatment enhances apoptosis in HCC cells and induces tumor
regression, closely linked to reduced mRNA and protein
levels (102).

GCN2 AA sensing pathway modulates the tumor micro-
environment in cancer. GCN2 regulates the expression
of >60 solute carrier (SLC) genes, reducing AA levels.
Following GCN2 deletion, supplementation with essential
AAs partially restored the proliferation of GCN2-deficient
prostate cancer (PCa) cells, highlighting the critical role of

GCN2-mediated SLC transporter regulation in maintaining
AA homeostasis for PCa growth (124). GCN2 plays a pivotal
role in redirecting scarce AAs from diverse metabolic
pathways to protein synthesis, particularly under AA depriva-
tion (125). Tryptophan, an essential AA, is among the rarest
encoded by the genetic code, with roles extending beyond
its function as a fundamental protein building block (126).
Tryptophan-degrading enzymes, such as indoleamine
2,3-dioxygenase 1 (IDO1) and tryptophan 2,3-dioxygenase,
are frequently upregulated in various cancers, as their metabo-
lites are critical in tumor immune evasion (127,128). When
tumors experience insufficient blood supply, their demand for
oxygen and essential nutrients (glucose and AAs) increases.
A key adaptive strategy employed by tumors is to restore
blood supply through the angiogenic switch (129). Limiting
sulfur-containing AAs triggers angiogenesis by upregulating
vascular endothelial growth factor expression in endothelial
cells in vitro, enhancing their migration and sprouting. This
process also increases capillary density via the GCN2/ATF4
AA starvation response pathway (130). In specific cancers,
such as CRC and gastric cancer, mitochondrial signaling acti-
vates GCN2, driving a metabolic shift toward glycolysis. This
shift represents a strategic adaptation in energy production
to support cell proliferation and survival (131,132). Tumors
employ alternative bioenergetic pathways to offset the energy
and catabolic demands of rapid, uncontrolled proliferation
under glucose deprivation. These pathways include glutamine
metabolism, where glutamine is utilized for mitochondrial
ATP production and serves as a carbon and nitrogen source for
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synthesizing A As, nucleotides and lipids (133). As a precursor
for AA synthesis, glutamine deprivation disrupts this AA
supplementation pattern in tumors, resulting in starvation, deac-
ylated tRNA accumulation and activation of the GCN2-ATF4
pathway (134,135). Under NEAA deficiency, the GCN2-ATF4
pathway is essential for the long-term survival of several
solid tumors and mitigates the resulting stress (136,137). The
GCN2 pathway may also drive cancer progression within the
tumor microenvironment by modulating immune responses,
as GCN2 acts as a key regulator of macrophage functional
polarization and CD4* T cell subset differentiation (138). The
mechanisms by which GCN2 regulates macrophages and
T cells are relatively complex. Depleting the single AA argi-
nine from the culture medium can strongly activate the GCN2
pathway in T cells, and the deprivation of arginine in activated
CD8* T cells leads to the activation of the GCN2-ATF4 stress
response pathway (113). Under prolonged stimulation with
IFN-vy, melanoma cells undergo IDO1-mediated tryptophan
depletion, leading to frameshift mutations during mRNA
translation and the production of mutated peptides. These
mutated peptides can be recognized by T cells, thereby
activating them (139). The absence of GCN2 in T cells is asso-
ciated with proliferation defects during the activation process.
In a murine glioma model, CD8* T cells lacking GCN2 exhibit
impaired antitumor immunity. However, in the B16 melanoma
model, the specific deletion of GCN2 did not affect antitumor
immunity; however, the underlying mechanisms warrant
further investigation (113). A related study on melanoma found
that the deletion of GCN2 in myeloid-derived suppressor cells
promotes the phenotypic transformation of tumor-associated
macrophages and myeloid-derived suppressor cells, thereby
enhancing the antitumor immune response. This phenomenon
is attributed to alterations in the tumor microenvironment,
characterized by an increase in pro-inflammatory activation
of macrophages and myeloid-derived suppressor cells, as
well as elevated expression of IFN-y in intratumoral CD8*
T cells. Mechanistically, cAMP response element-binding
protein (CREB)-2/ATF4 is essential for the maturation and
polarization of macrophages and myeloid-derived suppressor
cells in both mice and humans. GCN2 modifies the function of
myeloid-derived suppressor cells by promoting the enhanced
translation of the transcription factor CREB-2/ATF4 (140).

GCN2 AA sensing pathway modulates tumor treatment
resistance. GCN2 activation may enhance tumor cell resis-
tance to chemotherapy and radiotherapy by regulating stress
responses and metabolic adaptations, promoting survival
under therapeutic stress. In hematological malignancies,
multiple myeloma (MM) is notoriously challenging to
treat and highly prone to drug resistance. GCN2 inhibition
was shown to exhibit synergistic effects with proteasome
inhibitors, offering potential new therapeutic strategies for
MM (141,142). Moreover, treating certain MM cells with
ixazomib, an oral proteasome inhibitor, induces AA deple-
tion, GCN2 activation and subsequent suppression of protein
synthesis. This suggests that GCN2 regulates tumor survival
by responding to diverse metabolic stresses (143). The role
of GCN2 in reactive oxygen species (ROS) homeostasis
may contribute to its ability to promote chemotherapy
resistance. Inhibiting GCN2 with the inhibitor GCN2iB
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prevents the recovery of certain MM cells (144). Following
stress, GCN2 inhibition not only alters AA levels, consistent
with its classical function, but also modulates glutathione,
N-acetylcysteine and cysteine levels, suggesting that GCN2
also aids cells in recovering from chemotherapy-induced
ROS stress.

4. Cross-regulation network of mTORC1 and GCN2

mTORCI1 and GCN2 are central in the metabolism of cancer
cells, which often encounter extreme nutritional conditions,
such as AA deprivation. These cells must rely on effective
signaling networks to adapt to these changes (145). The regula-
tory network between mTORCI1 and GCN2 represents a classic
dynamic equilibrium and coordinated response system. By
sensing the availability of AAs, these two entities interact and
coordinate with each other to jointly regulate cellular meta-
bolic activities, thereby influencing cancer growth, survival,
metastasis and drug resistance (146).

Coordination in the arginine sensing process. Arginine is a
conditionally EAA, whose metabolic processes play a critical
role in cancer biology and immunotherapy, being associated
with the onset, progression and immune evasion of cancer (146).
When intracellular levels of arginine are sufficient, nTORCI is
activated, promoting protein synthesis and cell growth (147). In
the context of arginine deficiency, GCN2 is activated as an AA
stress sensor, inhibiting translation to conserve AA resources
and facilitating cellular adaptation to an environment deficient
in AAs (148). HCC continuously suppresses the expression
of urea cycle genes, thereby exhibiting a nutrient-dependent
relationship with exogenous arginine. Arginine can be inter-
converted with proline and glutamate and it promotes cell
growth by activating mTORC1 (149). Under the influence of
the GCN2 kinase, arginine deficiency promotes cell cycle
arrest and quiescence in HCC cells (102). Arginine deficiency
can lead to the inhibition of mTORC1 and the activation of
GCN?2, thereby maintaining the survival strategies of cells.
This mechanism assists HCC cells in continuing to proliferate
in adverse microenvironments, playing a crucial role, particu-
larly in the drug resistance and metastasis of HCC. LC also
exhibits an absolute deficiency of arginine; however, there is a
lack of further research findings in this direction (150).

Coordination in the glutamine sensing process. Glutamine is
a critically important AA in the metabolism of cancer cells. It
not only participates in protein synthesis but also serves as a
nitrogen source for metabolic processes within the cell (151).
In the absence of glutamine, activated GCN2 upregulates
ATF4 to induce the expression of the stress response protein
SESN2, which is crucial for maintaining the inhibition of
mTORCI. Furthermore, the induction of SESN2 during
glutamine deprivation is essential for cell survival, indi-
cating that SESN2 serves as a significant effector molecule
in the GCN?2 signaling pathway, regulating AA homeostasis
through the inhibition of mTORCI. PC is characterized by
an increased dependency on glutamine metabolism (152).
Increased glutamine uptake can promote the progression
of PC via the mTORCI pathway (153). In PC characterized
by glutamine depletion, the activation of GCN2 can inhibit
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translation initiation, thereby enabling adaptation to this
environment (112).

5. AA sensing in cancer therapy

The role of the AA sensing mechanisms in cancer therapy
has attracted growing attention, primarily involving the
two key pathways, mTORCI and GCN2. By detecting and
responding to intracellular and extracellular AA levels, these
pathways regulate cellular growth, metabolism and survival,
playing a crucial role in cancer cell adaptation to nutrient
stress and hostile microenvironments. Overall, targeted
therapies leveraging AA sensing mechanisms not only
offer novel perspectives for cancer treatment but may also
synergize with existing therapies to enhance efficacy and
overcome resistance, holding substantial clinical potential.
In the subsequent sections, the present review summarizes
therapeutic agents targeting AA sensing mechanisms in
cancer, their respective targets and recent advancements in
this field.

mTORCI targeted therapy

mTOR kinase inhibitors in cancer therapy. In cancer, hyper-
activation of the mTORCI signaling pathway is frequently
observed, with mTOR mutations identified in multiple
malignancies (154,155). Traditional mTOR inhibitors, such
as rapamycin and its analogs, exhibit moderate clinical anti-
cancer activity, primarily through mTORCI inhibition (154).
Although rapamycin analogs demonstrated clinical efficacy
in cancer, they have not fully unlocked the antitumor poten-
tial of mTOR targeting. Given the pivotal role of the mTOR
kinase domain in mediating both rapamycin-sensitive and
rapamycin-insensitive functions, mTOR catalytic inhibitors
were developed as second-generation anti-mTOR agents.
Notably, these inhibitors demonstrate potent antitumor
activity in vitro and in vivo (156). Vistusertib, also known
as AZD2014, is a newly developed mTORC1/2 kinase
inhibitor that demonstrated superior efficacy compared with
rapamycin. A clinical trial involving refractory metastatic
renal cell carcinoma revealed that AZD2014 markedly
delays the time to cancer regrowth when compared with
everolimus (157). MicroRNAs (miRNAs) are small RNA
molecules that regulate gene expression and play roles in
diverse biological processes, including cancer progression.
Studies demonstrated that targeting the mTOR pathway
with miRNAs offers potential for improving the efficacy of
radiotherapy (RT) (158).

Phosphatidylinositol 3-kinase (PI3K)a inhibitors in cancer
therapy. The PI3K/protein kinase B (PKB)/mTOR signaling
pathway plays a critical role in the initiation and progression
of various cancers by suppressing apoptosis and promoting
cancer cell proliferation. Generally, multi-target inhibitors
within this pathway are more effective than single-target
inhibitors. PI3Ka inhibitors demonstrate clinical efficacy
in patients with estrogen receptor-positive BC harboring
PIK3CA mutations, providing insights into mTOR signaling
reactivation as a mechanism of resistance to PI3Ka inhibi-
tion (159). Alpelisib is recognized as the only approved
PI3Ka inhibitor for BC treatment (160). However, a recent

study on the allosteric, mutant-selective PI3Ka inhibitor
STX-478 demonstrated its ability to suppress tumor
growth in mice with PIK3CA mutations without inducing
hyperglycemia or other metabolic dysfunctions. Upon
approval, it may emerge as a next-generation therapeutic
candidate (161). Beyond solid tumors, PI3Ka inhibitors
are also employed in treating hematological malignancies,
particularly lymphomas (162).

GCN?2 targeted therapy

Bone marrow adipocytes dynamically evolve during the patho-
genesis and treatment of acute lymphoblastic leukemia (ALL).
However, treatment with the GCN2 inhibitor GCN2ib allevi-
ates adipocyte-mediated translational repression, rescuing
ALL cell quiescence. This intervention markedly diminishes
the protective effects of adipocytes against chemotherapy and
other external stressors, offering a novel therapeutic opportu-
nity for ALL (163). Pancreatic ductal adenocarcinoma (PDAC)
is characterized by a highly inflammatory tumor microenvi-
ronment, marked by significant heterogeneity, metastatic
potential and extreme hypoxia, making it a highly aggressive
malignancy (164). Combining GCN2 inhibitors with redox
factor-1 inhibitors markedly enhances the therapeutic effi-
cacy of targeted therapies against PDAC (165). Additionally,
research confirmed that the rapid activation of GCN2 following
treatment with the WEEI kinase inhibitor AZD1775 in small
cell lung cancer (SCLC) triggers a stress response in SCLC
cells, thereby enhancing the efficacy of WEEI inhibitors in
this context (166). Combined targeting strategies

AA transporter inhibitors directly modulate AA sensing path-
ways, including mTORC1 and GCN2, by restricting nutrient
uptake in tumors, thereby reshaping the immune microenvi-
ronment. Their synergy with stress pathways, immunotherapy
and metabolic interventions provides novel avenues for cancer
treatment.

L-type AA transporter 1 (LATI) is involved in AA
transport and metabolism, with JPH203 serving as a potent
inhibitor of this target (167). JPH203 markedly sensitizes
cancer cells to radiation at minimally toxic concentrations
and is expected to enhance the efficacy of RT when used in
combination (168). Furthermore, JPH203 inhibits the prolif-
eration of human thyroid cancer cell lines and mTORCI1
signaling by blocking LATI. In a fully immunocompetent
mouse model of thyroid cancer, treatment with JPH203
resulted in the in vivo growth arrest of thyroid tumors (169).
The first Phase I trial of JPH203 in a cohort of patients with
advanced solid tumors revealed that, among 17 patients, after
excluding two who withdrew from the study due to grade 3
hepatic impairment, the disease control rate in the remaining
patients with cholangiocarcinoma was 60% (170). V-9302,
a small-molecule antagonist of the glutamine transporter
ASCT?2,was shown to effectively suppress intracellular gluta-
mine levels and disrupt downstream glutamine metabolism.
Mechanistically, V-9302 induces apoptosis and autophagy,
enhances oxidative stress and inhibits the mTORCI signaling
pathway (171). This compound exhibited potent antitumor
activity by attenuating the growth and proliferation of
HNSCC. A new alternative to V-9302, Yuanhuacine, was
also demonstrated to serve as a potential therapeutic agent
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for HNSCC by modulating ASCT2-mediated glutamine
metabolism (172).

6. Conclusions

AA sensing serves as a fundamental regulatory mechanism
for cellular metabolic homeostasis and is critically implicated
in tumorigenesis and cancer progression. Its emerging role in
cancer metabolism has positioned it as a promising therapeutic
target. Classical AA sensing pathways, including the mTORC1
and GCN2 axes, have been extensively characterized for
their roles in cancer metabolic reprogramming. Specifically,
mTORCI1 promotes anabolic processes to fuel cell growth
under AAs-dependent conditions, whereas GCN2 activates
the ISR via detection of uncharged tRNAs during nutrient
scarcity, thereby suppressing global protein synthesis while
facilitating stress-adaptive gene expression. Recent advances
unveiled novel perceptual mechanisms, such as the discovery
in 2025 that HDAC6 can function as a sensor for valine,
participating in a tumor-specific AA sensing network (173).
This finding enhances the understanding of the complexity
and context-dependence of these regulatory systems. Within
the tumor microenvironment, malignant cells exploit AA
sensing pathways to overcome metabolic constraints, thereby
enhancing proliferation, evading apoptosis and developing
therapeutic resistance. Clinically, dysregulated AA sensing
correlates with aggressive tumor phenotypes, metastatic
dissemination and chemoresistance. These insights have
spurred therapeutic innovations, including targeted pathway
inhibitors and A A-restricted dietary regimens, which demon-
strate preclinical efficacy in modulating tumor metabolism.

Despite progress in understanding AA sensing in tumori-
genesis and metastasis, several challenges remain. Tumor
subtype-specific AA dependencies complicate precision thera-
pies, while functional redundancy among sensing pathways may
trigger compensatory mechanisms. Additionally, the crosstalk
between A A sensing and broader metabolic networks, including
glycolysis and lipid metabolism, remains unclear. Future
research should focus on developing dual-target inhibitors,
identifying novel AA sensors and mapping tumor-specific AA
dependencies across cancers. At the single-cell level, exploring
pathway heterogeneity could provide insights into differential
tumor cell responses. Moreover, combining nutritional inter-
ventions with drug therapies may offer new strategies to target
cancer metabolism. However, challenges such as tissue speci-
ficity and model differences must be addressed to improve the
translation of these findings into clinical practice.
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