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Abstract

Cancer progression is closely linked to the enhanced uptake of extracellular amino acids,
mediated by specific transporters that support biosynthesis, metabolic activity, and energy
production through the tricarboxylic acid cycle. By increasing the expression of these trans-
porters, tumor cells secure a continuous amino acid supply that sustains the proliferation,
metabolic balance, and activation of major signaling pathways. While most studies have
emphasized post-translational control of amino acid transporters, such as phosphorylation,
ubiquitination, glycosylation, and palmitoylation, emerging evidence highlights regulatory
crosstalk between these transporters and other membrane proteins, including G protein-
coupled receptors and receptor tyrosine kinases. This review summarizes the current
literature on the receptor-mediated mechanisms governing amino acid uptake and explores
how interactions among families of membrane proteins contribute to the regulation of
transporter activity.

Keywords: solute carrier proteins; amino acid transporters; G protein-coupled receptors;
receptor tyrosine kinases; NADPH oxidase; reactive oxygen species

1. Introduction

Membrane proteins orchestrate communication between the extracellular milieu and
the intracellular space through highly regulated signaling and transport mechanisms.
Among these, G protein-coupled receptors (GPCRs) represent the largest family of human
membrane proteins and constitute a major class of therapeutic targets. Receptor tyrosine
kinases (RTKs) are likewise clinically significant transmembrane receptors, particularly
in the context of cancer biology, where aberrant RTK signaling drives tumor progression.
Solute carrier (SLC) proteins form a third essential group of membrane proteins that
maintain cellular homeostasis by mediating the transport of ions, nutrients, and other
small molecules.

Extensive evidence supports GPCR-dependent transactivation of RTKs in both phys-
iological and pathological settings. Well-characterized examples include the interaction
between G protein-coupled receptor 30 (GPR30) and the epidermal growth factor recep-
tor (EGFR) in breast cancer [1], the functional crosstalk between formyl peptide receptor
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1 (FPR1) and TrkA in neural cells [2], FPR1-mediated transactivation of VEGFR2 in en-
dothelial cells [3], FPR2-driven activation of EGFR [4], FPR2-induced c-MET activation in
prostate epithelial cells [5], and FPR2 interactions with IGFR3 /IR{3 in various lung cancer
cell types [6]. Conversely, tyrosine kinase signaling can also feed into GPCR-dependent
pathways: cancer cells are capable of transmitting RTK-derived tyrosine-based signals
directly to heterotrimeric G proteins, thereby initiating canonical GPCR signaling cascades
independently of ligand engagement [7].

Although SLC transporters do not independently trigger oncogenic signaling, their
functional interplay with RTKs and GPCRs can profoundly influence cancer cell metabolism.
By modulating transporter stability, localization, or activity, these receptor-driven inter-
actions reshape nutrient uptake and metabolic pathway usage, ultimately contributing
to cancer metabolic reprogramming. As a result, cooperative or compensatory crosstalk
among GPCRs, RTKs, and SLC transporters can significantly modulate SLC-mediated
processes, representing a further level of regulatory complexity that has so far been under-
estimated in molecular oncology.

Among the various forms of metabolic rewiring observed in cancer, the reprogram-
ming of amino acid (AA) metabolism has emerged as a fundamental hallmark of tumori-
genesis. AAs not only function as building blocks for protein and nucleic acid synthesis,
but also as anaplerotic substrates fueling the tricarboxylic acid (TCA) cycle, contributors to
ammonia detoxification, and critical regulators of cellular redox homeostasis. Beyond their
metabolic roles, AAs modulate epigenetic programs and activate key signaling pathways
that drive tumor growth, invasion, and metastasis [8].

To sustain these demands, cancer cells frequently upregulate multiple solute carrier
(SLC) AA transporters, a phenomenon associated with enhanced tumor progression, poor
clinical prognosis, and therapeutic resistance. Inhibition of SLC function reduces AA
availability, sensitizes tumor cells to conventional anticancer treatments, and ultimately
promotes cell death [9].

The SLC superfamily comprises 65 subfamilies and 458 transporters responsible for
mediating the transport of amino acids, metal ions, organic anions, sugars, vitamins,
and lipids across cellular membranes [10,11]. Passive facilitative or secondary active AA
transport is primarily conducted by members of the SLC1, SLC3, SLC6, SLC7, SLC36,
SLC38, and SLC43 families. Among these, the Na*-independent L-type AA transport
(LAT) systems, including LAT1 (SLC7A5), LAT2 (SLC7AS8), LAT3 (SLC43A1), and LAT4
(SLC43A2), mediate the uptake of branched chain amino acids (BCAAs), aromatic AAs,
large neutral AAs (LNAAs), and other essential AAs [12]. Although these transporters
share several features, they differ markedly in substrate specificity, transport mode, tissue
distribution, and regulatory mechanisms [11]. LAT1, in particular, operates as an antiporter,
importing leucine, isoleucine, phenylalanine, methionine, histidine, tryptophan, valine,
and tyrosine in exchange for intracellular substrates such as glutamine [13]. Of note, the
tumor-suppressor proteins of the Rb family, like E2F1 and RBL1 in Chr20 and E2F5 in Chr8,
are associated with glutamine metabolism [14-16].

SLC substrates may also be shared with ligands recognized by other membrane
protein families, such as GPCRs. In these cases, SLC-dependent modulation of extracellular
ligand availability can directly influence ligand-driven GPCR signaling. This mechanistic
intersection has prompted growing interest in the development of small molecules capable
of simultaneously targeting SLCs and GPCRs, which may provide synergistic opportunities
for multifunctional cancer therapies [17].

In this review, we investigate the regulation of amino acid uptake mediated by recep-
tor tyrosine kinases (RTKs) and G protein-coupled receptors (GPCRs) and delineate the
signaling crosstalk that connects these membrane protein families. By integrating these
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mechanistic insights, we aim to highlight emerging interfaces between nutrient transport
and receptor-driven oncogenic signaling.

2. SLCs Regulation by RTKs
2.1. Anaplastic Lymphoma Kinase Regulates SLC3A2

Anaplastic lymphoma kinase (ALK) is a member of the RTK family characterized
by an extracellular ligand-binding domain, a single-pass transmembrane region, and an
intracellular tyrosine kinase domain [18]. The heavy-chain glycoprotein 4F2hc (CD98),
encoded by the SLC3A2 gene on chromosome 1, is a type Il transmembrane protein involved
in AA trafficking and polyamine transport [19]. 4F2hc forms disulfide linked heterodimers
with several light-chain AA transporters, including LAT1, LAT2, SLC7A11/xCT, and
SLC7A5, which are essential for their membrane stability, subcellular localization, transport
function, and substrate recruitment [20-22]. Enhanced expression of SLC3A2/SLC7A5
and SLC3A2/SLC7A11 complexes is associated with malignant transformation, tumor
progression, and poor clinical outcome [23,24].

In neuroblastoma (NB) cells, co-immunoprecipitation assay shows that ALK inter-
acts with SLC3A2 and regulates its protein stability in a kinase-dependent manner [25].
Ligand-mediated activation of ALK rapidly increases SLC3A2 protein abundance, whereas
pharmacological ALK inhibition results in substantial loss of SLC3A2 expression. This
regulatory effect is mediated through ALK-dependent control of SLC3A2 ubiquitination
and degradation: ALK inhibition enhances SLC3A2 ubiquitination, leading to decreased
protein stability, reduced expression, and diminished transporter function [25] (Figure 1).
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Figure 1. ALK receptor promotes SLC3A2/CD98 stabilization. Left panel: When ALK is inactive,
the E3 ubiquitin ligase MARCH11 remains unphosphorylated and active, leading to ubiquitination
and proteasomal degradation of SLC3A2/CD98. Right panel: Upon ALK activation, MARCH11
becomes tyrosine-phosphorylated and inactivated, preventing SLC3A2/CD98 degradation. Acti-
vated ALK also associates with CD98, enhancing its stability at the plasma membrane and facilitating
heterodimer formation with SLC7A5/LAT1, thereby supporting amino acid transport. Abbreviations:
ALK, anaplastic lymphoma kinase; Gln, glutamine; His, histidine; LAT1, L-type amino acid trans-
porter 1; Leu, leucine; MARCH11, membrane-associated ring finger 11; Phe, phenylalanine; SLC3A2,
solute carrier family 3 member 2; SLC7A5, solute carrier family 7 member 5; Trp, tryptophan; Tyr,
tyrosine. Created in BioRender. Cattaneo, F. (2026) License https://BioRender.com/6nlkyr8.
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Post-translational modifications such as ubiquitination are well established mecha-
nisms controlling the abundance, localization, and activity of SLC transporters [26]. Mem-
bers of the MARCH family of E3 ubiquitin ligases are themselves regulated by phosphoryla-
tion, and several phosphorylation sites on MARCH11 are responsive to ALK signaling [27].
Of note, the autocrine loop activation can occur in cancer cells expressing both ALK and
its ligands, providing a self-sustaining growth signal and driving cancer growth and sur-
vival [28]. These observations suggest that ALK may stabilize SLC3A2 by modulating
the phosphorylation state, and thus the activity, of MARCH ubiquitin ligases. Consistent
with this model, ALK inhibition leads to MARCH11 dephosphorylation, which enhances
its ubiquitin ligase activity and promotes SLC3A2 ubiquitination. Together, these find-
ings define a regulatory ALK-MARCH11-SLC3A2 axis that supports neuroblastoma cell
growth [25].

2.2. EGFR Regulates SLC7A11/xCT

The epidermal growth factor receptor (EGFR) is a member of the ErbB family of RTKSs,
which consists of four closely related receptors: EGFR (ErbB1), HER2 /neu (ErbB2), HER3
(ErbB3), and HER4 (ErbB4).

The type II transmembrane glycoprotein system xc(—) is composed of the light-chain
subunit SLC7A11/xCT and the heavy-chain subunit SLC3A2 (CD98/4F2hc). Together,
these proteins form a heterodimeric antiporter located at the plasma membrane that medi-
ates the import of cystine in exchange for intracellular glutamate. Following its entry into
the cytosol, cystine is rapidly reduced to cysteine through an NADPH-dependent reaction.
Increased expression of SLC7A11/xCT at the cell surface enhances cystine uptake, thereby
supporting the biosynthesis of reduced glutathione (GSH), a key determinant of redox
homeostasis in cancer cells [29,30].

In glioma cells, co-immunoprecipitation assay shows that the intracellular domain
of EGEFR is required for the interaction with SLC7A11/xCT, resulting in increased trans-
porter expression, elevated cystine import, and enhanced GSH production. These effects
collectively promote extracellular matrix invasion and bolster the antioxidant capacity
of tumor cells. Notably, the constitutively active EGFRvIII mutant, despite lacking the
capacity to bind canonical ligands, also associates with SLC7A11/xCT and drives its sur-
face localization. This indicates that the regulation of SLC7A11/xCT by EGFR occurs
independently of EGFR kinase activity (Figure 2). Together, these findings highlight the
EGFR-SLC7A11/xCT axis as a potential therapeutic target for limiting glioma growth and
invasiveness [31].

2.3. Discoidin Domain Receptor 1 Regulates SLC7A11

Discoidin domain receptor 1 (DDR1) is a member of the RTK family activated by
fibrillar and basement membrane collagens, particularly collagen types I and IV. Upon
ligand engagement, DDR1 triggers the downstream signaling pathways that regulate
cell proliferation, tumor metabolism, chemotherapeutic response, and overall patient
outcomes [32].

DDR1 is highly expressed in epithelial tissues, and aberrant upregulation has been
reported in multiple fibrotic disorders [33], as well as in a wide range of human cancers [34],
where it interacts with oncogenic signaling networks to promote tumor progression. Recent
findings reveal a regulatory axis linking DDR1 activity to redox balance and ferropto-
sis sensitivity. Inhibition of DDR1 suppresses the expression of miR 3648, leading to
increased levels of the Suppressor of Cytokine Signaling 2 (SOCS2) protein. Elevated
SOCS2 attenuates ERK signaling and reduces malignant phenotypes. Moreover, SOCS2
upregulation enhances the ubiquitination and subsequent degradation of the cystine trans-
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porter SLC7A11 [35], resulting in diminished cystine import and reduced synthesis of
glutathione peroxidase 4 (GPX4), a key enzyme that protects membrane lipids from peroxi-
dation. Consequently, inhibition of DDR1 activates the DDR1-miR 3648-SOCS2-SLC7A11
signaling cascade, leading to increased lipid peroxidation and coordinated downregulation
of SLC7A11 and GPX4 at both the mRNA and protein levels [36] (Figure 3).
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Figure 2. EGFR stabilizes SLC7A11/xCT at the plasma membrane in a kinase-independent manner.
In glioma cells, the intracellular domain of both unstimulated wild-type EGFR (wtEGFR) and the con-
stitutively active EGFR variant III (EGFRvIII) mediates binding to the central region of SLC7A11/xCT,
thereby stabilizing its expression and membrane localization. This stabilization enhances cystine
uptake, increasing intracellular L-cysteine levels and GSH synthesis, which in turn mitigates ROS
accumulation. Concurrently, the resulting elevation in glutamate release promotes glioma cell mi-
gration and invasion. Abbreviations: Cys, cysteine; Cys,, cystine; EGFR, epidermal growth factor
receptor; Glu, glutamate; GSH, reduced glutathione; ROS, reactive oxygen species; SLC7A11, solute
carrier family 7 member 11; XCT, cystine/glutamate antiporter. Created in BioRender. Cattaneo, F.
(2026) License https:/ /BioRender.com/6n1kyr8.

Ubiquitination typically occurs on lysine residues of substrate proteins, and SLC7A11
contains seven conserved lysine sites that serve as targets for ubiquitin attachment [37].
Once ubiquitinated, SLC7A11 is recognized by the 26S proteasome and degraded, contribut-
ing to the induction of ferroptosis. DDR1-dependent upregulation of SOCS2 accelerates this
process by promoting SLC7A11 ubiquitination and facilitating ferroptosis in part through
STEAP3, the principal ferrireductase responsible for converting Fe3* to Fe?* [35].

Collectively, these findings identify a DDR1-miR 3648-SOCS2-SLC7A11 regulatory axis
that integrates collagen-dependent RTK activity with cystine metabolism, redox control,
and ferroptotic vulnerability. Targeting this pathway may represent a promising therapeutic
strategy to enhance tumor radiosensitivity and improve clinical outcomes.
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Figure 3. The DDR1-SOCS?2 axis regulates SLC7A11/xCT ubiquitination. Left panel: DDR1 activation
induces miR-3648 expression, leading to suppression of SOCS2 and enhancement of ERK signaling.
Reduced SOCS2 levels increase SLC7A11/xCT and GPX4 protein expression, thereby supporting
GSH-dependent antioxidant defenses. Right panel: Pharmacological inhibition of DDR1 by Yfq07
lowers miR-3648 expression, elevates SOCS2 levels, and diminishes ERK signaling. Increased SOCS2
promotes ubiquitination and proteasomal degradation of SLC7A11/xCT, resulting in decreased
membrane localization, reduced cystine uptake, and diminished GPX4 levels. Together, these ef-
fects elevate ROS accumulation and disrupt redox homeostasis. Abbreviations: Cys,, cystine; DDR1,
discoidin domain receptor 1; ERK, extracellular signal-regulated kinase; Glu, glutamate; GPX4, glu-
tathione peroxidase 4; GSH, reduced glutathione; GSSG, oxidized glutathione; ROS, reactive oxygen
species; SLC3A2, solute carrier family 3 member 2; SLC7A11, solute carrier family 7 member 11;
SOCS2, suppressor of cytokine signaling 2; xCT, cystine/glutamate antiporter. Created in BioRender.
Cattaneo, F. (2026) License https://BioRender.com/6énlkyr8.

2.4. DDR1 Regulates SLC1A5/ASCT2

SLC1AS5 (ASCT?2) is a sodium-dependent neutral amino acid transporter localized at
the plasma membrane and is broadly expressed across human tissues. The SLC1 trans-
porter family consists of five excitatory amino acid transporters (EAAT1-EAATS5) and two
additional members, SLC1A4/ASCT1 and SLC1A5/ASCT2 [38]. Among these transporters,
SLC1AD serves as the primary mediator of glutamine uptake, particularly in tumor cells,
where glutamine becomes an essential nutrient supporting biosynthetic and bioenergetic
demands. Following import into the cytosol, glutamine can be transported into mito-
chondria [39], where a mitochondrial splice variant of SLC1AS facilitates its entry into the
mitochondrial matrix [40,41]. Glutamine also participates in transmembrane exchange via
SLC7A5/LAT1, exiting the cell in exchange for leucine import, a process that activates
the mammalian target of rapamycin complex 1 (mTORC1) signaling and promotes cell
growth [42]. Within mitochondria, glutaminases GLS1 and GLS2 convert glutamine to
glutamate, which is subsequently processed by glutamate dehydrogenase (GDH) into o
ketoglutarate to replenish the TCA cycle. In addition, glutamate serves as a precursor for
GSH synthesis, which is essential for maintaining cellular redox homeostasis [43].

Collagen I stimulation enhances DDR1 phosphorylation on tyrosine residues and pro-
motes the stabilization of SLC1A5 by preventing its lysosomal degradation. Notably, DDR1
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kinase inhibitors block DDR1 autophosphorylation, but do not impair DDR1-dependent
stabilization of SLC1AS5, indicating that this regulatory mechanism relies on a kinase-
independent interaction between DDR1 and SLC1AS5 [34]. Lysosomes play a central role in
nutrient-responsive signaling and adaptive metabolic processes [44]. SLC1AS5 undergoes
extensive glycosylation at the plasma membrane, and such glycosylated membrane proteins
are preferentially degraded through lysosomal pathways rather than proteasomal ones.

Because SLC1A5-mediated glutamine uptake and SLC7A5-mediated leucine import
converge to support tumor proliferation, their coordinated regulation is integral to mTORC1
activity (Figure 4).
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Figure 4. DDRI1 signaling enhances SLC1A5/ASCT?2 stabilization and drives glutamine-dependent
metabolic rewiring. Left panel: In cells lacking DDR1 activity, SLC1A5/ASCT2 undergoes glycosy-
lation that targets it for lysosomal degradation. Right panel: Collagen I-mediated DDR1 activation
stabilizes SLC1A5/ASCT?2 at the plasma membrane, thereby increasing glutamine uptake. Imported
glutamine supports GSH synthesis via sequential GCL and GSS activity and/or fuels the TCA cycle
following its conversion to glutamate by GLS and then to «-ketoglutarate by GDH. Additionally,
glutamine facilitates amino acid exchange through SLC7A5/LAT1, promoting leucine import and
subsequent activation of mTORC1. Abbreviations: ASCT2, alanine-serine-cysteine transporter 2;
DDRI, discoidin domain receptor 1, GDH, glutamate dehydrogenase; GCL, glutamate-cysteine
ligase; Gln, glutamine; GLS, glutaminase; GSS, glutathione synthetase; His, histidine; LAT1, L-type
amino acid transporter 1; Leu, leucine; mTORC1, mechanistic target of rapamycin complex 1; Phe,
phenylalanine; SLC1AS5, solute carrier family 1 member 5; SLC7A5, solute carrier family 7 member 5;
TCA, tricarboxylic acid cycle; Trp, tryptophan; Tyr, tyrosine. Created in BioRender. Cattaneo, F. (2026)
License https://BioRender.com/6nlkyr8.

mTORC1, a master regulator of cell growth, senses intracellular fluctuations in glu-
tamine and leucine levels, and thereby in SLC1A5 and SLC7A5 activity, and adjusts
downstream signaling accordingly. Intracellular leucine is detected either by leucyl tRNA
synthetase or via the sestrin2-GATOR signaling module, both of which convey leucine
availability to the mTORC1 regulatory complex. Thus, DDR1-dependent stabilization of
SLC1A5 underscores the importance of glutamine metabolism and its upstream regulatory
mechanisms in driving cancer progression [34].
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2.5. Insulin-like Growth Factor 1 Receptor Regulates SLC7A11/xCT and SLC40A1

The insulin-like growth factor 1 receptor (IGF1R) is a member of the RTK family and is
activated upon binding to its cognate ligand, insulin-like growth factor 1 (IGF 1). SLC40A1,
also known as Ferroportin 1, is a transmembrane iron exporter and the only known protein
capable of mediating cellular iron efflux.

Accumulating evidence links IGFIR signaling to the cellular response to oxidative
stress, implicating this pathway in the regulation of lipid peroxidation-driven ferroptosis.
A significant correlation has been reported between IGFIR expression and key ferrop-
tosis regulators, including NRF2, SLC7A11, and SLC40A1, suggesting that inhibition of
IGFIR may be an effective strategy to induce ferroptosis in cancer cells [45]. High IGFIR
levels, or stimulation with IGF1R agonists, activate the IGF1R/PI3K/AKT signaling cas-
cade, resulting in NRF2 upregulation. Within the promoter regions of the SLC7A11 and
SLC40A1 genes, two NRF2-responsive binding sites have been identified, supporting a
model in which NRF2 transcriptionally enhances the expression of these transporters [45].
Conversely, IGFIR inhibition markedly suppresses PI3K and AKT activation and reduces
the expression of NRF2, SLC7A11, and SLC40A1 [45,46]. This suppression alters several
ferroptosis-related processes, including increased intracellular Fe?* accumulation, elevated
levels of lipid-derived reactive species and malondialdehyde, and reduced GSH levels.
Mechanistically, blockade of the IGF1R/PI3K/NRF2 axis downregulates SLC7A11 and
SLC40A1, thereby limiting cystine import, impairing GSH synthesis, and promoting Fe*
overload, all of which drive lipid hydroperoxide accumulation and ferroptotic cell death
(Figure 5) [47].
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Figure 5. IGFIR activity regulates SLC7A11/xCT and SLC40A1 expression. Left panel: Activation of
IGF1R by specific agonists stimulates the PI3K/AKT pathway, promoting Keap1-Nrf2 dissociation
and enabling Nrf2 nuclear translocation. Nuclear Nrf2 induces the transcription of target genes such
as SLC40A1, with subsequent reduction in intracellular iron pool, and SLC7A11, which enhances
cystine uptake for GSH synthesis. Together, these responses limit lipid peroxidation and support
redox homeostasis. Right panel: The natural IGF1IR inhibitor picropodophyllin suppresses PI3K/AKT
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signaling, resulting in Nrf2 ubiquitination and proteasomal degradation. Reduced expression of
SLC40A1 and SLC7A11/xCT leads to intracellular iron accumulation, impaired GSH biosynthesis,
and decreased GPX4 activity, collectively promoting ferroptosis. Abbreviations: Cys;, cystine; Glu,
glutamate; GPX4, glutathione peroxidase 4; GSH, reduced glutathione; GSSG, oxidized glutathione;
IGF1R, insulin-like growth factor 1 receptor; Keapl, Kelch-like ECH-associated protein 1; Nrf2,
nuclear factor erythroid 2-related factor 2; PI3K, phosphatidylinositol 3-kinase; SLC40A1, solute
carrier family 40 member 1; SLC7A11, solute carrier family 7 member 11; XCT, cystine/glutamate
antiporter. Created in BioRender. Cattaneo, F. (2026) License https://BioRender.com/6nlkyr8.

Together, these findings identify IGFIR as a key regulator of ferroptosis through
coordinated control of redox metabolism and iron homeostasis. Targeting the IGF1R-PI3K-
NREF2 signaling axis may therefore provide a promising therapeutic strategy for inducing
ferroptosis and overcoming treatment resistance in cancer.

2.6. Fibroblast Growth Factor Receptor 1 Regulates SLC1A5

The fibroblast growth factor receptor 1 (FGFR1) is a member of the receptor tyrosine
kinase (RTK) superfamily that regulates crucial cellular processes, including proliferation,
differentiation, and survival, through interactions with specific fibroblast growth factor
ligands [48]. Aberrant FGFR1 expression has been documented across a wide spectrum
of solid tumors and hematologic malignancies [49], positioning FGFR1 inhibitors as a
promising class of antitumoral agents. Nevertheless, both intrinsic and acquired resistance
substantially limit the long-term efficacy of FGFR1-targeted therapies [50].

A central mechanism underlying resistance involves the robust induction of activating
transcription factor 4 (ATF4), a key effector of the integrated stress response (ISR) and a ma-
jor driver of FGFR1 inhibitor resistance in T cell acute lymphoblastic leukemia (T ALL) [49].
ATF4 coordinates adaptive cellular programs that counter metabolic and oxidative stress,
including nutrient scarcity and redox imbalance [51]. Upon FGFR1 inhibition, multiple
metabolic pathways associated with cell survival, notably those involved in amino acid
metabolism, are upregulated. ATF4 is required for these adaptive responses, as ATF4
depletion eliminates the accumulation of survival promoting metabolites following FGFR1
blockade [49]. The increase in ATF4 expression upon FGFR1 inhibitor treatment is driven by
enhanced chromatin accessibility coupled with activation of the GCN2 elF2« translational
stress pathway.

Once upregulated, ATF4 promotes metabolic reprogramming through upregulation of
the amino acid transporter SLC1A5 and subsequent activation of mTORC1, both of which
contribute to therapeutic resistance in T ALL [49] (Figure 6). Consistently, silencing SLC1A5
suppresses mTORC1 signaling and markedly sensitizes cells to FGFR1 inhibition [52].
Conversely, elevated levels of arginine, asparagine, and other essential amino acids can
potentiate mTORCI1 activation [53]. Collectively, these findings identify ATF4-dependent
amino acid uptake via SLC1AS5 as a pivotal driver of mTORCI1 activation and resistance
to FGFR1-targeted therapies, highlighting SLC1AS5 inhibition as a compelling therapeutic
strategy to overcome FGFR1 inhibitor resistance.

2.7. Ephrin Type-A Receptor 2 Regulates SLC1A5

Ephrin type A receptor 2 (EphA2) is a member of the ephrin receptor subfamily within
the RTK family. Structurally, EphA2 contains a single intracellular kinase domain and an
extracellular region composed of a cysteine-rich domain followed by two fibronectin type
III repeats. Its ligands fall into two subclasses, ephrin A and ephrin B, which differ in
molecular architecture and membrane anchorage.
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Figure 6. ATF4-driven amino acid uptake via SLC1A5/ASCT2 supports resistance to FGFR1 inhibitors.
In FGFR1-inhibitor-sensitive T-ALL cells, FGFR1 blockade suppresses FGFR1 signaling, leading to
inhibition of mTORC1 activity and induction of cell death. In contrast, FGFR1-inhibitor-resistant
T-ALL cells exhibit increased ATF4 expression upon FGFR1 inhibitor treatment, driven by enhanced
chromatin accessibility and activation of the GCN2—-elF2x pathway. ATF4 upregulates a network
of metabolic genes, such as SLC1A5, ASNS, ASS1, and PHGDH, thereby reprogramming amino
acid uptake and metabolism to sustain mMTORCT1 activation and promote cell survival. Abbreviations:
ASCT2, alanine-serine-cysteine transporter 2; ASNS, asparagine synthetase; ASS1, argininosuccinate
synthetase 1; ATF4, activating transcription factor 4; elF2«x, eukaryotic initiation factor 2 subunit 1;
FGEFR], fibroblast growth factor receptor 1, GCN2, general control non-derepressible 2; Gln, glutamine;
mTORC1, mammalian target of rapamycin complex 1, PHGDH, phosphoglycerate dehydrogenase;
SLC1Ab, solute carrier family 1 member 5; T-ALL, T-cell acute lymphoblastic leukemia. Created in
BioRender. Cattaneo, F. (2026) License https://BioRender.com/6nlkyr8.

EphA2 can transduce signals through two mechanistically distinct modes. In its
canonical ligand-dependent configuration, EphA2 mediates forward signaling in normal
tissues, where interactions with membrane-bound ephrin ligands suppress cell proliferation
and limit invasive behavior. In contrast, when ligand availability is reduced or when EphA2
is transactivated by other RTKs, such as EGFR or HER?2, the receptor shifts to a ligand-
independent signaling mode that promotes oncogenic processes. Consistent with this
paradigm, EphA?2 is frequently overexpressed in malignant breast tumors, whereas its
ephrin ligands are commonly downregulated, creating a signaling imbalance associated
with poor clinical outcomes and decreased responsiveness to anticancer therapies [54].

Beyond its role in tumor cell signaling, EphA2 has been implicated in the metabolic
reprogramming of breast cancer cells. EphA2 overexpression enhances glutamine
metabolism [55], a process driven by the nuclear accumulation and activation of the
transcriptional coactivator Yes-associated protein (YAP). The activated YAP interacts with
transcriptional partners, including members of the TEAD family [54], to modulate the ex-
pression of metabolic genes such as those encoding SLC1A5 and glutaminase (GLS) [55]. El-
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evated EphA2-YAP signaling correlates with reduced patient survival, increased metastatic
potential, and heightened sensitivity to glutaminase inhibition (Figure 7). Together, these
findings identify the EphA2/YAP/SLC1AS5 axis as a previously unrecognized regulatory
pathway controlling glutamine metabolism in breast cancer.
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Figure 7. EphA2 signaling induces SLC1A5/ASCT2 expression and enhances glutaminolysis. In
HER2-positive breast cancer cells, ligand-independent EphA2 signaling activates the RhoA /ROCK-
YAP/TAZ pathway, leading to increased transcription of SLCIA5 and GLS. Elevated expression of
these genes promotes glutaminolysis, a metabolic adaptation associated with poor patient survival.
Enhanced glutamine metabolism also confers sensitivity to GLS inhibition and supports metastatic
progression. Abbreviations: ASCT2, alanine-serine-cysteine transporter 2; EphA2, erythropoietin-
producing hepatocellular receptor A2; Gln, glutamine; GLS, glutaminase; ROCK, Rho-associated
protein kinase; SLC1A5, solute carrier family 1 member 5; TAZ, WW domain-containing transcription
regulator 1; YAP, Yes-associated protein. Created in BioRender. Cattaneo, F. (2026) License https:
/ /BioRender.com/6nlkyr8.

3. SLCs Regulation by GPCRs
3.1. The Super-Conserved Receptors Expressed in the Brain Regulate SLC3A2

The super conserved receptors expressed in the brain (SREBs) constitute a subfamily
of orphan GPCRs characterized by a predominant expression in the central nervous system
(CNS). This group comprises three highly evolutionarily conserved members, namely
SREB1 (GPR27), SREB2 (GPR85), and SREB3 (GPR173) [56,57]. Although SREBs display
some sequence similarity to prostaglandin, purinergic, and amine receptor families, and
are therefore classified within the rhodopsin like (class A) GPCR superfamily [57,58], their
primary sequences lack, or diverge substantially, from many canonical molecular motifs
of class A receptors [59]. These atypical structural features have contributed to persisting
uncertainties regarding their physiological roles.

A defining feature of the SREB family is the presence of a highly conserved amino
acid motif within the third intracellular loop, suggesting the existence of shared protein
interaction partners. One such interactor is SLC3A2 (4F2hc, CD98), which heterodimerizes
with members of the SLC7 light-chain family to form system L-amino acid transporters.
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These heterodimers mediate the cellular uptake of large neutral amino acids, including
leucine, phenylalanine, and tryptophan [56,60].

Within the CNS, the SLC3A2/SLC7A11 heterodimer functions as the core component
of the system xc™ antiporter, the principal cystine/glutamate exchanger in neurons and
glial cells. This transporter regulates cystine import and glutamate efflux and plays a
critical role in maintaining intracellular redox homeostasis and protecting against oxidative
stress (Figure 8) [61]. Thus, through their association with SLC3A2, which pairs with
SLC7A11 to form system xc~, SREBs may modulate amino acid transport dynamics and
redox regulatory pathways in the CNS.
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Figure 8. Interaction between GPR173/SREB3 and SLC3A2/CD98. In the central nervous system,
GPR173/SREB3 associates with SLC3A2/CD98, a heavy-chain transmembrane protein that partners
with SLC7-family light-chain transporters. These include SLC7A5/LAT1, which supports the import
of large neutral amino acids, and SLC7A11/xCT, which contributes to redox homeostasis by mediating
cystine uptake. Abbreviations: L-Cys, cysteine; Cysy, cystine; Glu, glutamate; Gln, glutamine; GPR173,
probable G-protein coupled receptor 173; GSH, reduced glutathione; His, histidine; LAT1, L-type
amino acid transporter 1; Leu, leucine; Phe, phenylalanine; SLC3A2, solute carrier family 3 member
2; SLC7ADS, solute carrier family 7 member 5; SLC7A11, solute carrier family 7 member 11; SREB3,
super conserved receptor expressed in brain 3; Trp, tryptophan; Tyr, tyrosine; XCT, cystine/glutamate
antiporter. Created in BioRender. Cattaneo, F. (2026) License https://BioRender.com/6n1kyr8.

3.2. Taste Receptors Type 1 Member 1 and 3 Regulate SLC3A2 and SLC1A5

The GPCR complex, composed by taste receptor type 1 members 1 and 3 (T1R1/T1R3),
functions as an amino acid sensor initially identified in gustatory neurons. By binding
L amino acids, mainly L glutamine, it mediates the detection of umami taste [62]. A
structurally related receptor complex, TIR2/T1R3, is also expressed in gustatory cells and
serves as the principal sweet taste receptor. Beyond its role in taste perception, TIR2/T1R3
operates as a glucose sensor in both the intestinal epithelium and the hypothalamus, thereby
contributing to nutrient sensing and metabolic regulation [63,64].

T1R1/T1R3 is a key component of cellular amino acid-sensing mechanisms, providing
an early extracellular cue of amino acid availability that informs intracellular energy-
sensing pathways, including mTORC1 [65]. Genetic depletion of TIR1/T1R3 triggers
a cellular response characteristic of amino acid scarcity: cells upregulate SLC1AS5, the
primary transporter of glutamine, and increase SLC3A2 mRNA levels. SLC3A2 forms
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disulfide linked heterodimers with several SLC7 family light-chain transporters, thereby
supporting enhanced uptake of amino acids and monocarboxylates. These compensatory
transcriptional changes strongly support the role of TIR1/T1R3 as an essential extracellular
amino acid sensor. Moreover, TIR1/T1R3 depletion leads to downregulation of two
negative regulators of mMTORC1 (REDD1 and TSC2), reflecting an attempt to counterbalance
impaired receptor-mediated signaling and restore mTORC1 activation.

Collectively, these findings demonstrate that TIR1/T1R3 is required for coordinating
SLC1A5- and SLC3A2-dependent amino acid trafficking and for maintaining appropriate
mTORC1 signaling (Figure 9). Owing to its accessibility to pharmacological modulation,
this GPCR complex represents a promising therapeutic target for several human diseases.
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Figure 9. Silencing the amino acid sensor TIR1/T1R3 triggers compensatory upregulation of SLC
transporters. Left panel: Amino acid-mediated activation of T1R1/T1R3 stimulates PLCf3, leading to
intracellular Ca?* release and ERK1/2 phosphorylation. Downregulation of the mTORC1-negative
regulators TSC2 and REDD1 promotes mTORCI1 recruitment to lysosomes and phosphorylation
of its downstream effectors S6K and 4E-BP1, thereby enhancing protein synthesis. Right panel:
Silencing T1R1/T1R3 disrupts PLC-ERK signaling, impairing proper mTORC1 localization and
activation. This triggers a compensatory response characterized by reduced TSC2 and REDD1 levels
and increased amino acid uptake through transcriptional upregulation of multiple SLC transporters.
Abbreviations: 4E-BP1, eukaryotic initiation factor 4E-binding protein 1; ERK1/2, extracellular signal-
regulated kinases 1/2; mTORC1, mammalian target of rapamycin complex 1; PLCf3, phospholipase
C-B; REDD], regulated in development and DNA damage-response 1; S6K, ribosomal protein S6
kinase; SLC1AS5, solute carrier family 1 member 5; SLC16A1l, solute carrier family 16 member 1;
SLC3A2, solute carrier family 3 member 2; SLC7A3, solute carrier family 7 member 3; SLC7A11, solute
carrier family 7 member 11; TIR1/3, taste receptors type 1 member 1/3; TSC2, tuberous sclerosis
complex 2. Created in BioRender. Cattaneo, F. (2026) License https://BioRender.com/6n1kyr8.
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3.3. Formyl-Peptide Receptor 2 Regulates SLC7A11/xCT

Formyl peptide receptors 1, 2, and 3 (FPR1, FPR2, and FPR3) are members of the GPCR
superfamily and constitute a subgroup of receptors coupled to inhibitory G proteins [66].
These receptors respond to specific agonists and activate distinct signaling pathways that
regulate cell adhesion, chemotaxis, and NADPH oxidase (NOX)-dependent superoxide
production across multiple cell types [67,68]. FPR2 is localized on both the plasma mem-
brane and nuclear membranes of various cell types [66,69]. It mediates chemotactic signals
and exhibits context-dependent functions, promoting either pro-inflammatory or anti-
inflammatory responses depending on the nature of the ligand and/or interactions with
other FPR isoforms [70]. In addition, FPR2 induces the transactivation of several RTKs,
thereby initiating multiple intracellular signaling pathways [4-6].

The ligand repertoire for FPR2 includes the synthetic peptide WKYMVm [5,71], the
anti-inflammatory mediator annexin A1 (ANXA1) [72,73], and lipoxin A4 (LXA4), which
exerts both anti-inflammatory and pro-resolving effects [72]. Downstream events triggered
by FPR2 activation encompass the stimulation of multiple kinases [74,75], phosphoryla-
tion of signaling and non-signaling proteins [76], p47phox phosphorylation and NOX
activation [77], as well as NOX-dependent activation of cPLA2 and 5 LOX [78].

The NOX family comprises seven isoforms (NOX1-5, DUOX1, and DUOX2), which are
membrane-associated enzymes whose primary function is reactive oxygen species (ROS)
production [79]. Among these, NOX2 is the most broadly expressed isoform in humans [79].
Its activation requires phosphorylation of the cytosolic subunit p47phox and its recruitment,
together with other cytosolic components, to the membrane [79]. Once assembled, the
active NOX2 complex catalyzes the transfer of electrons from NADPH to molecular oxygen,
generating superoxide anion (O°7) [80]. While high ROS concentrations promote cell
death, lower ROS levels play essential physiological roles in signaling and in maintaining
cellular homeostasis [81].

Tumor cells undergo profound metabolic reprogramming, which includes a marked
increase in reactive oxygen species (ROS) production [82,83]. To counteract ROS elevation
and maintain redox balance, eukaryotic cells rely on a variety of antioxidant defense
mechanisms. During GSH synthesis, excess intracellular cysteine is exported and oxidized
to cystine, which is then continuously imported via the SLC7A11/xCT antiporter. This
transport cycle establishes a cystine—cysteine redox shuttle across the plasma membrane,
generating a reduced extracellular environment that supports cancer cell proliferation and
survival [84].

In cancer cells, the FPR2 agonists WKYMVm and ANXAT1 induce a time-dependent
upregulation of SLC7A11/xCT. This regulatory effect requires functional NADPH oxidase
activity, as NOX inhibitors prevent the FPR2-dependent increase in SLC7A11/xCT expres-
sion [85]. Once transported into the cell, extracellular cystine is reduced to cysteine and
used for GSH biosynthesis, thereby contributing to ROS detoxification [85].

Lipid peroxidation is strictly dependent on intracellular GSH levels. Therefore,
SLC7A11/xCT inhibition markedly enhances lipid peroxidation, while its overexpres-
sion in cancer cells increases GSH production [86]. Because FPR2 activation promotes
SLC7A11/xCT upregulation and elevates GSH concentrations, FPR2 stimulation likewise
mitigates lipid peroxidation [85].

The transcription factors NRF2 and ATF4 are key regulators of SLC7A11/xCT ex-
pression [87,88]. NRF2 controls SLC7A11 transcription through nuclear accumulation,
heterodimerization with transcriptional partners, and binding to antioxidant response
elements within promoter regions [89]. NRF2 overexpression has been shown to increase
SLC7A11/xCT protein levels, thereby enhancing GSH biosynthesis and conferring protec-
tion against oxidative injury (Figure 10) [90]. In cells stimulated with FPR2 agonists, ele-
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vated nuclear NRF2 levels were observed, suggesting that FPR2 modulates SLC7A11/xCT
expression also at the transcriptional level [85].
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Figure 10. FPR2 regulates SLC7A11/xCT expression and lipid peroxidation. Activation of FPR2
by its endogenous ligand ANXAL1 or the synthetic agonist WKYMVm enhances NRF2 nuclear
translocation through a NOX-dependent mechanism. Elevated NRF2 activity drives the upregulation
of SLC7A11/xCT, which exchanges intracellular glutamate for extracellular cystine. Imported cystine
is subsequently reduced to cysteine, the rate-limiting precursor for GSH synthesis. As a result, FPR2
stimulation increases GSH production and mitigates lipid peroxidation. Abbreviations: Cys, cysteine;
Cysp, cystine; FPR2, formyl peptide receptor 2; Glu, glutamate; GSH, reduced glutathione; NRF2,
nuclear factor erythroid 2-related factor 2; RAC, Ras-related C3 botulinum toxin substrate 1; SLC3A2,
solute carrier family 3 member 2; SLC7A11, solute carrier family 7 member 11; xCT, cystine/glutamate
antiporter. Created in BioRender. Cattaneo, F. (2026) License https://BioRender.com/6nlkyr8.

3.4. FPR2 Regqulates SLC1A5/ASCT2

Glutamine serves as a critical precursor for the biosynthesis of proteins, nucleotides,
and amino sugars, supports cellular detoxification pathways, and contributes carbon to the
mitochondrial TCA cycle for energy production [91]. Consequently, intracellular and extra-
cellular glutamine levels are tightly regulated by a broad array of amino acid transporters.
Among these, SLC1A5/ASCT?2 is frequently upregulated in diverse human cancers, where
it contributes to enhanced proliferative capacity [92]. Its activity is largely regulated by
glutamine availability. Notably, c-Myc overexpression in cancer cells drives glutamine
dependence and induces formation of a full-length farnesoid X receptor (FXR)-retinoid
X receptor alpha (RXR«) heterodimer. This complex binds to the inverted repeat 1 (IR-1)
element within the SLC1IA5/ASCT2 promoter, thereby promoting transcription and sup-
porting tumor cell survival and growth [93]. c-Myc also directly enhances SLC1A5/ASCT?2
expression, and the two factors show correlated expression patterns.

In addition to transcriptional control, post-transcriptional and post-translational mech-
anisms contribute to SLC1A5/ASCT?2 regulation. In silico analyses identify miR 137 as
a key regulator targeting both SLC1A5/ASCT2 and multiple components of glutamine
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metabolism. Moreover, the ER-associated E3 ubiquitin ligase Ring Finger Protein 5 (RNF5)
binds to SLC1A5/ASCT2 and promotes its ubiquitination and subsequent degradation,
providing an additional layer of control over transporter abundance [94].

In FPR2-stimulated cells, a time-dependent increase in SLC1A5/ASCT2 expression
has been reported [95]. Notably, FPR2 is also detected within nuclear fractions of several
cell types, where its activation attenuates G;-dependent coupling while promoting the
activation of ERK signaling, ¢ Jun, and c-Myc [69]. Growth promoting signals drive
phosphorylation of c-Myc at Ser62, a modification known to stabilize the protein and
enhance its transcriptional activity [96]. Consistent with this mechanism, FPR2 stimulation
induces a time-dependent accumulation of Ser62-phosphorylated c-Myc [69] (Figure 11).
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Figure 11. FPR2 enhances SLC1A5/ASCT2 expression and glutamine uptake through c-Myc
activation. Stimulation of FPR2 by WKYMVm increases c-Myc phosphorylation and boosts its
transcriptional activity, leading to elevated SLC1A5 gene expression. The resulting upregula-
tion of SLC1A5/ASCT2 at the plasma membrane promotes glutamine uptake, thereby supporting
cellular metabolic reprogramming. Abbreviations: ASCT2, alanine-serine-cysteine transporter 2;
c-Myeg, cellular myelocytomatosis oncogene; FPR2, formyl peptide receptor 2; Gln, glutamine;
SLC1AS5, solute carrier family 1 member 5. Created in BioRender. Cattaneo, F. (2026) License
https:/ /BioRender.com/6n1kyr8.

Together, these findings indicate that FPR2-mediated biological responses are initi-
ated at the plasma membrane, but may also arise from coordinated signaling events that
integrate extracellular cues with intracellular, and potentially nuclear, pathways.

3.5. FPR2 Regqulates SLC7A5/LAT1

SLC7A5 (LAT1), SLC7A8 (LAT2), SLC43A1 (LAT3), and SLC43A2 (LAT4) constitute
the L-type amino acid transporter (LAT) family, which mediate the sodium-independent
uptake of branched chain and aromatic amino acids [12]. LAT1 and LAT2 transport leucine,
isoleucine, valine, phenylalanine, methionine, tyrosine, histidine, and tryptophan, whereas
LAT3 and LAT4 primarily facilitate the uptake of leucine, isoleucine, valine, phenylalanine,
and methionine [97].
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In two cancer cell lines, stimulation of FPR2 induces the upregulation of SLC7A5/LAT1,
thereby enhancing the cellular uptake of leucine and other essential amino acids [98]. This
increase in LAT1 expression is modulated by low, transient levels of ROS generated by
FPR2-dependent NADPH oxidase activity, indicating a redox-sensitive mechanism of regu-
lation [98]. Structural analyses reveal that LAT1 contains 12 transmembrane domains with
12 conserved cysteine residues susceptible to redox modulation [99]. Among these, Cys88
and Cys439 are directly involved in transporter function, whereas Cys210 forms a critical
disulfide bond with Cys164 of the heavy-chain 4F2hc, enabling the proper assembly and
surface expression of the LAT1/4F2hc heterodimer [100]. Thus, the mild oxidative envi-
ronment produced by FPR2-mediated NOX activation likely stabilizes LAT1 conformation
and supports its function at the plasma membrane. Notably, FPR2 activation by distinct
agonists also promotes a time-dependent increase in 4F2hc expression in multiple tumor
cell lines [98]. These findings indicate that FPR2-driven signaling pathways coordinately
regulate both components of the 4F2hc/LAT1 heterodimer, thereby enhancing amino acid
transport capacity in cancer cells.

SLC7A5/LAT1-mediated uptake of leucine and other AAs activates several down-
stream signaling cascades, most notably the mammalian target of rapamycin (mTOR) path-
way [12]. mTOR shows both serine/threonine and tyrosine kinase activity and functions
through the two multiprotein complexes mMTORC1 and mTORC2. In response to nutrient
availability, growth factors, and other stimuli, mMTORC1 phosphorylates key regulators of
protein synthesis, including S6 kinase 1 (S6K1) and the eukaryotic translation initiation
factor 4E-binding protein 1 (4E BP1) [101]. S6K1 undergoes hierarchical phosphorylation
at multiple threonine and serine residues, enabling the subsequent phosphorylation of
ribosomal protein S6 on the 40S subunit, a critical step in promoting protein synthesis, cell
growth, and survival. In parallel, mMTORC1 regulates cap-dependent translation through
control of the 4E BP1-elF4E interaction [102]. Under basal conditions, 4E BP1 binds to
and sequesters elF4E, preventing the assembly of the elF4F translation initiation complex.
Hyperphosphorylation of 4E BP1 by mTORC1 markedly reduces its affinity for elF4E,
thereby allowing for eIF4F complex formation and enhancing global translation rates.

FPR2 activation induces phosphorylation of both S6K1 and 4E BP1 [98]. Accordingly,
the FPR2-dependent redox-regulated upregulation of SLC7A5/LAT1 enhances leucine
uptake, which in turn activates mMTORC1 and its downstream effectors S6K1 and 4E BP1.

In cancer cells, Myc is a well established transcriptional activator of SLC7A5/LAT1 [103].
Consistently, FPR2 stimulation leads to increased c-Myc expression, suggesting that FPR2
regulates LAT1 expression at the transcriptional level [98]. SLC7A5/LAT1 expression is
also controlled post-transcriptionally by miR 126, whose reduced expression contributes to
elevated LAT1 levels and thereby supports the enhanced uptake of the essential amino acids
required for rapid tumor growth [104]. A decrease in miR 126 levels has likewise been ob-
served in FPR2-stimulated cancer cells [98], indicating that FPR2 influences SLC7A5/LAT1
regulation through both transcriptional and post-transcriptional mechanisms (Figure 12).

3.6. G Protein-Coupled Receptor 37 Like 1 Requlates GLT-1

G protein-coupled receptor 37 like 1 (GPR37L1) is an orphan GPCR expressed exclu-
sively in glial cell populations, including satellite glial cells and astrocytes [105]. GPR37L1
has been proposed as a functional receptor for maresin 1 (MaR1), a specialized pro-resolving
mediator (SPM) with potent analgesic properties in inflammatory and neuropathic pain.
Binding of MaR1 to GPR37L1 elicits neuroprotective and glioprotective responses [106]
and modulates potassium channel activity, thereby enhancing extracellular K* buffering
capacity in glial cells [107].
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Glutamate transporter 1 (GLT 1), the predominant glutamate transporter in the central
nervous system, plays an essential role in maintaining synaptic glutamate homeostasis. Im-
pairments in GLT 1-mediated glutamate clearance occur prior to the formation of amyloid
plaques and the onset of neuronal dysfunction, contributing to pathogenic alterations in
glutamatergic signaling associated with Alzheimer’s disease [108,109]. In addition, GLT 1
serves a critical protective function against astrogliosis, and dysregulated glutamatergic
transmission driven by GLT 1 dysfunction is recognized as a key contributor to chronic
pain development.
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Figure 12. FPR2 signaling controls SLC7A5/LAT1-mediated amino acid uptake and mTORC1 ac-
tivation through a NOX-dependent pathway. Stimulation of FPR2 by WKYMVm enhances c-Myc
transcriptional activity, suppresses miR-126 expression and drives NADPH oxidase (NOX) activation.
NOX is a multisubunit enzyme composed by gp91phox, p22phox, p67phox (p67), p47phox (p47),
p40phox (p40) and RAC-GTPase (RAC). Once activated, NOX catalyzes the production of O,°~ by
the one reduction of O, using NADPH as an electron donor. FPR2-NOX-dependent upregulation of
SLC7A5/LAT1 promotes the accumulation of SLC3A2/CD98 at the plasma membrane, facilitating
the assembly of the functional LAT1/CD98 heterodimer. Together, these events increase intracel-
lular levels of essential amino acids, such as leucine, thereby activating mTORC1 and elevating
phosphorylation of its downstream effectors, 4E-BP1 and S6K. Abbreviations: 4E-BP1, eukaryotic
translation initiation factor 4E-binding protein 1; FPR2, formyl peptide receptor 2; Gln, glutamine;
His, histidine; LAT1, L-type amino acid transporter 1; Leu, leucine; mTORC1, mechanistic target
of rapamycin complex 1; Phe, phenylalanine; RAC, Ras-related C3 botulinum toxin substrate 1;
S6K, ribosomal protein S6 kinase; SLC3A2, solute carrier family 3 member 2; SLC7AS5, solute carrier
family 7 member 5; Trp, tryptophan; Tyr, tyrosine. Created in BioRender. Cattaneo, F. (2026) License
https:/ /BioRender.com/6nlkyrS.

Knockdown of GPR37L1 leads to enhanced excitatory synaptic transmission and
promotes the development of pain hypersensitivity, whereas GPR37L1 overexpression is
sufficient to reverse neuropathic pain [110]. Mechanistic studies indicate that both excita-
tory synaptic activity and neuropathic pain are regulated through the functional interaction
between GPR37L1 and the glutamate transporter GLT 1. Notably, both proteins are selec-
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tively expressed in astrocytes and are downregulated following nerve injury. Restoring
either GLT 1 or GPR37L1 expression prevents the onset of neuropathic pain, underscor-
ing their cooperative role in maintaining glutamatergic homeostasis. Similarly, spinal
delivery of MaR1 promotes GPR37L1 activation and facilitates GPR37L1/GLT 1 coupling,
thereby preventing neuropathic pain in vivo (Figure 13) [110]. These observations highlight
GPR37L1 as a promising therapeutic target and suggest that its targeted delivery, such as
via lumbar puncture, may offer an effective strategy for treating chronic neuropathic pain.
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Figure 13. GPR37L1 regulates neuropathic pain by modulating SLC1A2/GLT-1 function in murine
astrocytes. Left panel: In GPR37L1*/* mice, activation of GPR37L1 by the pro-resolving lipid
mediator maresin 1 enhances SLC1A2/GLT-1 activity in spinal cord astrocytes, increasing glutamate
uptake and preventing the development of neuropathic pain. Right panel: In GPR37L1~/~ mice,
loss of GPR37L1 markedly exacerbates neuropathic pain and promotes astrogliosis following nerve
injury. Abbreviations: GLT-1, glutamate transporter 1, GPR37L1, G protein-coupled receptor 37-like 1;
Glu, glutamate; SLC1A2, solute carrier family 1 member 2. Created in BioRender. Cattaneo, F. (2026)
License https:/ /BioRender.com/6nlkyr8.

4. Concluding Remarks

Although considerable progress has been made in defining the substrate specificity
and structure—function relationships of clinically relevant solute carriers (SLCs), the mech-
anisms that regulate their functional expression remain comparatively underexplored.
Overexpression of several SLC transporters activates oncogenic signaling pathways and
supports the growth of multiple human cancers, underscoring their role in supplying es-
sential amino acids to rapidly proliferating tumor cells. To date, most studies have focused
on post-translational regulation of SLC proteins, which involves diverse molecular modifi-
cations, including phosphorylation, ubiquitination, glycosylation, and palmitoylation, that
can be reversible depending on the stimulus and the desired cellular response [26]. These
regulatory events frequently arise downstream of receptor-dependent signaling cascades.
Among the known mechanisms, protein kinase C (PKC)-mediated pathways are the most
extensively investigated and are recognized to initiate additional post-translational modifi-
cations that modulate SLC activity, trafficking, or stability [111]. Despite the fundamental
role of signaling pathways in maintaining cellular homeostasis, their precise impact on
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transporter regulation remains insufficiently understood, highlighting an important gap in
our knowledge of SLC biology.

The observation that most proteins operate within highly interconnected networks
rather than as isolated entities presents a major challenge in cancer research. Extensive
crosstalk between GPCR and RTKSs has been shown to activate oncogenic signaling cas-
cades, including the Ras-MAPK, PI3K-AKT, and STAT pathways. Conversely, aberrantly
activated RTKs in cancer can stimulate GPCR signaling through direct interactions with
heterotrimeric G proteins. While RTKs and GPCRs promote tumor progression primarily
through downstream kinase activation and transcriptional reprogramming, SLCs function
mainly as transporters and do not directly initiate oncogenic pathways. Nevertheless,
physical and functional interactions between RTKs, GPCRs, and SLCs, as well as signaling
cascades initiated by RTKs or GPCRs and modulated by SLC activity, collectively contribute
to tumor cell survival and metabolic adaptation (Figure 14).
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Figure 14. GPCRs, RTKs, and SLC transporters that engage common intracellular signaling pathways.
Upon ligand binding, GPCRs activate heterotrimeric G proteins and their downstream effectors.
Ga; stimulates adenylyl cyclase, whereas G; inhibits its activity. Adenylyl cyclase catalyzes cAMP
production, leading to PKA activation, which, in turn, modulates multiple downstream pathways,
including mTOR, Src, and MAPK signaling pathways. Gog activates PLC, generating IP3 and DAG,
resulting in intracellular Ca?* release and PKC activation. In parallel, the GBy dimer promotes the
PI3K/ Akt pathway. Upon stimulation, RTKs undergo autophosphorylation and initiate distinct sig-
naling cascades, including the PI3K/Akt/mTOR, MAPK, and JAK/STAT pathways. SLC transporters
modulate amino acid availability and are functionally integrated into this signaling network, thereby
linking nutrient uptake to intracellular signaling. Overall, amino acid transport supports mTOR
activation and promotes cell growth and metabolic rewiring. Abbreviations: cAMP, cyclic adenosine
monophosphate; DAG, diacylglycerol; ERK, extracellular signal-regulated kinase; GPCR, G protein-
coupled receptor; IP3, inositol 1,4,5-trisphosphate; JAK, Janus kinase; MEK, mitogen-activated protein
kinase kinase; mTOR, mechanistic target of rapamycin; PI3K, phosphatidylinositol 3-kinase; PKA,
protein kinase A; PKC, protein kinase C; RTK, receptor tyrosine kinase; SLC, solute carrier; STAT3,
signal transducer and activator of transcription 3. Created in BioRender. Cattaneo, F. (2026) License
https:/ /BioRender.com/6n1kyr8.
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Additional layers of crosstalk arise from shared substrates. SLC expression deter-
mines the extracellular and intracellular availability of ligands for multiple GPCRs, thereby
influencing receptor activation and downstream responses. Moreover, the identification
of small molecules capable of targeting both GPCRs and SLCs highlights new opportu-
nities for therapeutic intervention. The observation that RTKs and GPCRs regulate SLC
activity through distinct molecular mechanisms adds further complexity to this regula-
tory network and offers valuable insights for the development and evaluation of targeted
anticancer strategies.

Author Contributions: M.C.: Investigation, conceptualization, data curation, validation, data analysis.
C.B.: Investigation, conceptualization, data curation, data analysis. S.M.: Investigation, data analysis.
T.E.: Investigation, data analysis. V.B.: Conceptualization, review, editing, and validation. G.E.:
Conceptualization, review, editing, and validation. D.F.C.: Conceptualization, supervision, review,
editing, and funding acquisition R.A.: Conceptualization, supervision, review, editing, and funding
acquisition. F.C.: Conceptualization, supervision, review, editing, and funding acquisition. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Unione Europea—Next Generation EU-PRIN 2022 PNRR,
grant number P2022E45MP, and Ministero dell’Universita e della Ricerca PRIN 2022, grant num-
ber 2022BX255A.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The Authors used the software BioRender. All the figures were created in
BioRender. Cattaneo, F. (2026) License https://BioRender.com/6nlkyr8.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Prossnitz, E.R.; Maggiolini, M. Mechanisms of Estrogen Signaling and Gene Expression via GPR30. Mol. Cell. Endocrinol. 2009,
308, 32-38. [CrossRef]

2. Castaldo, M.; Zollo, C.; Esposito, G.; Ammendola, R.; Cattaneo, F. NOX2-Dependent Reactive Oxygen Species Regulate Formyl-
Peptide Receptor 1-Mediated TrkA Transactivation in SH-SY5Y Cells. Oxid. Med. Cell. Longev. 2019, 2019, 2051235. [CrossRef]

3.  Cattaneo, F; Castaldo, M.; Parisi, M.; Faraonio, R.; Esposito, G.; Ammendola, R. Formyl Peptide Receptor 1 Modulates Endothelial
Cell Functions by NADPH Oxidase-Dependent VEGFR?2 Transactivation. Oxid. Med. Cell. Longev. 2018, 2018, 2609847. [CrossRef]

4.  Cattaneo, F; Iaccio, A.; Guerra, G.; Montagnani, S.; Ammendola, R. NADPH-Oxidase-Dependent Reactive Oxygen Species
Mediate EGFR Transactivation by FPRL1 in WKYMVm-Stimulated Human Lung Cancer Cells. Free Radic. Biol. Med. 2011, 51,
1126-1136. [CrossRef] [PubMed]

5. Cattaneo, F; Parisi, M.; Ammendola, R. WKYMVm-Induced Cross-Talk between FPR2 and HGF Receptor in Human Prostate
Epithelial Cell Line PNT1A. FEBS Lett. 2013, 587, 1536-1542. [CrossRef] [PubMed]

6. Cimmino, T.P,; Pagano, E.; Stornaiuolo, M.; Esposito, G.; Ammendola, R.; Cattaneo, F. Formyl-Peptide Receptor 2 Signalling
Triggers Aerobic Metabolism of Glucose through Nox2-Dependent Modulation of Pyruvate Dehydrogenase Activity. Open Biol.
2023, 13, 230336. [CrossRef]

7. Kalogriopoulos, N.A.; Lopez-Sanchez, I; Lin, C.; Ngo, T.; Midde, K.K.; Roy, S.; Aznar, N.; Murray, F; Garcia-Marcos, M.; Kufareva,
I; et al. Receptor Tyrosine Kinases Activate Heterotrimeric G Proteins via Phosphorylation within the Interdomain Cleft of Gai.
Proc. Natl. Acad. Sci. USA 2020, 117, 28763-28774. [CrossRef] [PubMed]

8.  Wei, Z; Liu, X,; Cheng, C.; Yu, W.; Yi, P. Metabolism of Amino Acids in Cancer. Front. Cell Dev. Biol. 2020, 8, 603837. [CrossRef]

9. Khan, A; Biswas, S.; Garg, M.; Sengupta, S. Cancer-Associated Transporters: Molecular Drivers and Drug Delivery Gateways.
Biochem. Pharmacol. 2025, 242, 117376. [CrossRef]

10. Pizzagalli, M.D.; Bensimon, A.; Superti-Furga, G. A Guide to Plasma Membrane Solute Carrier Proteins. FEBS |. 2021, 288,

2784-2835. [CrossRef]

https:/ /doi.org/10.3390/antiox15050619


https://BioRender.com/6n1kyr8
https://doi.org/10.1016/j.mce.2009.03.026
https://doi.org/10.1155/2019/2051235
https://doi.org/10.1155/2018/2609847
https://doi.org/10.1016/j.freeradbiomed.2011.05.040
https://www.ncbi.nlm.nih.gov/pubmed/21708247
https://doi.org/10.1016/j.febslet.2013.03.036
https://www.ncbi.nlm.nih.gov/pubmed/23583448
https://doi.org/10.1098/rsob.230336
https://doi.org/10.1073/pnas.2004699117
https://www.ncbi.nlm.nih.gov/pubmed/33139573
https://doi.org/10.3389/fcell.2020.603837
https://doi.org/10.1016/j.bcp.2025.117376
https://doi.org/10.1111/febs.15531
https://doi.org/10.3390/antiox15050619

Antioxidants 2026, 15, 619 22 of 26

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

Hediger, M.A.; Clémencon, B.; Burrier, R.E.; Bruford, E.A. The ABCs of Membrane Transporters in Health and Disease (SLC
Series): Introduction. Mol. Asp. Med. 2013, 34, 95-107. [CrossRef]

Wang, Q.; Holst, J. L-Type Amino Acid Transport and Cancer: Targeting the mTORC1 Pathway to Inhibit Neoplasia. Am. J. Cancer
Res. 2015, 5, 1281-1294.

Hifliger, P.; Charles, R.-P. The L-Type Amino Acid Transporter LAT1—An Emerging Target in Cancer. Int. J. Mol. Sci. 2019,
20, 2428. [CrossRef] [PubMed]

Condorelli, D.E; Privitera, A.P; Barresi, V. Chromosomal Density of Cancer Up-Regulated Genes, Aberrant Enhancer Activity
and Cancer Fitness Genes Are Associated with Transcriptional Cis-Effects of Broad Copy Number Gains in Colorectal Cancer. Int.
J. Mol. Sci. 2019, 20, 4652. [CrossRef]

Shiozaki, A.; litaka, D.; Ichikawa, D.; Nakashima, S.; Fujiwara, H.; Okamoto, K.; Kubota, T.; Komatsu, S.; Kosuga, T.; Takeshita,
H.; et al. xCT, Component of Cysteine/Glutamate Transporter, as an Independent Prognostic Factor in Human Esophageal
Squamous Cell Carcinoma. J. Gastroenterol. 2014, 49, 853-863. [CrossRef]

Condorelli, D.F; Spampinato, G.; Valenti, G.; Musso, N.; Castorina, S.; Barresi, V. Positive Caricature Transcriptomic Effects
Associated with Broad Genomic Aberrations in Colorectal Cancer. Sci. Rep. 2018, 8, 14826. [CrossRef] [PubMed]

Sijben, H.J.; Superti-Furga, G.; IJzerman, A.P.; Heitman, L.H. Targeting Solute Carriers to Modulate Receptor-Ligand Interactions.
Trends Pharmacol. Sci. 2022, 43, 358-361. [CrossRef] [PubMed]

Iwahara, T.; Fujimoto, J.; Wen, D.; Cupples, R.; Bucay, N.; Arakawa, T.; Mori, S.; Ratzkin, B.; Yamamoto, T. Molecular Char-
acterization of ALK, a Receptor Tyrosine Kinase Expressed Specifically in the Nervous System. Oncogene 1997, 14, 439—-449.
[CrossRef]

Wu, B,; Wang, Y.; Yang, X.-M.; Xu, B.-Q.; Feng, F.; Wang, B.; Liang, Q.; Li, Y.; Zhou, Y,; Jiang, J.-L.; et al. Basigin-Mediated
Redistribution of CD98 Promotes Cell Spreading and Tumorigenicity in Hepatocellular Carcinoma. J. Exp. Clin. Cancer Res. 2015,
34,110. [CrossRef]

Cantor, ].M.; Ginsberg, M.H. CD98 at the Crossroads of Adaptive Immunity and Cancer. J. Cell Sci. 2012, 125, 1373-1382.
[CrossRef]

Cano-Crespo, S.; Chillarén, J.; Junza, A.; Fernandez-Miranda, G.; Garcia, J.; Polte, C.; de la Ballina, L.R.; Ignatova, Z.; Yanes, O.;
Zorzano, A.; et al. CD98hc (SLC3A2) Sustains Amino Acid and Nucleotide Availability for Cell Cycle Progression. Sci. Rep. 2019,
9, 14065. [CrossRef]

Fotiadis, D.; Kanai, Y.; Palacin, M. The SLC3 and SLC7 Families of Amino Acid Transporters. Mol. Asp. Med. 2013, 34, 139-158.
[CrossRef] [PubMed]

Hara, K.; Kudoh, H.; Enomoto, T.; Hashimoto, Y.; Masuko, T. Malignant Transformation of NIH3T3 Cells by Overexpression of
Early Lymphocyte Activation Antigen CD98. Biochem. Biophys. Res. Commun. 1999, 262, 720-725. [CrossRef]

Shishido, T.; Uno, S.; Kamohara, M.; Tsuneoka-Suzuki, T.; Hashimoto, Y.; Enomoto, T.; Masuko, T. Transformation of BALB3T3
Cells Caused by Over-Expression of Rat CD98 Heavy Chain (HC) Requires Its Association with Light Chain: Mis-Sense Mutation
in a Cysteine Residue of CD98HC Eliminates Its Transforming Activity. Int. J. Cancer 2000, 87, 311-316. [CrossRef] [PubMed]
Lai, W.-Y.; Chuang, T.-P,; Borends, M.; Lind, D.E.; Hallberg, B.; Palmer, R. H. Anaplastic Lymphoma Kinase Signaling Stabilizes
SLC3A2 Expression via MARCH11 to Promote Neuroblastoma Cell Growth. Cell Death Differ. 2024, 31, 910-923. [CrossRef]
Czuba, L.C.; Hillgren, K.M.; Swaan, P.W. Post-Translational Modifications of Transporters. Pharmacol. Ther. 2018, 192, 88-99.
[CrossRef]

Van den Eynden, J.; Umapathy, G.; Ashouri, A.; Cervantes-Madrid, D.; Szydzik, J.; Ruuth, K.; Koster, J.; Larsson, E.; Guan, J.;
Palmer, R.H.; et al. Phosphoproteome and Gene Expression Profiling of ALK Inhibition in Neuroblastoma Cell Lines Reveals
Conserved Oncogenic Pathways. Sci. Signal. 2018, 11, eaar5680. [CrossRef]

Mazzeschi, M.; Sgarzi, M.; Romaniello, D.; Gelfo, V.; Cavallo, C.; Ambrosi, E; Morselli, A.; Miano, C.; Laprovitera, N.; Girone, C.;
et al. The Autocrine Loop of ALK Receptor and ALKAL2 Ligand Is an Actionable Target in Consensus Molecular Subtype 1
Colon Cancer. J. Exp. Clin. Cancer Res. 2022, 41, 113. [CrossRef]

Sato, H.; Shiiya, A.; Kimata, M.; Maebara, K.; Tamba, M.; Sakakura, Y.; Makino, N.; Sugiyama, F; Yagami, K.; Moriguchi, T.; et al.
Redox Imbalance in Cystine/Glutamate Transporter-Deficient Mice. J. Biol. Chem. 2005, 280, 37423-37429. [CrossRef]

Lo, M.; Wang, Y.-Z.; Gout, PW. The x(c)- Cystine/Glutamate Antiporter: A Potential Target for Therapy of Cancer and Other
Diseases. J. Cell. Physiol. 2008, 215, 593-602. [CrossRef] [PubMed]

Tsuchihashi, K.; Okazaki, S.; Ohmura, M.; Ishikawa, M.; Sampetrean, O.; Onishi, N.; Wakimoto, H.; Yoshikawa, M.; Seishima, R.;
Iwasaki, Y.; et al. The EGF Receptor Promotes the Malignant Potential of Glioma by Regulating Amino Acid Transport System
Xc(-). Cancer Res. 2016, 76, 2954-2963. [CrossRef] [PubMed]

Su, H.; Karin, M. Multifaceted Collagen-DDR1 Signaling in Cancer. Trends Cell Biol. 2024, 34, 406—415. [CrossRef] [PubMed]
Moll, S.; Desmouliere, A.; Moeller, M.].; Pache, J.-C.; Badi, L.; Arcadu, F,; Richter, H.; Satz, A.; Uhles, S.; Cavalli, A.; et al. DDR1
Role in Fibrosis and Its Pharmacological Targeting. Biochim. Biophys. Acta Mol. Cell Res. 2019, 1866, 118474. [CrossRef]

https://doi.org/10.3390/antiox15050619


https://doi.org/10.1016/j.mam.2012.12.009
https://doi.org/10.3390/ijms20102428
https://www.ncbi.nlm.nih.gov/pubmed/31100853
https://doi.org/10.3390/ijms20184652
https://doi.org/10.1007/s00535-013-0847-5
https://doi.org/10.1038/s41598-018-32884-3
https://www.ncbi.nlm.nih.gov/pubmed/30287863
https://doi.org/10.1016/j.tips.2022.02.004
https://www.ncbi.nlm.nih.gov/pubmed/35232590
https://doi.org/10.1038/sj.onc.1200849
https://doi.org/10.1186/s13046-015-0226-6
https://doi.org/10.1242/jcs.096040
https://doi.org/10.1038/s41598-019-50547-9
https://doi.org/10.1016/j.mam.2012.10.007
https://www.ncbi.nlm.nih.gov/pubmed/23506863
https://doi.org/10.1006/bbrc.1999.1051
https://doi.org/10.1002/1097-0215(20000801)87:3%3C311::AID-IJC1%3E3.0.CO;2-W
https://www.ncbi.nlm.nih.gov/pubmed/10897033
https://doi.org/10.1038/s41418-024-01319-0
https://doi.org/10.1016/j.pharmthera.2018.06.013
https://doi.org/10.1126/scisignal.aar5680
https://doi.org/10.1186/s13046-022-02309-1
https://doi.org/10.1074/jbc.M506439200
https://doi.org/10.1002/jcp.21366
https://www.ncbi.nlm.nih.gov/pubmed/18181196
https://doi.org/10.1158/0008-5472.CAN-15-2121
https://www.ncbi.nlm.nih.gov/pubmed/26980765
https://doi.org/10.1016/j.tcb.2023.08.003
https://www.ncbi.nlm.nih.gov/pubmed/37709651
https://doi.org/10.1016/j.bbamcr.2019.04.004
https://doi.org/10.3390/antiox15050619

Antioxidants 2026, 15, 619 23 of 26

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

Pan, Y,; Han, M.; Zhang, X,; He, Y,; Yuan, C.; Xiong, Y.; Li, X; Zeng, C.; Lu, K.; Zhu, H.; et al. Discoidin Domain Receptor 1
Promotes Hepatocellular Carcinoma Progression through Modulation of SLC1A5 and the mTORC1 Signaling Pathway. Cell.
Oncol. 2022, 45, 163-178. [CrossRef] [PubMed]

Chen, Q.; Zheng, W.; Guan, J.; Liu, H.; Dan, Y.,; Zhu, L.; Song, Y.; Zhou, Y.; Zhao, X.; Zhang, Y.; et al. SOCS2-Enhanced
Ubiquitination of SLC7A11 Promotes Ferroptosis and Radiosensitization in Hepatocellular Carcinoma. Cell Death Differ. 2023, 30,
137-151. [CrossRef]

Zhang, Y.; Qian, J.; Fu, Y,; Wang, Z.; Hu, W.; Zhang, ].; Wang, Y.; Guo, Y.; Chen, W.; Zhang, Y.; et al. Inhibition of DDR1 Promotes
Ferroptosis and Overcomes Gefitinib Resistance in Non-Small Cell Lung Cancer. Biochim. Biophys. Acta Mol. Basis Dis. 2024,
1870, 167447. [CrossRef]

Berndsen, C.E.; Wolberger, C. New Insights into Ubiquitin E3 Ligase Mechanism. Nat. Struct. Mol. Biol. 2014, 21, 301-307.
[CrossRef]

Broer, A.; Rahimi, E; Broer, S. Deletion of Amino Acid Transporter ASCT2 (SLC1A5) Reveals an Essential Role for Transporters
SNAT1 (SLC38A1) and SNAT2 (SLC38A2) to Sustain Glutaminolysis in Cancer Cells. J. Biol. Chem. 2016, 291, 13194-13205.
[CrossRef]

Jakobsen, S.; Nielsen, C.U. Exploring Amino Acid Transporters as Therapeutic Targets for Cancer: An Examination of Inhibitor
Structures, Selectivity Issues, and Discovery Approaches. Pharmaceutics 2024, 16, 197. [CrossRef]

Liu, Y;; Cao, L.; Song, Y.; Kang, Z.; Liu, T.; Ding, J.; Hu, G.; Lu, M. Mitochondrial Glutamine Transporter SLC1A5_var, a Potential
Target to Suppress Astrocyte Reactivity in Parkinson’s Disease. Cell Death Dis. 2022, 13, 946. [CrossRef]

Gorgoglione, R.; Impedovo, V,; Riley, C.L.; Fratantonio, D.; Tiziani, S.; Palmieri, L.; Dolce, V.; Fiermonte, G. Glutamine-Derived
Aspartate Biosynthesis in Cancer Cells: Role of Mitochondrial Transporters and New Therapeutic Perspectives. Cancers 2022,
14, 245. [CrossRef]

Kanai, Y. Amino Acid Transporter LAT1 (SLC7AS5) as a Molecular Target for Cancer Diagnosis and Therapeutics. Pharmacol. Ther.
2022, 230, 107964. [CrossRef]

Li, L.; Meng, Y,; Li, Z.; Dai, W.; Xu, X,; Bi, X,; Bian, J. Discovery and Development of Small Molecule Modulators Targeting
Glutamine Metabolism. Eur. . Med. Chem. 2019, 163, 215-242. [CrossRef]

Perera, RM.; Zoncu, R. The Lysosome as a Regulatory Hub. Annu. Rev. Cell Dev. Biol. 2016, 32, 223-253. [CrossRef] [PubMed]
Zheng, J.; Liu, Y;; Zhu, F; Liu, S.; Cai, Z.; Liu, M,; An, X; Yao, Y.; Chen, N.; Guo, D. Picropodophyllin Induces Ferroptosis via
Blockage of AKT/NRF2/SLC7A11 and AKT/NRF2/SLC40A1 Axes in Hepatocellular Carcinoma as a Natural IGF1R Inhibitor.
Phytomedicine 2025, 143, 156840. [CrossRef] [PubMed]

Tomizawa, M.; Shinozaki, F.; Motoyoshi, Y.; Sugiyama, T.; Yamamoto, S.; Sueishi, M. Picropodophyllin and Sorafenib Synergis-
tically Suppress the Proliferation and Motility of Hepatocellular Carcinoma Cells. Oncol. Lett. 2014, 8, 2023-2026. [CrossRef]
[PubMed]

Zhu, X.; Huang, N.; Ji, Y.; Sheng, X.; Huo, J.; Zhu, Y.; Huang, M.; He, W.; Ma, J. Brusatol Induces Ferroptosis in Oesophageal
Squamous Cell Carcinoma by Repressing GSH Synthesis and Increasing the Labile Iron Pool via Inhibition of the NRF2 Pathway.
Biomed. Pharmacother. 2023, 167, 115567. [CrossRef]

Katoh, M.; Nakagama, H. FGF Receptors: Cancer Biology and Therapeutics. Med. Res. Rev. 2014, 34, 280-300. [CrossRef]
Zhang, Z.-].; Wu, Q.-F; Ren, A.-Q.; Chen, Q.; Shi, ].-Z; Li, ].-P; Liu, X.-Y,; Zhang, Z.-].; Tang, Y.-Z.; Zhao, Y.; et al. ATF4
Renders Human T-Cell Acute Lymphoblastic Leukemia Cell Resistance to FGFR1 Inhibitors through Amino Acid Metabolic
Reprogramming. Acta Pharmacol. Sin. 2023, 44, 2282-2295. [CrossRef]

Krook, M.A; Reeser, ].W.; Ernst, G.; Barker, H.; Wilberding, M.; Li, G.; Chen, H.-Z.; Roychowdhury, S. Fibroblast Growth Factor
Receptors in Cancer: Genetic Alterations, Diagnostics, Therapeutic Targets and Mechanisms of Resistance. Br. J. Cancer 2021, 124,
880-892. [CrossRef]

Wortel, LM.N.; van der Meer, L.T.; Kilberg, M.S.; van Leeuwen, EN. Surviving Stress: Modulation of ATF4-Mediated Stress
Responses in Normal and Malignant Cells. Trends Endocrinol. Metab. 2017, 28, 794-806. [CrossRef] [PubMed]

Jewell, J.L.; Russell, R.C.; Guan, K.-L. Amino Acid Signalling Upstream of mTOR. Nat. Rev. Mol. Cell Biol. 2013, 14, 133-139.
[CrossRef]

Nicklin, P.; Bergman, P.; Zhang, B.; Triantafellow, E.; Wang, H.; Nyfeler, B.; Yang, H.; Hild, M.; Kung, C.; Wilson, C.; et al.
Bidirectional Transport of Amino Acids Regulates mTOR and Autophagy. Cell 2009, 136, 521-534. [CrossRef]

Edwards, D.N.; Ngwa, V.M.; Wang, S.; Shiuan, E.; Brantley-Sieders, D.M.; Kim, L.C.; Reynolds, A.B.; Chen, J. The Receptor
Tyrosine Kinase EphA2 Promotes Glutamine Metabolism in Tumors by Activating the Transcriptional Coactivators YAP and TAZ.
Sci. Signal. 2017, 10, eaan4667. [CrossRef] [PubMed]

Youngblood, VM.; Kim, L.C.; Edwards, D.N.; Hwang, Y.; Santapuram, PR,; Stirdivant, S.M.; Lu, P; Ye, F,; Brantley-Sieders, D.M.;
Chen, J. The Ephrin-A1/EPHAZ2 Signaling Axis Regulates Glutamine Metabolism in HER2-Positive Breast Cancer. Cancer Res.
2016, 76, 1825-1836. [CrossRef]

https://doi.org/10.3390/antiox15050619


https://doi.org/10.1007/s13402-022-00659-8
https://www.ncbi.nlm.nih.gov/pubmed/35089546
https://doi.org/10.1038/s41418-022-01051-7
https://doi.org/10.1016/j.bbadis.2024.167447
https://doi.org/10.1038/nsmb.2780
https://doi.org/10.1074/jbc.M115.700534
https://doi.org/10.3390/pharmaceutics16020197
https://doi.org/10.1038/s41419-022-05399-z
https://doi.org/10.3390/cancers14010245
https://doi.org/10.1016/j.pharmthera.2021.107964
https://doi.org/10.1016/j.ejmech.2018.11.066
https://doi.org/10.1146/annurev-cellbio-111315-125125
https://www.ncbi.nlm.nih.gov/pubmed/27501449
https://doi.org/10.1016/j.phymed.2025.156840
https://www.ncbi.nlm.nih.gov/pubmed/40412057
https://doi.org/10.3892/ol.2014.2484
https://www.ncbi.nlm.nih.gov/pubmed/25289088
https://doi.org/10.1016/j.biopha.2023.115567
https://doi.org/10.1002/med.21288
https://doi.org/10.1038/s41401-023-01108-4
https://doi.org/10.1038/s41416-020-01157-0
https://doi.org/10.1016/j.tem.2017.07.003
https://www.ncbi.nlm.nih.gov/pubmed/28797581
https://doi.org/10.1038/nrm3522
https://doi.org/10.1016/j.cell.2008.11.044
https://doi.org/10.1126/scisignal.aan4667
https://www.ncbi.nlm.nih.gov/pubmed/29208682
https://doi.org/10.1158/0008-5472.CAN-15-0847
https://doi.org/10.3390/antiox15050619

Antioxidants 2026, 15, 619 24 of 26

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Kaafarani, A.; Darche-Gabinaud, R.; Bisteau, X.; Imbault, V.; Wittamer, V.; Parmentier, M.; Pirson, I. Proximity Interactome
Analysis of Super Conserved Receptors Expressed in the Brain Identifies EPB41L2, SLC3A2, and LRBA as Main Partners. Cells
2023, 12, 2625. [CrossRef]

Matsumoto, M.; Saito, T.; Takasaki, J.; Kamohara, M.; Sugimoto, T.; Kobayashi, M.; Tadokoro, M.; Matsumoto, S.; Ohishi, T.;
Furuichi, K. An Evolutionarily Conserved G-Protein Coupled Receptor Family, SREB, Expressed in the Central Nervous System.
Biochem. Biophys. Res. Commun. 2000, 272, 576-582. [CrossRef]

Civelli, O.; Reinscheid, R.K.; Zhang, Y.; Wang, Z.; Fredriksson, R.; Schi6th, H.B. G Protein-Coupled Receptor Deorphanizations.
Annu. Rev. Pharmacol. Toxicol. 2013, 53, 127-146. [CrossRef] [PubMed]

Staubert, C.; Wozniak, M.; Dupuis, N.; Laschet, C.; Pillaiyar, T.; Hanson, J. Superconserved Receptors Expressed in the Brain:
Expression, Function, Motifs and Evolution of an Orphan Receptor Family. Pharmacol. Ther. 2022, 240, 108217. [CrossRef]
Kahlhofer, J.; Teis, D. The Human LAT1-4F2hc (SLC7A5-SLC3A2) Transporter Complex: Physiological and Pathophysiological
Implications. Basic Clin. Pharmacol. Toxicol. 2023, 133, 459-472. [CrossRef]

Burdo, J.; Dargusch, R.; Schubert, D. Distribution of the Cystine/Glutamate Antiporter System Xc- in the Brain, Kidney, and
Duodenum. . Histochem. Cytochem. 2006, 54, 549-557. [CrossRef] [PubMed]

Matsunami, H.; Montmayeur, ].P,; Buck, L.B. A Family of Candidate Taste Receptors in Human and Mouse. Nature 2000, 404,
601-604. [CrossRef]

Ren, X.; Zhou, L.; Terwilliger, R.; Newton, S.S.; de Araujo, L.LE. Sweet Taste Signaling Functions as a Hypothalamic Glucose Sensor.
Front. Integr. Neurosci. 2009, 3, 12. [CrossRef] [PubMed]

Mace, O.].; Affleck, J.; Patel, N.; Kellett, G.L. Sweet Taste Receptors in Rat Small Intestine Stimulate Glucose Absorption through
Apical GLUT2. ]. Physiol. 2007, 582, 379-392. [CrossRef]

Wauson, E.M.; Zaganjor, E.; Lee, A.-Y.; Guerra, M.L.; Ghosh, A.B.; Bookout, A.L.; Chambers, C.P; Jivan, A.; McGlynn, K,;
Hutchison, M.R,; et al. The G Protein-Coupled Taste Receptor T1R1/T1R3 Regulates mTORC1 and Autophagy. Mol. Cell 2012, 47,
851-862. [CrossRef]

Taccio, A.; Cattaneo, F.; Mauro, M.; Ammendola, R. FPRL1-Mediated Induction of Superoxide in LL-37-Stimulated IMR90 Human
Fibroblast. Arch. Biochem. Biophys. 2009, 481, 94-100. [CrossRef]

Cattaneo, F.; Parisi, M.; Ammendola, R. Distinct Signaling Cascades Elicited by Different Formyl Peptide Receptor 2 (FPR2)
Agonists. Int. ]. Mol. Sci. 2013, 14, 7193-7230. [CrossRef] [PubMed]

Perretti, M.; Godson, C. Formyl Peptide Receptor Type 2 Agonists to Kick-Start Resolution Pharmacology. Br. J. Pharmacol. 2020,
177,4595-4600. [CrossRef]

Cattaneo, F; Parisi, M.; Fioretti, T.; Sarnataro, D.; Esposito, G.; Ammendola, R. Nuclear Localization of Formyl-Peptide Receptor 2
in Human Cancer Cells. Arch. Biochem. Biophys. 2016, 603, 10-19. [CrossRef]

Zhuang, Y.; Wang, L.; Guo, J.; Sun, D.; Wang, Y.; Liu, W.,; Xu, H.E.; Zhang, C. Molecular Recognition of Formylpeptides and
Diverse Agonists by the Formylpeptide Receptors FPR1 and FPR2. Nat. Commun. 2022, 13, 1054. [CrossRef]

Cattaneo, F; Russo, R.; Castaldo, M.; Chambery, A.; Zollo, C.; Esposito, G.; Pedone, P.V.; Ammendola, R. Phosphoproteomic
Analysis Sheds Light on Intracellular Signaling Cascades Triggered by Formyl-Peptide Receptor 2. Sci. Rep. 2019, 9, 17894.
[CrossRef]

Qin, C.X;; Norling, L.V.; Vecchio, E.A.; Brennan, E.P; May, L.T.; Wootten, D.; Godson, C.; Perretti, M.; Ritchie, R.H. Formylpeptide
Receptor 2: Nomenclature, Structure, Signalling and Translational Perspectives: IUPHAR Review 35. Br. J. Pharmacol. 2022, 179,
4617-4639. [CrossRef]

Ammendola, R.; Parisi, M.; Esposito, G.; Cattaneo, F. Pro-Resolving FPR2 Agonists Regulate NADPH Oxidase-Dependent
Phosphorylation of HSP27, OSR1, and MARCKS and Activation of the Respective Upstream Kinases. Antioxidants 2021, 10, 134.
[CrossRef] [PubMed]

Mottola, G.; Chatterjee, A.; Wu, B.; Chen, M.; Conte, M.S. Aspirin-Triggered Resolvin D1 Attenuates PDGF-Induced Vascular
Smooth Muscle Cell Migration via the Cyclic Adenosine Monophosphate/Protein Kinase A (c(AMP/PKA) Pathway. PLoS ONE
2017, 12, €0174936. [CrossRef]

Zhang, L.; Wang, G.; Chen, X.; Xue, X.; Guo, Q.; Liu, M.; Zhao, J. Formyl Peptide Receptors Promotes Neural Differentiation in
Mouse Neural Stem Cells by ROS Generation and Regulation of PI3K-AKT Signaling. Sci. Rep. 2017, 7, 206. [CrossRef]
Annunziata, M.C.; Parisi, M.; Esposito, G.; Fabbrocini, G.; Ammendola, R.; Cattaneo, F. Phosphorylation Sites in Protein Kinases
and Phosphatases Regulated by Formyl Peptide Receptor 2 Signaling. Int. J. Mol. Sci. 2020, 21, 3818. [CrossRef]

Pecchillo Cimmino, T.; Ammendola, R.; Cattaneo, F; Esposito, G. NOX Dependent ROS Generation and Cell Metabolism. Int. J.
Mol. Sci. 2023, 24, 2086. [CrossRef]

Pecchillo Cimmino, T.; Panico, I.; Scarano, S.; Stornaiuolo, M.; Esposito, G.; Ammendola, R.; Cattaneo, F. Formyl Peptide Receptor
2-Dependent cPLA2 and 5-LOX Activation Requires a Functional NADPH Oxidase. Antioxidants 2024, 13, 220. [CrossRef]
Bedard, K.; Krause, K.-H. The NOX Family of ROS-Generating NADPH Oxidases: Physiology and Pathophysiology. Physiol. Rev.
2007, 87, 245-313. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15050619


https://doi.org/10.3390/cells12222625
https://doi.org/10.1006/bbrc.2000.2829
https://doi.org/10.1146/annurev-pharmtox-010611-134548
https://www.ncbi.nlm.nih.gov/pubmed/23020293
https://doi.org/10.1016/j.pharmthera.2022.108217
https://doi.org/10.1111/bcpt.13821
https://doi.org/10.1369/jhc.5A6840.2006
https://www.ncbi.nlm.nih.gov/pubmed/16399997
https://doi.org/10.1038/35007072
https://doi.org/10.3389/neuro.07.012.2009
https://www.ncbi.nlm.nih.gov/pubmed/19587847
https://doi.org/10.1113/jphysiol.2007.130906
https://doi.org/10.1016/j.molcel.2012.08.001
https://doi.org/10.1016/j.abb.2008.10.026
https://doi.org/10.3390/ijms14047193
https://www.ncbi.nlm.nih.gov/pubmed/23549262
https://doi.org/10.1111/bph.15212
https://doi.org/10.1016/j.abb.2016.05.006
https://doi.org/10.1038/s41467-022-28586-0
https://doi.org/10.1038/s41598-019-54502-6
https://doi.org/10.1111/bph.15919
https://doi.org/10.3390/antiox10010134
https://www.ncbi.nlm.nih.gov/pubmed/33477989
https://doi.org/10.1371/journal.pone.0174936
https://doi.org/10.1038/s41598-017-00314-5
https://doi.org/10.3390/ijms21113818
https://doi.org/10.3390/ijms24032086
https://doi.org/10.3390/antiox13020220
https://doi.org/10.1152/physrev.00044.2005
https://www.ncbi.nlm.nih.gov/pubmed/17237347
https://doi.org/10.3390/antiox15050619

Antioxidants 2026, 15, 619 25 of 26

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

Sumimoto, H.; Hata, K.; Mizuki, K,; Ito, T.; Kage, Y.; Sakaki, Y.; Fukumaki, Y.; Nakamura, M.; Takeshige, K. Assembly and
Activation of the Phagocyte NADPH Oxidase. Specific Interaction of the N-Terminal Src Homology 3 Domain of P47phox with
P22phox Is Required for Activation of the NADPH Oxidase. |. Biol. Chem. 1996, 271, 22152-22158. [CrossRef] [PubMed]

Harris, 1.S.; DeNicola, G.M. The Complex Interplay between Antioxidants and ROS in Cancer. Trends Cell Biol. 2020, 30, 440—451.
[CrossRef] [PubMed]

Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg Effect: The Metabolic Requirements of Cell
Proliferation. Science 2009, 324, 1029-1033. [CrossRef]

Sabharwal, S.S.; Schumacker, P.T. Mitochondrial ROS in Cancer: Initiators, Amplifiers or an Achilles” Heel? Nat. Rev. Cancer 2014,
14,709-721. [CrossRef]

Koppula, P; Zhang, Y.; Shi, J.; Li, W.; Gan, B. The Glutamate/Cystine Antiporter SLC7A11/xCT Enhances Cancer Cell Dependency
on Glucose by Exporting Glutamate. J. Biol. Chem. 2017, 292, 14240-14249. [CrossRef]

Pecchillo Cimmino, T.; Punziano, C.; Panico, I.; Petrone, Z.; Cassese, M.; Faraonio, R.; Barresi, V.; Esposito, G.; Ammendola, R.;
Cattaneo, F. Formyl-Peptide Receptor 2 Signaling Modulates SLC7A11/xCT Expression and Activity in Tumor Cells. Antioxidants
2024, 13, 552. [CrossRef]

Koppula, P.; Zhuang, L.; Gan, B. Cystine Transporter SLC7A11/xCT in Cancer: Ferroptosis, Nutrient Dependency, and Cancer
Therapy. Protein Cell 2021, 12, 599-620. [CrossRef]

Anandhan, A.; Dodson, M.; Schmidlin, C.J.; Liu, P.; Zhang, D.D. Breakdown of an Ironclad Defense System: The Critical Role of
NREF?2 in Mediating Ferroptosis. Cell Chem. Biol. 2020, 27, 436-447. [CrossRef] [PubMed]

Chen, D.; Fan, Z.; Rauh, M.; Buchfelder, M.; Eyupoglu, 1.Y.; Savaskan, N. ATF4 Promotes Angiogenesis and Neuronal Cell Death
and Confers Ferroptosis in a xCT-Dependent Manner. Oncogene 2017, 36, 5593-5608. [CrossRef]

Tonelli, C.; Chio, I.L.C.; Tuveson, D.A. Transcriptional Regulation by Nrf2. Antioxid. Redox Signal. 2018, 29, 1727-1745. [CrossRef]
Wang, C.; Liu, H.; Xu, S.; Deng, Y.; Xu, B.; Yang, T.; Liu, W. Ferroptosis and Neurodegenerative Diseases: Insights into the
Regulatory Roles of SLC7A11. Cell. Mol. Neurobiol. 2023, 43, 2627-2642. [CrossRef] [PubMed]

Scalise, M.; Pochini, L.; Console, L.; Losso, M.A.; Indiveri, C. The Human SLC1A5 (ASCT2) Amino Acid Transporter: From
Function to Structure and Role in Cell Biology. Front. Cell Dev. Biol. 2018, 6, 96. [CrossRef] [PubMed]

Marshall, A.D.; van Geldermalsen, M.; Otte, N.J.; Lum, T,; Vellozzi, M.; Thoeng, A.; Pang, A.; Nagarajah, R.; Zhang, B.; Wang, Q.;
et al. ASCT2 Regulates Glutamine Uptake and Cell Growth in Endometrial Carcinoma. Oncogenesis 2017, 6, e367. [CrossRef]
[PubMed]

Bungard, C.I.; McGivan, ].D. Identification of the Promoter Elements Involved in the Stimulation of ASCT2 Expression by
Glutamine Availability in HepG2 Cells and the Probable Involvement of FXR/RXR Dimers. Arch. Biochem. Biophys. 2005, 443,
53-59. [CrossRef]

Liu, Y.; Zhao, T,; Li, Z.; Wang, L.; Yuan, S.; Sun, L. The Role of ASCT2 in Cancer: A Review. Eur. ]. Pharmacol. 2018, 837, 81-87.
[CrossRef]

Pecchillo Cimmino, T.; Pagano, E.; Stornaiuolo, M.; Esposito, G.; Ammendola, R.; Cattaneo, F. Formyl-Peptide Receptor 2 Signaling
Redirects Glucose and Glutamine into Anabolic Pathways in Metabolic Reprogramming of Lung Cancer Cells. Antioxidants 2022,
11, 1692. [CrossRef]

Seo, H.R.; Kim, ].; Bae, S.; Soh, ].-W.; Lee, Y.-S. Cdk5-Mediated Phosphorylation of c-Myc on Ser-62 Is Essential in Transcriptional
Activation of Cyclin Bl by Cyclin G1. |. Biol. Chem. 2008, 283, 15601-15610. [CrossRef]

Salisbury, T.B.; Arthur, S. The Regulation and Function of the L-Type Amino Acid Transporter 1 (LAT1) in Cancer. Int. . Mol. Sci.
2018, 19, 2373. [CrossRef] [PubMed]

Cassese, M.; Brignola, C.; Marrone, S.; Esposito, G.; Ammendola, R.; Cattaneo, F. LAT1/SLC7A5-Mediated Amino Acid Uptake Is
Regulated by Redox Signals Triggered by Formyl-Peptide Receptor 2. FEBS ]. 2025, 293, 2637-2655. [CrossRef]

Boado, RJ; Li, ].Y.; Pardridge, W.M. Site-Directed Mutagenesis of Rabbit LAT1 at Amino Acids 219 and 234. ]. Neurochem. 2003,
84,1322-1331. [CrossRef]

Pfeiffer, R.; Spindler, B.; Loffing, J.; Skelly, P.J.; Shoemaker, C.B.; Verrey, F. Functional Heterodimeric Amino Acid Transporters
Lacking Cysteine Residues Involved in Disulfide Bond. FEBS Lett. 1998, 439, 157-162. [CrossRef]

Dufner, A.; Thomas, G. Ribosomal S6 Kinase Signaling and the Control of Translation. Exp. Cell Res. 1999, 253, 100-109. [CrossRef]
Maracci, C.; Motta, S.; Romagnoli, A.; Costantino, M.; Perego, P.; Di Marino, D. The mTOR/4E-BP1/elIF4E Signalling Pathway as
a Source of Cancer Drug Targets. Curr. Med. Chem. 2022, 29, 3501-3529. [CrossRef]

Yue, M.; Jiang, J.; Gao, P; Liu, H.; Qing, G. Oncogenic MYC Activates a Feedforward Regulatory Loop Promoting Essential
Amino Acid Metabolism and Tumorigenesis. Cell Rep. 2017, 21, 3819-3832. [CrossRef]

Miko, E.; Margitai, Z.; Czimmerer, Z.; Varkonyi, I.; Dezso, B.; Lanyi, A.; Bacso, Z.; Scholtz, B. miR-126 Inhibits Proliferation of
Small Cell Lung Cancer Cells by Targeting SLC7A5. FEBS Lett. 2011, 585, 1191-1196. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15050619


https://doi.org/10.1074/jbc.271.36.22152
https://www.ncbi.nlm.nih.gov/pubmed/8703027
https://doi.org/10.1016/j.tcb.2020.03.002
https://www.ncbi.nlm.nih.gov/pubmed/32303435
https://doi.org/10.1126/science.1160809
https://doi.org/10.1038/nrc3803
https://doi.org/10.1074/jbc.M117.798405
https://doi.org/10.3390/antiox13050552
https://doi.org/10.1007/s13238-020-00789-5
https://doi.org/10.1016/j.chembiol.2020.03.011
https://www.ncbi.nlm.nih.gov/pubmed/32275864
https://doi.org/10.1038/onc.2017.146
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1007/s10571-023-01343-7
https://www.ncbi.nlm.nih.gov/pubmed/36988772
https://doi.org/10.3389/fcell.2018.00096
https://www.ncbi.nlm.nih.gov/pubmed/30234109
https://doi.org/10.1038/oncsis.2017.70
https://www.ncbi.nlm.nih.gov/pubmed/28759021
https://doi.org/10.1016/j.abb.2005.08.016
https://doi.org/10.1016/j.ejphar.2018.07.007
https://doi.org/10.3390/antiox11091692
https://doi.org/10.1074/jbc.M800987200
https://doi.org/10.3390/ijms19082373
https://www.ncbi.nlm.nih.gov/pubmed/30103560
https://doi.org/10.1111/febs.70370
https://doi.org/10.1046/j.1471-4159.2003.01622.x
https://doi.org/10.1016/S0014-5793(98)01359-3
https://doi.org/10.1006/excr.1999.4683
https://doi.org/10.2174/0929867329666220224112042
https://doi.org/10.1016/j.celrep.2017.12.002
https://doi.org/10.1016/j.febslet.2011.03.039
https://www.ncbi.nlm.nih.gov/pubmed/21439283
https://doi.org/10.3390/antiox15050619

Antioxidants 2026, 15, 619 26 of 26

105.

106.

107.

108.

109.

110.

111.

Jolly, S.; Bazargani, N.; Quiroga, A.C.; Pringle, N.P,; Attwell, D.; Richardson, W.D.; Li, H. G Protein-Coupled Receptor 37-like 1
Modulates Astrocyte Glutamate Transporters and Neuronal NMDA Receptors and Is Neuroprotective in Ischemia. Glia 2018, 66,
47-61. [CrossRef]

Meyer, R.C.; Giddens, M.M.; Schaefer, S.A.; Hall, R.A. GPR37 and GPR37L1 Are Receptors for the Neuroprotective and
Glioprotective Factors Prosaptide and Prosaposin. Proc. Natl. Acad. Sci. USA 2013, 110, 9529-9534. [CrossRef]

Bang, S.; Jiang, C.; Xu, J.; Chandra, S.; McGinnis, A.; Luo, X.; He, Q.; Li, Y.; Wang, Z.; Ao, X,; et al. Satellite Glial GPR37L1 and Its
Ligand Maresin 1 Regulate Potassium Channel Signaling and Pain Homeostasis. J. Clin. Investig. 2024, 134, €173537. [CrossRef]
Sathyamurthy, A.; Johnson, K.R.; Matson, K.J.E.; Dobrott, C.I; Li, L.; Ryba, A.R.; Bergman, T.B.; Kelly, M.C.; Kelley, M.W.; Levine,
AJ. Massively Parallel Single Nucleus Transcriptional Profiling Defines Spinal Cord Neurons and Their Activity during Behavior.
Cell Rep. 2018, 22, 2216-2225. [CrossRef]

Haring, M.; Zeisel, A.; Hochgerner, H.; Rinwa, P; Jakobsson, J.E.T.; Lonnerberg, P.; La Manno, G.; Sharma, N.; Borgius, L.; Kiehn,
O.; et al. Neuronal Atlas of the Dorsal Horn Defines Its Architecture and Links Sensory Input to Transcriptional Cell Types. Nat.
Neurosci. 2018, 21, 869-880. [CrossRef] [PubMed]

Xu, J.; Yan, Z.; Bang, S.; Velmeshev, D.; Ji, R.-R. GPR37L1 Identifies Spinal Cord Astrocytes and Protects Neuropathic Pain after
Nerve Injury. Neuron 2025, 113, 1206-1222.e6. [CrossRef] [PubMed]

Mayati, A.; Moreau, A.; Le Vée, M.; Stieger, B.; Denizot, C.; Parmentier, Y.; Fardel, O. Protein Kinases C-Mediated Regulations of
Drug Transporter Activity, Localization and Expression. Int. |. Mol. Sci. 2017, 18, 764. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/antiox15050619


https://doi.org/10.1002/glia.23198
https://doi.org/10.1073/pnas.1219004110
https://doi.org/10.1172/JCI173537
https://doi.org/10.1016/j.celrep.2018.02.003
https://doi.org/10.1038/s41593-018-0141-1
https://www.ncbi.nlm.nih.gov/pubmed/29686262
https://doi.org/10.1016/j.neuron.2025.01.012
https://www.ncbi.nlm.nih.gov/pubmed/39952243
https://doi.org/10.3390/ijms18040764
https://doi.org/10.3390/antiox15050619

	Introduction 
	SLCs Regulation by RTKs 
	Anaplastic Lymphoma Kinase Regulates SLC3A2 
	EGFR Regulates SLC7A11/xCT 
	Discoidin Domain Receptor 1 Regulates SLC7A11 
	DDR1 Regulates SLC1A5/ASCT2 
	Insulin-like Growth Factor 1 Receptor Regulates SLC7A11/xCT and SLC40A1 
	Fibroblast Growth Factor Receptor 1 Regulates SLC1A5 
	Ephrin Type-A Receptor 2 Regulates SLC1A5 

	SLCs Regulation by GPCRs 
	The Super-Conserved Receptors Expressed in the Brain Regulate SLC3A2 
	Taste Receptors Type 1 Member 1 and 3 Regulate SLC3A2 and SLC1A5 
	Formyl-Peptide Receptor 2 Regulates SLC7A11/xCT 
	FPR2 Regulates SLC1A5/ASCT2 
	FPR2 Regulates SLC7A5/LAT1 
	G Protein-Coupled Receptor 37 Like 1 Regulates GLT-1 

	Concluding Remarks 
	References

