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Abstract: SLC7 family transporters are an important group of membrane proteins that facilitate the transport of 
different amino acids across the cell membrane. They have a crucial role in oncogenic signalling pathways, cellular 
metabolism, and redox balance. Previous literature had revealed the functions of SLC7 in breast, liver, prostate, and 
lung cancers, but the role of SLC7 family members in thyroid cancer remains unclear. Therefore, this review investi-
gated the emerging roles of SLC7, the molecular mechanisms underlying thyroid cancer progression, and strategies 
to improve its therapeutic delivery. In thyroid cancer, mutations in SLC7 subunits could further dysregulate amino 
acid metabolism and activate the PI3K/AKT, mTORC1, and MAPK/ERK signalling pathways. The activation of on-
cogenic signals, such as MYC, ATF4, and HIF-1α, could further enhance the SLC7 expression by promoting tumour 
progression, angiogenesis, and cell proliferation, impairing T-cell activation, and inhibiting the activities of natural 
killer cells (NK) and cytotoxic T-lymphocytes (CTLs). They also served as potential therapeutic agents, and modulat-
ing them with novel immune checkpoint inhibitors, engineered CAR-T cells, and CRISPR-edited cells represents a 
promising strategy for thyroid cancer treatment. The present review could explore innovative insights into the mo-
lecular mechanisms of SLC7 in thyroid cancer development, identify the novel therapeutic targets, and improve their 
delivery for thyroid cancer immunotherapy.
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Introduction

SLC7 family transporters (solute carrier 7 fami-
ly) are an important group of different mem-
brane proteins that facilitate the transport of 
different amino acids, including ornithine, ar- 
ginine, tyrosine, phenylalanine, serine, glycine, 
leucine, and lysine across the cell membranes 
[1]. They are classified into cationic amino acid 
transporters (CATs) and heteromeric amino 
acid transporters (HATs). They exhibit several 
properties due to their different roles in cellu- 
lar and biochemical processes. HATs members 
are mostly heterodimers that readily bind to  
the cluster of differentiation 98 heavy chain 
(CD98hc), thereby mediating the transport of 
various amino acids. They also exhibit sub-
strate specificity towards cationic, anionic, and 
neutral amino acids. They are involved in am- 
ino acid metabolism by supplying different sub-
strates for energy production, glutathione pro-

duction, nitrogen metabolism, and signalling 
pathways [1, 2].

Previous literature reported the role of SLC7 
family members in breast, lung, prostate,  
and colorectal cancers. It was observed that 
SLC7A5 is frequently overexpressed in thyroid 
and breast cancer, enhancing leucine uptake 
and promoting the rapid tumour growth by acti-
vating the mTORC1 (mammalian target of 
rapamycin complex 1) pathway [3, 4]. Over- 
expression of SLC7A6 was observed in pa- 
tients with hepatocellular carcinoma, activated 
the mTORC1/S6K pathway and contributes to 
angiogenesis and immune evasion [5]. It was 
observed that overexpression of SLC7A7 was 
significant in non-small lung cancer, where its 
elevated activity supported tumour growth by 
activating the phosphatidylinositol 3-kinase 
(PI3K/AKT) pathway. These findings revealed 
the role of SLC7 family members in various can-
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cers and highlighted the need to explore their 
function in thyroid cancer [6]. 

The molecular mechanisms and the role of  
various SLC7 family members in thyroid cancer 
are poorly understood [7]. SLC7A11 can acti-
vates the MAPK/ERK (mitogen-activated pro-
tein kinase/extracellular signal-regulated kina- 
se) and phosphatidylinositol 3-kinase (PI3K/
AKT) signalling pathways. It influenced the ma- 
crophages function through immunosuppres-
sion, tumour progression, and angiogenesis 
[8]. Moreover, SLC7A5 mediates the leucine 
uptake, activates the mTORC1 signalling, and 
enhances the release of transforming growth 
factor beta 1 (TGF-β) and interleukin-6 (IL-6). 
Excess release of these cytokines could inhibit 
anti-tumour responses [9]. SLC7A3 mediates 
the arginine uptake, thereby promoting tumour 
invasion. Overall, these findings highlighted the 
emergence of SLC7 family members in the pro-
gression of thyroid cancer [4].

SLC7 could serve as potential therapeutic 
agent, and its role in thyroid cancer remains 
unexplored. Targeting them with novel inhibi-
tors and immunotherapy approaches, and com-
bining therapies, could be helpful in thyroid 
cancer treatment [1, 10]. JPH203 is a small-
molecule inhibitor of SLC7A5, that inactivated 
mTORC1 activity and inhibited cell proliferation 
[11]. It was observed that some immune check-
point inhibitors, such as anti-PD-1/PD-L1 and 
anti-CTLA-4 antibodies, have shown efficacy in 
targeting SLC7A5 in anaplastic thyroid cancer 
[12]. Arginine deprivation therapies could re- 
duce circulating arginine levels, thereby restrict-
ing substrate availability for SLC7A3, and con-
tribute to the suppression of tumour growth in 
thyroid and breast cancers [13]. Different app- 
roaches, such as the design of prodrugs that 
mimic natural amino acid substrates, nanopar-
ticle-based delivery, and CRISPR genome edit-
ing, could enhance their delivery to thyroid can-
cer cells and thereby inhibit tumour growth [14, 
15]. 

In this review, we addressed emerging features 
that reveal the oncogenic signalling pathways 
influenced by SLC7, and identified their roles in 
thyroid cancer progression. This review identi-
fied the novel therapeutic targets and explor- 
ed innovative strategies to improve their deliv-
ery for thyroid cancer treatment. Furthermore, 
emerging solutions to current challenges also 

addressed in reducing disease severity. Several 
clinical trials of SLC7 also discussed improving 
the treatment outcomes in the clinical manage-
ment of thyroid cancer.

SLC7: properties, classification and physiologi-
cal roles

They have a conserved structural framework 
that defines their role as amino acid transport-
ers [2, 4]. All family members are composed of 
twelve α-helices with N- and C-terminal orient-
ed towards the cytoplasm. These helices con-
tribute to forming a substrate-binding pore 
responsible for amino acid transport. Based on 
this organization, they are classified into two 
groups. Cationic amino acid transporters (CATs) 
are comprised of four members from SLC7A1  
to SLC7A4 [16]. CATs are monomers that are 
involved in amino acid transport, including orni-
thine, arginine, and lysine. Heteromeric amino 
acid transporters (HATs) comprising members 
from SLC7A5 to SLC7A11 that are involved in 
transport of leucine, phenylalanine, tyrosine, 
histidine, tryptophan, methionine. These trans-
porters required SLC3A2 for proper function-
ing. SLC7 family members have important roles 
in amino acid homeostasis, oncogenic signal-
ling pathways, and protein synthesis. Table 1 
summarises the major substrates, transport 
mode, directionality, subcellular localization, 
and representative inhibitors with preclinical 
vs. clinical status of different SLC7 family mem-
bers [17]. 

Some structural studies revealed that HAT 
members exhibit the LeuT-fold arrangement 
[18]. In this arrangement, the extracellular do- 
main of the heavy chain could stabilize the light 
chain and facilitate substrate recognition, and 
mediate the transport of different amino acids 
across cell membranes [19]. This feature allows 
interaction of SLC7 to CD98hc via a disulfide 
bridge. Xia et al. [20] reported that SLC7A5 and 
SLC7A11 readily form a heteromeric complex 
with CD98hc, which regulates the immune cell 
function and cellular homeostasis [20]. 

SLC7A1 is involved in the development of 
human cervical cancer through activation of 
hypoxia-inducible factor 1α (HIF1-α) [21]. 
SLC7A2 affects the cellular homeostasis in 
Huntington’s disease [22]. The role of SLC7A3 
has been observed in patients with thyroid  
cancers, where it activates the MAPK/ERK and 
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Table 1. The SLC7 transporters, major substrates, transport mode, directionality, subcellular localization, and representative inhibitors with 
preclinical and clinical status
SLC7 
member Major Substrates Transport mechanism Directionality  

(conventionally defined)
Subcellular  
localization Inhibitors References

SLC7A1 Arginine, lysine, ornithine Uniport (Na+-independent, 
system y+)

Influx (depending on gradient) Plasma membrane 
(monomeric)

N-ethylmaleimide (Preclinical 
only)

[16, 21]

SLC7A2 Arginine, lysine, ornithine Uniport (Na+-independent, 
system y+)

Bidirectional (gradient-driven) Plasma membrane 
(monomeric)

Arginine derivatives (Preclinical); 
N-ethylmaleimide (Preclinical)

[22]

SLC7A3 Arginine, lysine Uniport (Na+-independent, 
system y+)

Bidirectional (symmetric pas-
sive transport)

Plasma membrane 
(monomeric)

No selective inhibitors reported [16, 33]

SLC7A5 Leucine, phenylalanine, tyro-
sine, tryptophan, methionine

Antiport (1:1 exchange, Na+-
independent, system L)

Bidirectional (influx of essential 
amino acids, efflux of neutral 
amino acids)

Plasma membrane  
(heterodimer with 
SLC3A2)

BCH (Preclinical);
Nanvuranlat (JPH203/KYT-
0353, phase 1/2 clinical trials 
for solid tumours) 

[26, 58]

SLC7A6 Cationic amino acids (arginine, 
lysine) and neutral amino 
acids (glutamine, leucine)

Antiport (Na+-dependent, 
system y+L)

Bidirectional (efflux of cationic 
amino acids, influx of neutral 
amino acids)

Plasma membrane  
(heterodimer with 
SLC3A2/CD98hc)

No selective inhibitors reported [27]

SLC7A7 Arginine, lysine, ornithine and 
neutral AAs

Antiport (Na+-independent, 
System y+L)

Efflux of cationic AAs/influx of 
neutral AAs

Plasma membrane No selective inhibitors reported 
(Preclinical only)

[6, 23]

SLC7A8 Small neutral amino acids 
(leucine, serine, glutamine)

Antiport (Na+-independent, 
system L)

Bidirectional Plasma membrane  
(heterodimer with 
SLC3A2/CD98hc)

BCH (Preclinical only) [28]

SLC7A9 Cystine, cationic AAs Antiport (Na+-independent, 
system bo, +)

Antiport, exchange of neutral 
and cationic AAs

Apical plasma mem-
brane (heterodimer with 
SLC3A1/rBAT)

Cystine analogues (Preclinical); 
No clinical stage inhibitors

[29]

SLC7A10 Small neutral AAs (Serine, 
alanine, glycine, cystine)

Antiport (Na+-independent, 
System ASC)

Bidirectional exchange Plasma membrane D-serine analogues (Preclinical 
only);
No clinical stage inhibitors

[30]

SLC7A11 Cystine, glutamate Antiport (1:1 exchange, Na+-
independent, system xc-)

Influx of cystine, efflux of 
glutamate

Plasma membrane (het-
erodimer with SLC3A2)

Erastin (Preclinical); Sulfasala-
zine (Clinical, (repurposed)

[31, 71, 73]



Mechanisms and roles of SLC7 in thyroid cancer

1850	 Am J Cancer Res 2026;16(5):1847-1863

PI3K/AKT signalling pathways [7, 23]. Shao et 
al. [24] investigated that male mice with obesi-
ty showed high SLC7A4 expression than control 
groups [24]. 

SLC7A5 showed substrate specificity towards 
leucine, tyrosine, phenylalanine, and its overex-
pression has been observed in thyroid and 
breast cancers [25, 26]. SLC7A6 is involved in 
nitrogen metabolism, and its overexpression 
was observed in patients with hepatocellular 
carcinoma [27]. SLC7A8 showed substrate 
specificity towards leucine, serine, and gluta-
mine, and its overexpression was observed in 
patients with kidney diseases [28]. SLC7A9 
mediates the cystine and ornithine uptake, and 
mutations in its subunits could contribute to 
the development of cystinuria [29]. SLC7A10 
showed substrate specificity towards serine 
and glycine and promotes insulin resistance in 
type 2 diabetes [30]. SLC7A11 overexpression 
was observed in patients with thyroid cancer. 
These studies revealed their involvement in 
several cancers and diseases. However, the 
mechanism and roles of SLC7 family members 
in thyroid cancer remain unclear [31].

Mechanism and roles of SLC7 in thyroid 
cancer

Amino acid transport mechanisms, signalling 
pathways and TME interaction

Some members of the SLC7 family are involved 
in the progression of thyroid cancer by acti- 
vating the different oncogenic signalling path-
ways, enhancing nutrient supply, and promot-
ing tumour growth and metastasis [32]. The 
mechanism of amino acid transport and signal-
ling pathways influenced by SLC7 is described 
in the following section.

Mechanism and role of SLC7A3: SLC7A3 is an 
important member of the SLC7 family that par-
ticipates in the sodium-independent transport 
of arginine, and lysine [33]. It is involved in  
protein synthesis, nitric oxide production, and 
cellular metabolism. Elevated SLC7A3 activity 
influences the amino acid metabolism and 
plays a crucial role in thyroid cancer progres-
sion [34]. 

The role of SLC7A3 in thyroid cancer is associ-
ated with nutrient supply and metabolic chang-
es. Overexpression of SLC7A3 was observed in 

patients with papillary thyroid cancer [35, 36]. 
This upregulation enhanced arginine uptake 
and accelerated the production of polyamines 
and nitric oxide species, which contribute to 
DNA damage, metastatic potential, and geno- 
mic instability that drive cancer progression. 
Different polyamines, including spermidine and 
putrescine, were elevated in thyroid cancer by 
promoting tumour growth [37]. Excessive pro-
duction of nitric oxide species promotes an- 
giogenesis through vascular endothelial growth 
factor (VEGF) signalling, facilitates tumour vas-
cularization, and accelerates progression and 
metastasis (Figure 1). It helps thyroid cancer 
cells to survive in a nutrient-limited tumour 
microenvironment [38]. 

SLC7A3 also contributes to the development of 
thyroid cancer (Figure 1). It was observed that 
excess supply of amino acid stimulates the 
binding of transcription factors such as hypox-
ia-inducible factor 1-alpha (HIF-1α) and myelo-
cytomatosis oncogene (MYC) to the SLC7A3 
promoter and enhances its expression [4, 39]. 
As a result, more amino acids are utilized by 
thyroid cancer cells that activate the MAPK/
ERK and PI3K/AKT signalling pathways. En- 
hanced SLC7A3-mediated arginine uptake in- 
creases substrate availability for nitric oxide 
production, thereby activating the MAPK/ERK 
pathway. It stimulated the epithelial-mesenchy-
mal transition (EMT), thereby promoting tumour 
progression and metastasis [40]. It can acti-
vate the mTOR1 signalling and promote cell  
proliferation. The lipid messengers produced 
by PI3K can activate AKT, promoting cell sur-
vival and inducing resistance to apoptosis [40, 
41]. 

SLC7A3 interacts with the tumour microenvi-
ronment and modulates the immune cell activ-
ity. Enhanced SLC7A3-mediated arginine up- 
take suppresses the T-cell activity [42]. It es- 
tablishes the pro-tumorigenic microenviron-
ment, characterised by tumour-associated ma- 
crophages (TAMs) and regulatory T cells (Tregs). 
TAMs exhibit a polarized (M2-like phenotype) 
and secrete immunosuppressive cytokines, 
such as IL-10 and TGF-β, which inhibit the activi-
ty of anti-tumour immune cells, including cyto-
toxic T cells and NK cells. Tregs also secrete 
IL-35 and IL-10, which further inhibit the an- 
ti-tumour immune responses. Therefore, this 
immunosuppressive effect is recognized as a 
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driver of thyroid cancer progression, as shown 
in Figure 1 [16, 43, 44]. 

It was observed that arginine-deprivation ther-
apies could reduce circulating arginine levels, 
thereby restricting substrate availability for 
SLC7A3 [4, 45]. These approaches could re- 
duce arginine uptake and limit polyamine syn-
thesis and nitric oxide production by disrupting 
tumour growth. Therefore, targeting of SLC7A3 
could provide an effective strategy in the man-
agement of thyroid cancer [35, 36]. 

Mechanism and role of SLC7A5: SLC7A5 is 
another member of the SLC7 family that medi-
ates sodium-independent transport of leucine, 

phenylalanine, tyrosine, tryptophan, and me- 
thionine [46]. SLC7A5 is readily combined with 
SLC3A2 by forming a heterodimer complex and 
mediates amino acid transport across the cell 
membrane. It plays an important role in nu- 
cleotide synthesis, redox balance, and protein 
synthesis. Its elevated activity influences the 
amino acid metabolism and supports the tu- 
mour growth in anaplastic thyroid cancer [47].

SLC7A5 plays an important role in thyroid can-
cer progression (Figure 2). Elevated leucine lev-
els may stimulate MYC binding to the SLC7A5 
promoter, thereby enhancing its expression. As 
a result, more amino acids are utilized by thy-
roid cancer cells, which activates the mTORC1 

Figure 1. Mechanism and role of SLC7A3 in thyroid cancer. SLC7A3 contributes to thyroid cancer progression by 
activating oncogenic signalling pathways. The activated MAPK/ERK and PI3K/AKT pathways could stimulate the 
transcription factors HIF-1α and MYC, which bind to the SLC7A3 promoter, enhancing its expression. This overex-
pression stimulates arginine transport, accelerates the polyamine and nitric oxide production, and contributes to 
DNA damage, metastatic potential, and genomic instability that drive cancer progression. The high production of 
nitric oxide promotes angiogenesis via vascular endothelial growth factor (VEGF) signalling and accelerates me-
tastasis. The enhanced uptake of arginine by thyroid cancer cells depletes extracellular arginine and suppresses 
T-cell function, establishing a pro-tumorigenic microenvironment characterized by regulatory T cells (Tregs) and 
tumour-associated macrophages (TAMs). Therefore, this immunosuppressive effect is recognised as a driver in the 
progression of thyroid cancer.
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pathway [48, 49]. The eukaryotic translation 
initiation factor 4E (eIF4E) was overexpressed 
in anaplastic thyroid cancer. It promoted the 
translation of oncogenic mRNAs and contri- 
buted to tumour progression. Elevated eIF4E 
activity promotes the epithelial-mesenchymal 
transition (EMT) by enhancing metastasis and 
tumour invasion [50]. 

SLC7A5 also influenced the cell metabolism in 
thyroid cancer cells. It mediates the uptake of 
large neutral amino acids and served as sub-
strates for energy production and cellular me- 
tabolism. Excess availability of these amino 
acids could stimulate lipid synthesis and glyco-
lytic flux [51, 52]. Moreover, SLC7A5 mediates 

the transport of branched-chain amino acids 
and stimulates glutathione production, helping 
thyroid cancer cells to survive in an oxidative 
stress environment [7, 35].

In the tumour microenvironment, SLC7A5 mod-
ulates immune cell activity [23, 53]. The el- 
evated activity of SLC7A5 enabled thyroid can-
cer cells to compete with immune-infiltrating T 
cells and effector T cells for leucine and other 
large neutral amino acids uptake, thereby hin-
dering the immune response and promoting 
the tumour growth [54]. Excessive uptake of 
these amino acids by thyroid cancer cells could 
impair T-cell function. Moreover, SLC7A5 also 
activated the mTORC1 signalling and enhanc- 

Figure 2. Mechanism and role of SLC7A5 in thyroid cancer. The excess supply of leucine stimulates the binding of 
MYC with the SLC7A5 promoter could enhance its expression. As a result, more amino acids are utilized by thyroid 
cancer cells which activates the mTORC1 pathway. Overexpression of the eukaryotic translation initiation factor 4E 
(eIF4E) was observed in anaplastic thyroid cancer. It promotes the translation of oncogenic mRNAs and contrib-
utes to tumour progression. Elevated eIF4E activity promotes EMT by enhancing metastasis and tumour invasion. 
SLC7A5 contributes to immune invasion within the TME by supporting the tumour metabolism. Thyroid cancer cells 
with high SLC7A5 expression can compete with immune-infiltrating T cells, such as effector T cells, for tryptophan 
and leucine. Excess amino acid uptake by thyroid cancer cells can impair T-cell function, cytotoxic activity, and cyto-
kine production due to immune exhaustion. SLC7A5 also activating the mTORC1 signalling, enhancing the release 
of immunosuppressive cytokines TGF-β and IL-6. The excess release of these cytokines further inhibited anti-tumour 
responses.
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ed the release of immunosuppressive cyto-
kines such as TGF-β and IL-6. The release of 
these cytokines further inhibited anti-tumour 
responses, as shown in Figure 2 [55, 56]. 

SLC7A5 also contributes to the development of 
therapeutic resistance. SLC7A5 promotes the 
amino acid influx, enabling the thyroid cancer 
cells to survive under nutrient deprivation, and 
induces the resistance to apoptosis [57]. Its 
upregulation could enhance metabolic resis-
tance, reducing the effectiveness of targeted 
therapies. Some studies reported that SLC7A5 
can be inhibited by novel tyrosine kinase and 
mTOR inhibitors. Therefore, SLC7A5 targeting 
with novel inhibitors could represent a novel 
strategy to overcome resistance [58].

Mechanism and role of SLC7A11: SLC7A11 is 
another member of the SLC7 family that me- 
diates sodium-independent cystine-glutamate 
exchange across the plasma membrane [59].  
It readily forms a heterodimeric complex with 
SLC3A2. The light chain of SLC7A11, which 
contributes to substrate specificity, and the 
heavy chain of SLC3A2 stabilized it, ensuring 
proper amino transport across the cell mem-
brane. The expression of SLC7A11 was obser- 
ved in patients with papillary thyroid cancer, 
where it influenced the nutrient supply and pro-
moted the tumour progression [60]. 

SLC7A11 influenced oncogenic signalling path-
ways in thyroid cancer progression (Figure 3). 
SLC7A11 was upregulated by the nuclear factor 

Figure 3. Mechanism and role of SLC7A11 in thyroid cancer. Under oxidative stress conditions, NRF2 is mainly 
translocated to the nucleus by enhancing the SLC7A11 expression. It also stimulates the cystine uptake by boosting 
glutathione production. This factor ultimately contributed to the ferroptosis resistance, resulting in the enhanced 
tumour growth and progression in thyroid cancer. Cytokine-mediated signalling through IL-6 and TNF-α activates 
the JAK/STAT3 and NF-κB signalling pathways. The metabolic activity of SLC7A11 alters the tumour microenviron-
ment and suppresses the anti-tumour immunity. Excess glutamate release into the extracellular space inhibits the 
functions of natural killer cells (NK) and cytotoxic T lymphocytes (CTL), thereby reducing immune-mediated tumour 
clearance. Moreover, a glutamate-rich environment also influenced the macrophages function through immune sup-
pression, tumour progression, and angiogenesis.
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erythroid 2-related factor 2 (NRF2). NRF2 is 
then translocated to the nucleus by enhancing 
the SLC7A11 expression [8, 61]. It contributed 
to ferroptosis resistance and enhanced the 
tumour growth. Cytokine-mediated signalling 
through IL-6 and TNF-α could activate the JAK/
STAT3 and NF-κB signalling pathways. The acti-
vation of oncogenic signals further enhanced 
SLC7A11 expression by importing cystine in 
exchange for intracellular glutamate, boosting 
glutathione production and thereby protecting 
them from oxidative stress [62].

SLC7A11 also influenced the ferroptosis in thy-
roid cancer cells. Ferroptosis is a newly identi-
fied form of cell death driven by lipid peroxida-
tion. This process is activated in the presence 
of iron and called ferroptosis [63, 64]. The  
overexpression of SLC7A11 could import cys-
tine in exchange for intracellular glutamate, 
and enhance glutathione peroxidase activity 
(GPX-4), thereby increasing GSH synthesis. 
These events could eventually suppress the 
lipid peroxidation and protect the tumour cells 
from ferroptosis. Therefore, SLC7A11 induced 
the ferroptosis resistance, enabling thyroid 
cancer cells to survive under oxidative stress 
environment (Figure 3) [65, 66]. 

SLC7A11 also interacts with the tumour micro-
environment (TME) and influences the immune 
cell functions. SLC7A11 is a cystine/glutamate 
antiporter that imports extracellular cystine in 
exchange for exporting intracellular glutamate, 
thereby promoting glutathione synthesis and 
protecting thyroid cancer cells from oxidative 
stress [67, 68]. The excess release of more 
nutrients into the extracellular space further 
inhibits the activities of natural killer cells (NK) 
and cytotoxic T lymphocytes (CTL). A nutrient-
rich environment also influences macrophage 
function through immune suppression, tumour 
progression, and angiogenesis, as shown in 
Figure 3. Therefore, SLC7A11 could promotes 
immunosuppressive TME that protects thyroid 
cancer cells from immune attack [69]. 

SLC7 targeting and therapeutic implications 
for thyroid cancer treatment

Therapeutic roles of SLC7 and targeting ap-
proaches

SLC7 are potential therapeutic targets, and tar-
geting them through various approaches could 

be helpful in the management of thyroid can-
cer. The mechanism of action and roles of dif-
ferent SLC7 inhibitors are shown in Figure 4. 
JPH203 is an inhibitor of SLC7A5, which is  
highly expressed in anaplastic thyroid cancer. 
SLC7A5 facilitates leucine uptake and drives 
tumour growth by activating the mTOR signal-
ling pathway [47]. JPH203 with an IC50 around 
1.3 µM, inhibited leucine transport in thyroid 
cancer cell lines (SW1736, 8505c, Hth104). It 
also inactivated the mTORC1 activity and in- 
hibited cell proliferation. Moreover, clinical eval-
uation of JPH203 for SLC7A5 inhibition is li- 
mited to solid malignancies. Therefore, its effi-
cacy can be evaluated in different cancers and 
could serve as a novel targeted therapy [70]. 

It was observed that SLC7A11 activity could be 
inhibited by different inhibitors. Sulfasalazine, 
an inhibitor of SLC7A11, with an IC50 value of 
0.48 mM in differentiated thyroid cancer cell 
lines (FTC-133 and TPC-1), causes the deple-
tion of intracellular glutathione [71, 72]. As a 
result, reactive oxygen species are produced 
sensitizing the tumour cells to oxidative stress. 
Erastin is another SLC7A11 that restrict the  
glutathione production. It also stimulates lipid 
peroxidation and ferroptosis by suppressing 
tumour cell survival in thyroid, lung and breast 
cancers [73]. 

Different therapeutic approaches have been 
employed to inhibit SLC7A3 activity. It was 
observed that arginine deprivation therapies 
could contribute to the suppression of tumour 
growth in thyroid and breast cancers. It di- 
srupted the nutrient supply by limiting poly-
amine and nitric oxide production and inhibit- 
ing the tumour growth [42]. These inhibitors 
have achieved enough success in the treat-
ment of thyroid cancer and solid malignancies. 
However, these inhibitors have several draw-
backs, including limited specificity and off-tar-
get effects. These issues can be addressed by 
combining therapies and drug delivery app- 
roaches to enhance their efficacy in thyroid 
cancer, as discussed in the following sections 
[74, 75].

Immunotherapeutic roles of SLC7 and target-
ing approaches

SLC7 also influenced the immune cells ac- 
tivities in the tumour microenvironment. They 
establish a pro-tumorigenic microenvironment, 
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characterized by TAMs and Tregs that secrete 
immunosuppressive cytokines such as IL-10 
and TGF-β, inhibiting the anti-tumour respons-
es. They suppress T-cell activity, inhibit natural 
killer cell and cytotoxic T lymphocyte activi- 
ties, and influence the macrophage function 
through immune suppression and tumour pro-
gression [23, 76]. This immunosuppressive  
environment protects the thyroid cancer cells 
from the immune attack. Immunotherapy app- 
roaches targeting SLC7 are promising avenu- 
es for thyroid cancer treatment. These thera-
pies included the immune checkpoint inhibi- 
tors, chimeric antigen receptor (CAR)-T cell im- 
munotherapy, cytokine therapies, and mono-
clonal antibodies [77]. These therapies modu-
late the SLC7 expression, reducing tumour 
invasion and improving immune cell function. 

These therapies have achieved enough suc-
cess in the treatment of thyroid cancers and 
solid malignancies [4, 78]. 

CAR-T cell therapy is a type of immunotherapy 
in which patient-derived T cells are engineered 
to express specific receptors for tumour anti-
gens [79]. Modulating the SLC7 expression in 
CAR-T cells could improve the efficacy of these 
therapies. CAR-T cells inhibited the SLC7A5 
activity, thereby reducing tumour growth. Mo- 
reover, CAR-T cells exhibit cytotoxic activity, 
specifically target thyroid cancer cells, and de- 
stroy them effectively [76]. 

Another approach is the immune checkpoint 
inhibitors, which influence the activity of im- 
mune cells in the tumour microenvironment. 

Figure 4. Therapeutic role and strategies of SLC7 targeting in thyroid cancer. JPH203 is a small-molecule inhibitor 
of SLC7A5 that blocks the transport of leucine in thyroid cancer cells by inactivating the mTORC1 activity. Arginine 
deaminase can suppress SLC7A3 activity by reducing arginine uptake, limiting polyamine and nitric oxide produc-
tion, and disrupting tumour growth and cell proliferation. Sulfasalazine and erastin inhibit SLC7A11 by blocking the 
cystine-glutamate exchange, thereby impairing the antioxidant defence system by inhibiting glutathione production, 
promoting lipid peroxidation and ferroptosis, and suppressing tumour growth in thyroid cancer cells.
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Some immune checkpoint inhibitors such as 
anti-PD-1/PD-L1, and anti-CTLA-4 antibodies 
showed efficacy in SLC7A5 targeting in ana-
plastic thyroid cancer [23, 80]. Immune check-
point inhibitors work by blocking the interaction 
between tumour cells and immune checkpoints 
on T-cells, thereby stimulating the immune sys-
tem to attack tumour cells more effectively. 
Therefore, these inhibitors could help to im- 
prove the antitumor immunity [12, 81].

Tumour-associated macrophages (TAMs) and 
myeloid-derived suppressor cells (MDSCs) have 
crucial roles in the immunosuppressive envi-
ronment [82]. The elevated SLC7A11 activity 
promotes ferroptosis resistance in thyroid can-
cer cells. It was observed that SLC7A11 acti- 
vity could be inhibited by sulfasalazine and 
sorafenib. These inhibitors induced the ferrop-
tosis in tumour cells. Combining these inhibi-
tors with immune checkpoint inhibitors further 
inhibits SLC7A11 activity, decreasing the acti- 
vities of TAMs and MDSCs, reducing immune 
invasion, enhance the effectiveness of T-cell-
mediated immunity, and stimulating T-cell acti-
vation. Therefore, activated T cells effectively 
respond to tumour cells [82, 83]. 

Strategies for improving the therapeutic deliv-
ery of SLC7

Recent studies have shown that SLC7 are 
promising gateway for targeted drug delivery  
in the treatment of thyroid cancer. Different 
approaches, such as the design of novel drugs 
that mimic natural amino acid substrates, 
nanoparticle-based delivery, and gene-based 
interventions, could help for enhancing their 
delivery in thyroid cancer cells by inhibiting 
tumour cell growth, as shown in Figure 5 [84, 
85]. 

The first approach is the development of pro-
drugs that are selectively recognized and trans-
ported effectively to targeted tissues. Conju- 
gation of cytotoxic agents to amino acid-like 
moieties could facilitate entry into tumour tis-
sues via SLC7A3 and SLC7A5. The development 
of such drugs could inhibit tumour growth and 
cell proliferation, improve bioavailability, and 
ensure activation occurs in the tumour micro-
environment. This strategy has several advan-
tages over conventional therapies, as it re- 
duces toxicity while delivering the maximum 
concentration to the tumour site [4, 86]. 

Gene-based intervention is another effective 
approach for improving drug delivery in thy- 
roid cancer. The clustered regularly interspac- 
ed short palindromic repeats system (CRISPR/
Cas9), and RNA interference are useful for 
modulating SLC7 expression [87]. These tools 
help upregulate the SLC7 expression and 
silence genes that promote tumour growth and 
cell proliferation in thyroid cancer cells. Tar- 
geted silencing of SLC7A11, through CRISPR/
Cas9 gene editing or siRNA-mediated knock-
down, has been shown to reduce cystine up- 
take in thyroid cancer cells, thereby weaken the 
antioxidant system and making tumour cells 
more vulnerable to oxidative stress. Therefore, 
such genetic modifications could improve the 
drug delivery and therapeutic response [88]. 

Another approach is the design of nanoparti-
cle-based delivery systems [89]. Liposomes 
coated with amino acid ligands and transport-
er-targeted peptides enhance their binding to 
SLC7A5, and SLC7A11 could promote the effi-
cient delivery of CRISPR constructs and che- 
motherapeutics. This strategy enables the co-
delivery of multiple therapeutic agents into 
thyroid cancer cells while reducing off-target 
effects. For example, combinations of redox 
modulators and chemotherapy stimulate their 
accumulation in tumour tissues by disrupting 
glutathione production, and sensitizing tumour 
cells to oxidative stress [90, 91]. 

Theranostics is another advanced technology 
that integrates therapy and diagnostic imaging 
into a single platform to assess thyroid cancer 
progression and drug delivery treatment [92]. 
Radiolabelled amino acid analogues showed 
binding to SLC7A5. These analogues selecti- 
vely entered tumour tissues, thus enabling tu- 
mour visualization. Using this technique, cyto-
toxic nucleotides can be delivered to thyroid 
malignant tissues. This dual function could 
help monitor therapeutic response and en- 
hance treatment precision [36, 93]. 

Clinical trials in SLC7

Several trials are recruiting to investigate the 
role of SLC7, monitor patient response to the- 
rapy, improve treatment outcomes, and assess 
clinical relevance [94, 95]. The clinical trial 
NCT00062348 was conducted by the European 
Centre of Cancer that utilized the sodium bo- 
rocaptate and boronophenylalanine fructose 
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complex in the diagnosis of solid malignancies. 
The presence of these compounds in tumour 
tissues aiding to monitor the disease severity. 
Another trial, NCT01830504, was conducted 
to investigate the effects of BKM120 in patients 
with thyroid cancer. The findings of this trial 
revealed that BKM120 inhibited the PI3K activ-
ity by modulating SLC7 expression and offered 
therapeutic benefits in thyroid cancer manage-
ment. The trial NCT06791005 showed carbon 
nanoparticles delivered via SLC7A5 could be 
helpful for diagnostic imaging in thyroid cancer 
patients. The clinical trial NCT04670068 was 
conducted by the Lineberger Cancer Centre  
to design the novel autologous CAR-T cells for 

cancer immunotherapy. This trial revealed that 
CAR-T cells could target the B7-H3 antigen, 
showing potential for treating solid malignan-
cies. Another trial, NCT03264456, was con-
ducted by the University of Alabama to eva- 
luate the efficacy of 18F-FSPG. This trial re- 
vealed the behaviour of proliferating cells by 
inhibiting the SLC7A11 expression. 

Current challenges and future implications to 
SLC7 in thyroid cancer management 

Despite the physiological and therapeutic sig-
nificance of SLC7, several challenges still exist 
that limit its translational application in thyroid 

Figure 5. Strategies for improving the therapeutic delivery of SLC7 into thyroid cancer cells. (1) The radiolabelled 
amino acid analogues that selectively enter the thyroid cancer cells and enable the tumour visualization. (2) CRISPR 
technology is employed for the regulation of SLC7 expression and silencing the genes that promote tumour growth 
and proliferation. (3) Nanoparticles are coated with amino acid ligands to improve the targeted delivery of chemo-
therapeutics. (4) Cytotoxic nucleotides are delivered into the thyroid malignant tissues for monitoring the therapeu-
tic response and enhancing the treatment precision. Overall, these approaches help improve targeted drug delivery 
to cells by inhibiting tumour growth, metastasis, and cell proliferation.
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cancer management. Firstly, heterogeneity in 
expression patterns across thyroid cancer sub-
types complicates clinical data interpretation 
[4, 96]. The upregulation of SLC7A5 was ob- 
served in the anaplastic thyroid cancer, but its 
expression remains variable in differentiated 
thyroid cancer, making it more difficult to es- 
tablish a more standard diagnostic platform. 
Multi-omics approaches, such as integrating 
transcriptomic and proteomic data, could help 
identify more suitable biomarkers for specific 
thyroid cancer subtypes. Moreover, machine 
learning models can be used to explore molec-
ular expression signatures for each subtype 
[36, 97]. 

Other challenges included the development of 
therapeutic resistance and limited drug se- 
lectivity [98]. SLC7A11 plays an important role 
in ferroptosis resistance via cystine-glutamate 
exchange, thereby limiting the clinical efficacy 
of redox-targeted therapies. Combining immu-
notherapies could overcome ferroptosis resis-
tance by targeting of SLC7A11 and resensitiz-
ing the tumour cells to checkpoint inhibitors, 
including anti-PD-1/PD-L1 and anti-CTLA-4 an- 
tibodies. These approaches could help stimu-
late the immune system to attack thyroid can-
cer cells [68, 99]. 

Several therapeutic agents are used to inhibit 
SLC7A11 activity. However, off-target toxicity 
issues still exist, highlighting the need for more 
selective, safe, and effective therapeutic strat-
egies. Moreover, targeting SLC7A5 and SLC- 
7A11 with available small-molecule inhibitors 
may encounter selectivity issues that remain a 
barrier to clinical treatment [100]. These issues 
can be overcome by designing selective inhibi-
tors and targeted delivery systems. Nanopar- 
ticle delivery system that enables efficient de- 
livery into tumour tissues while minimising off-
target toxicity. Moreover, the development of a 
prodrug is currently under clinical investigation 
to exploit the LAT-1 mediated delivery in solid 
tumours and could be extended to thyroid can-
cer [26, 101]. 

The lack of metabolic network data obtained 
through traditional methods is another hurdle 
in exploration of SLC7 as a robust diagnostic 
biomarkers [4, 102]. Integrated approaches 
combining transcriptomics, metabolomics, and 
genomics reveal the metabolic network associ-
ated with SLC7 data in thyroid cancer and solid 

malignancies. These approaches are helpful to 
identify tumour subtypes and biomarkers, the- 
reby enabling therapeutic interventions [103, 
104]. 

Most thyroid cancer studies are limited to can-
cer cell lines and animal models and fail to 
explore the complex tumour microenvironment 
[105]. For example, SLC7A11 can exacerbate 
oxidative stress and exhibit antitumor effects  
in mouse xenograft models, but clinical valida-
tion in thyroid cancer patients remains lacking. 
Clinical trials and cohort studies are limited in 
their ability to show a correlation between SLC7 
family members and survival outcomes. In fu- 
ture, prospective studies are needed to vali-
date therapeutic agents in thyroid cancer treat-
ment [106, 107]. 

Conclusion

This review explored the emerging roles of 
SLC7 family members, the molecular mecha-
nisms by which they influence thyroid cancer 
development, highlighted current challenges, 
and innovative strategies for targeting them  
as a promising avenue in thyroid cancer treat-
ment. They are involved in amino acid metabo-
lism, tumour growth, and immune cell function. 
However, dysregulated amino acid metabolism 
was observed in thyroid cancer, leading to ac- 
tivation of oncogenic signalling pathways, stim-
ulating cell proliferation, and conferring resis-
tance to ferroptosis. The heterodimeric com-
plex formed by SLC3A2 with SLC7A5 and 
SLC7A11 could enhance amino acid uptake in 
thyroid cancer cells, promoting tumour growth. 
They are used as promising therapeutic ag-
ents, and targeting them through the design  
of immune checkpoint inhibitors, engineered 
CAR-T cells, and CRISPR-edited cells could rep-
resent promising strategies in clinical oncology. 
These approaches may target SLC7 and inhibit 
their activity by disrupting the nutrient supply to 
thyroid cancer cells. Further research is need-
ed to explore their mechanisms of regulation, 
their interactions in the tumour microenviron-
ment across different cancers, and to develop 
new therapeutic approaches to improve cancer 
patient outcomes. 
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