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Abstract

SLC7A11, also known as xCT, is the functional light-chain subunit of system xc− and mediates extracellular cystine uptake in exchange for intra-
cellular glutamate. By supplying cystine for glutathione (GSH) biosynthesis and sustaining glutathione peroxidase 4 (GPX4)-dependent detoxifi-
cation of lipid peroxides, SLC7A11 occupies a central position in ferroptosis control. In cancer, SLC7A11 is not merely an amino acid transporter, 
but a stress-adaptive hub through which tumor cells convert hypoxia, oxidative stress, endoplasmic reticulum stress, nutrient limitation, and ther-
apeutic pressure into antioxidant defense and ferroptosis resistance. This review summarizes the multilayered regulation of SLC7A11 expression 
in cancer. We first introduce the structural and functional basis of SLC7A11 and its biological significance in ferroptosis and tumor progression. 
We then discuss its epigenetic regulation, transcriptional regulatory network, post-transcriptional and translational control-including RNA mod-
ifications, RNA-binding proteins, and non-coding RNA networks-and protein homeostasis and post-translational regulation. Finally, we highlight 
therapeutic strategies centered on SLC7A11 and propose that effective ferroptosis-based cancer therapy may require simultaneous induction of 
lipid peroxidation stress and blockade of adaptive SLC7A11 upregulation or stabilization.
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Multilayered Regulation of SLC7A11 in Cancer: 
From Expression Control to Functional Ferroptosis Adaptation

Introduction

Ferroptosis is a regulated form of cell death driven by iron-de-
pendent lipid peroxidation. Unlike apoptosis or necrosis, ferro-
ptosis is defined by a specific metabolic vulnerability, namely 
the failure to detoxify phospholipid hydroperoxides in cellular 
membranes. Since its initial description by Dixon et al., ferro-
ptosis has become a major conceptual framework for under-
standing tumor biology, therapy resistance, metabolic stress, 
and redox homeostasis [1-2]. The importance of SLC7A11 
is particularly evident in cancer. Tumor cells are frequently 
exposed to persistent oxidative stress, hypoxia, nutrient limita-
tion, endoplasmic reticulum stress, and therapy-induced dam-
age. These conditions would, in principle, render malignant 
cells highly vulnerable to ferroptosis. However, many cancers 
acquire robust antioxidant programs that enable survival under 
such hostile conditions, and SLC7A11 is a key determinant of 
this adaptive phenotype. High SLC7A11 expression has been 
associated with tumor growth, metastasis, stemness, radio-
resistance, chemoresistance, and reduced sensitivity to ferro-
ptosis-inducing therapies [3-5]. In addition, SLC7A11 reshapes 
amino acid metabolism, glutamine dependence, and redox 
balance, thereby creating both survival advantages and exploit-

able metabolic liabilities [3, 5]. Conversely, tumor suppressive 
pathways, especially p53, can repress SLC7A11 transcription 
and lower the threshold for ferroptosis [6].
SLC7A11 is one of the most important determinants of this 
adaptive state. SLC7A11, also known as xCT, is the light-chain 
subunit of system xc− and usually functions as a heterodimer 
with the heavy-chain subunit SLC3A2 [1-2]. This transporter 
imports extracellular cystine into the cell in exchange for intra-
cellular glutamate. After entering the reducing intracellular en-
vironment, cystine is converted to cysteine, which is then used 
for glutathione (GSH) synthesis. GSH provides reducing equiv-
alents for glutathione peroxidase 4 (GPX4), the key enzyme 
that detoxifies lipid peroxides and suppresses ferroptosis [3, 
7-8]. Thus, the SLC7A11-cystine-GSH-GPX4 axis forms a core 
metabolic defense system against lipid peroxidation.
Accumulating evidence indicates that aberrant SLC7A11 
expression in cancer is not governed by a single regulatory 
pathway. Rather, it is sustained by a multilayered regulatory 
network involving epigenetic remodeling, stress-responsive 
transcription factors, RNA modifications, RNA-binding proteins, 
non-coding RNAs, ubiquitination, deubiquitination, SUMOy-
lation, and membrane trafficking [9-22]. Accordingly, under-
standing how SLC7A11 expression is regulated has become 
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increasingly important, not only for clarifying the molecular 
basis of tumor stress adaptation, but also for identifying thera-
peutic vulnerabilities that may be exploited to sensitize tumors 
to ferroptosis-based treatment.
This review focuses on the expression regulation of SLC7A11 
in cancer. Rather than listing individual regulators in isolation, 
we organize current evidence into four mechanistic layers: 
chromatin and epigenetic regulation, transcriptional control, 
RNA-level regulation, and protein-level regulation. We empha-
size that SLC7A11 functions as a stress-adaptive hub through 
which cancer cells convert adverse microenvironmental and 
therapeutic signals into ferroptosis resistance. This framework 
also highlights a therapeutic principle: simply increasing oxi-
dative stress may be insufficient if tumor cells simultaneously 
activate SLC7A11-dependent defenses. More effective strate-
gies may require inducing ferroptotic pressure while blocking 
adaptive SLC7A11 upregulation or stabilization. This review 
is a narrative review that aims to synthesize and discuss the 
multilayered regulation of SLC7A11 in cancer, with a focus on 
its role in ferroptosis adaptation. As such, it does not follow a 
systematic search strategy or predefined inclusion criteria.

Structural and Functional Basis of SLC7A11 and Its Role in 
Tumorigenesis
SLC7A11 is the substrate-selective light-chain component of 
system xc− and typically forms a disulfide-linked heterodimer 
with the heavy-chain subunit SLC3A2 [1-2]. Within this trans-
porter complex, SLC3A2 mainly contributes to membrane traf-
ficking and structural stabilization, whereas SLC7A11 confers 
the transport specificity required for cystine/glutamate ex-
change [1-2]. SLC7A11 is a 12-transmembrane-domain protein 
with both its N- and C-terminal domains localized to the cyto-
plasm, whereas SLC3A2 is a single-pass transmembrane pro-
tein with an intracellular N-terminus and a heavily glycosylated 
extracellular C-terminus [23]. This structural arrangement 
underlies the functional output of system xc− at the plasma 
membrane.
SLC7A11 is positioned upstream of one of the most important 
anti-ferroptotic metabolic axes in cancer cells. By mediating 
cystine uptake, SLC7A11 ensures the intracellular supply of 
cysteine, a rate-limiting precursor for GSH biosynthesis. GSH 
then supports GPX4-dependent reduction of lipid hydroperox-
ides, thereby preventing lethal membrane damage. Inhibition 
of system xc− by genetic depletion of SLC7A11 or pharmaco-
logical blockade reduces cystine availability, decreases GSH 
synthesis, impairs GPX4 activity, and drives the accumulation 
of lipid peroxides [3, 7-8].
This metabolic role explains why SLC7A11 is frequently asso-
ciated with therapy resistance. Many anticancer treatments 
increase reactive oxygen species, perturb mitochondrial me-
tabolism, or induce lipid peroxidation. Tumor cells with high 
SLC7A11 expression are better equipped to buffer these pres-
sures. In this setting, SLC7A11 acts as a key buffer, allowing 
cancer cells to sustain redox homeostasis despite ongoing ox-
idative injury [3-5]. However, this protection comes with trade-
offs. Because system xc− exports glutamate while importing 
cystine, strong SLC7A11 activity can influence glutamate 
metabolism and create specific nutrient dependencies. These 
metabolic liabilities may be exploited therapeutically, particu-
larly in tumors that are highly dependent on cystine uptake and 
GSH synthesis.

SLC7A11 also functions as a readout of stress-adaptive tran-
scriptional activity. Hypoxia, oxidative stress, endoplasmic 
reticulum stress, nutrient stress, inflammatory cues, and onco-
genic signaling can all converge on SLC7A11 induction [9-16, 
24-30]. The resulting increase in cystine uptake allows tumor 
cells to transform potentially damaging stress signals into 
antioxidant capacity. In this sense, high SLC7A11 expression 
should not be interpreted only as a static biomarker. It rep-
resents a dynamic adaptive state maintained by coordinated 
transcriptional, post-transcriptional, and post-translational reg-
ulation.

Epigenetic Regulation of SLC7A11: Chromatin Remodeling 
and Histone Modifications
In addition to being regulated by stress-responsive transcrip-
tion factors, the expression of SLC7A11 is subject to epigen-
etic control at the level of chromatin architecture and histone 
modification. These mechanisms shape the accessibility of 
the SLC7A11 locus and the permissiveness of its transcription-
al activation without altering the underlying DNA sequence.
Transcription of SLC7A11 depends on a permissive chromatin 
environment. ATP-dependent chromatin remodeling is an im-
portant component of this process. In addition to binding the 
promoter, NRF2 can recruit SNF2L, the ATPase subunit of the 
ISWI chromatin remodeling complex, to the SLC7A11 locus 
[31]. SNF2L promotes nucleosome repositioning and increas-
es local chromatin accessibility, thereby facilitating transcrip-
tional activation. This finding suggests that NRF2 functions 
not only as a transcription factor but also as a coordinator of 
chromatin remodeling.
The SWI/SNF complex also contributes to SLC7A11 regulation. 
Its subunit ARID1A binds the SLC7A11 promoter and supports 
transcriptional activation. Notably, although ARID1A is widely 
regarded as a tumor suppressor and is frequently mutated in 
cancer, its loss reduces rather than increases SLC7A11 expres-
sion, in contrast to the effects of p53 or BAP1 deficiency [32]. 
This highlights the context dependence of epigenetic regula-
tors. Because ARID1A-deficient cells exhibit reduced SLC7A11 
expression and impaired glutathione metabolism, they may be 
particularly vulnerable to therapies targeting redox homeosta-
sis [32].
Histone modifications provide an additional layer of control. In 
breast cancer, HNF4α recruits p300/CBP to the SLC7A11 pro-
moter, promotes histone acetylation, and activates SLC7A11 
transcription, thereby suppressing ferroptosis [33]. By contrast, 
the repressive mark H3K27me3 inhibits SLC7A11 expression. 
A recent study showed that m6A-dependent regulation of 
KDM6B and GATA3 reduces KDM6B-mediated H3K27me3 de-
methylation and weakens GATA3-driven transactivation, result-
ing in coordinated suppression of SLC7A11 [34]. This mecha-
nism illustrates how RNA modification, histone regulation, and 
transcription factor activity can converge on the same locus.
Overall, chromatin remodeling and histone modification collec-
tively determine the accessibility and transcriptional permis-
siveness of the SLC7A11 locus, and thereby set the baseline 
upon which stress-responsive transcription factors act.

Transcriptional Regulatory Network of SLC7A11
Transcriptional control constitutes the most direct mecha-
nism by which cancer cells increase SLC7A11 expression in 
response to environmental and therapeutic stress. Multiple 
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signaling pathways converge on the SLC7A11 locus, forming 
an integrated regulatory network that determines ferroptosis 
sensitivity.

KEAP1–NRF2 Signaling as a Central Antioxidant Axis
Among all transcriptional regulators, the KEAP1–NRF2 path-
way is one of the most prominent drivers of SLC7A11 expres-
sion. Under basal conditions, KEAP1 promotes NRF2 degrada-
tion, whereas oxidative stress or KEAP1 dysfunction stabilizes 
NRF2 and enables its nuclear translocation. Activated NRF2 
binds antioxidant response elements and induces expression 
of a wide range of cytoprotective genes, including SLC7A11 
[24]. In many cancers, persistent NRF2 activation enhances 
cystine uptake, promotes GSH production, and suppresses 
ferroptosis, thereby facilitating tumor survival under oxidative 
stress.
Recent studies further indicate that the NRF2–SLC7A11 axis 
is shaped by metabolic and microenvironmental cues. In tri-
ple-negative breast cancer, cysteine availability itself can pro-
mote NRF2 activation, forming a feed-forward survival mecha-
nism [25]. In gastric cancer, TMEM160 suppresses ferroptosis 
and induces chemoresistance by inhibiting KEAP1 and thereby 
activating NRF2-dependent SLC7A11 expression [26]. Lipid 

Figure 1. Transcriptional regulation of SLC7A11.
A, KEAP1 loss or oxidative stress stabilizes NRF2, promoting SLC7A11 transcription and ferroptosis resistance. B, hypoxia, ER stress and nutrient 
limitation activate HIFs or ATF4 to induce SLC7A11 expression. C, p53 represses SLC7A11 transcription, reducing cystine uptake and increasing 
ferroptosis sensitivity. D, ROS–FOXK2 and estrogen–ERα signaling provide additional routes for SLC7A11 activation.

A

metabolism also intersects with this pathway, as SCD1 inhi-
bition in lung adenocarcinoma blocks AKT–NRF2–SLC7A11 
signaling and primes cells for ferroptosis [27]. Moreover, im-
mune-metabolic signals from the tumor microenvironment 
can enhance ferroptosis resistance through SLC7A11-associ-
ated antioxidant programs [28]. These findings suggest that 
NRF2-dependent induction of SLC7A11 is not a simple generic 
oxidative stress response, but rather part of a broader adaptive 
network integrating metabolism, redox regulation, and therapy 
pressure [24-30] (Figure. 1A).

Hypoxia, HIF signaling, and ATF4-Mediated integrated stress 
response
Hypoxia is a hallmark of solid tumors and an important driv-
er of SLC7A11 transcription. HIF-1 can promote glutathione 
synthesis and ferroptosis resistance by inducing SLC7A11-as-
sociated transcriptional programs, thereby contributing to ther-
apy-resistant cancer stem-like phenotypes [9]. HIF-2 may also 
mediate ferroptosis resistance in a tumor type-specific man-
ner, as reported in pancreatic cancer [10]. Although the relative 
contribution of HIF-1 versus HIF-2 may vary across contexts, 
these studies support the general concept that hypoxia-in-
duced SLC7A11 expression is an important component of tu-
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mor adaptation.
HIF signaling also cooperates with oncogenic metabolic path-
ways. In ovarian cancer, YY1-induced USP43 stabilizes FASN, 
which subsequently activates SLC7A11 expression through 
HIF-1α stabilization [11]. This cascade illustrates how lipid 
metabolism and deubiquitinating pathways can converge on 
hypoxia-responsive transcriptional control. Thus, SLC7A11 
upregulation under hypoxia reflects an active integration of 
oxygen sensing, transcription factor stability, and metabolic 
rewiring rather than a passive consequence of low oxygen ten-
sion.
Endoplasmic reticulum stress and nutrient limitation provide 
an additional route to SLC7A11 induction via ATF4, a central 
transcription factor of the integrated stress response. ATF4 
directly activates SLC7A11 transcription in hepatocellular 
carcinoma and colorectal cancer, thereby promoting cystine 
uptake and GSH synthesis under adverse conditions [12-13]. 
Pharmacological evidence further supports this pathway, as 
dihydroartemisinin induces ferroptosis in hepatocellular carci-
noma partly by suppressing the ATF4–xCT axis [14]. Given that 
hypoxia can simultaneously elevate reactive oxygen species 
and trigger endoplasmic reticulum stress, HIF and ATF4 path-
ways may cooperate to establish a robust stress-adaptive pro-
gram sustaining SLC7A11 expression in solid tumors (Figure. 
1B).

p53 as a Context-Dependent Transcriptional Brake
In contrast to the activating pathways described above, p53 
serves as a major transcriptional repressor of SLC7A11. p53 
directly binds the SLC7A11 promoter and represses its tran-
scription, thereby reducing cystine uptake, limiting GSH syn-
thesis, and sensitizing cells to ferroptosis [6]. This mechanism 
links tumor suppressor activity to ferroptosis regulation and 
is distinct from the classical roles of p53 in cell-cycle arrest, 
apoptosis, and senescence.
Importantly, the p53–SLC7A11 axis is highly context depen-
dent. Its output may be influenced by p53 mutation status, 
polymorphisms, post-translational modifications, interacting 
cofactors, and tumor-specific metabolic context. For exam-
ple, the African-specific P47S variant of p53 exhibits impaired 
tumor suppressor function and altered ferroptosis regulation 
[17]. ACSL1 loss in clear cell renal cell carcinoma modifies fer-
roptosis resistance in a manner connected to lipid metabolism 
[18]. In ovarian cancer, TOP2A knockdown reverses cisplatin 
resistance through the TP53/GPX4/SLC7A11 axis, whereas in 
breast cancer FXR deficiency induces ferroptosis by modulat-
ing CBP-dependent p53 acetylation [19-20]. Additional regula-
tors such as CAPG and lncRNA-HMG further reshape p53-me-
diated ferroptosis through broader signaling and non-coding 
RNA networks [21-22]. These findings indicate that p53 is best 
viewed as a context-sensitive ferroptosis gatekeeper rather 
than a universal binary switch (Figure. 1C).

Additional Transcriptional Inputs
In addition to canonical stress pathways, several other mecha-
nisms contribute to SLC7A11 transcriptional activation. Under 
oxidative stress, ROS can trigger an oxidation–O-GlcNAcyla-
tion cascade that promotes FOXK2 nuclear translocation and 
SLC7A11 transcription, representing an NRF2-independent 
route by which oxidative injury is converted into antioxidant ad-
aptation [15]. In estrogen receptor-positive breast cancer, es-

trogen receptor α enhances system xc− activity and SLC7A11 
expression, thereby linking hormone signaling to ferroptosis 
resistance and endocrine responsiveness [16]. These findings 
broaden the conceptual framework of SLC7A11 regulation, in-
dicating that distinct tumor types may use different upstream 
routes to converge on the same anti-ferroptotic effector.
Taken together, the transcriptional regulatory network of 
SLC7A11 integrates oxidative stress, hypoxia, endoplasmic re-
ticulum stress, nutrient availability, hormonal cues, and tumor 
suppressor pathways to determine whether tumor cells remain 
resistant or become vulnerable to ferroptosis (Figure. 1D).

Post-Transcriptional and Translational Regulation of 
SLC7A11
After transcription, SLC7A11 expression is further refined 
at the RNA level through RNA modifications, RNA-binding 
proteins, non-coding RNAs, and alternative splicing. This lay-
er of regulation allows cells to rapidly and reversibly adjust 
SLC7A11 output in response to environmental fluctuation and 
therapeutic challenge.

RNA modifications and mRNA fate
Among epitranscriptomic modifications, m6A is the most 
extensively studied in the context of SLC7A11. METTL3-medi-
ated m6A modification of SLC7A11 enhances radioresistance 
in nasopharyngeal carcinoma by inhibiting ferroptosis [35]. In 
non-small cell lung cancer, IGF2BP2 recognizes m6A-modified 
SLC7A11 mRNA and promotes its stability, thereby supporting 
proliferation and ferroptosis resistance [36]. METTL5 likewise 
promotes cervical cancer progression through m6A-dependent 
suppression of ferroptosis involving SLC7A11 [37]. In hepato-
cellular carcinoma, inhibition of METTL3 enhances radiosen-
sitivity by downregulating SLC7A11, while IGF2BP3 stabilizes 
SLC7A11 in gastric cancer and antagonizes ferroptosis [38-39].
Conversely, RNA demethylases can reduce SLC7A11 expres-
sion and increase ferroptosis sensitivity. ALKBH5 suppresses 
non-small cell lung cancer progression by facilitating ferro-
ptosis through m6A demethylation of SLC7A11 [40]. FTO 
inhibition decreases the SLC7A11/GPX4 axis and induces 
ferroptotic death in colorectal cancer [41]. These observations 
emphasize that the effect of m6A on SLC7A11 is highly con-
text dependent and may vary according to the modified site, 
reader proteins, tumor lineage, and surrounding stress environ-
ment.
Other RNA modifications also participate in SLC7A11 control. 
NSUN2-mediated m5C modification affects SLC7A11 mRNA 
stability and translation, and NSUN2 knockdown promotes 
ferroptosis in colorectal cancer [42]. NAT10-mediated ac4C 
modification increases SLC7A11 protein expression and con-
tributes to sorafenib resistance in nasopharyngeal carcinoma 
[43]. Together, these studies identify SLC7A11 as an important 
effector transcript in the broader field of epitranscriptomic reg-
ulation of ferroptosis (Figure. 2A).

RNA-Binding Proteins and 3′UTR-Mediated Regulation
The stability and translational efficiency of SLC7A11 mRNA 
are also strongly influenced by RNA-binding proteins interact-
ing with cis-regulatory elements, particularly within the 3′ un-
translated region (3′UTR). In bladder cancer, PHGDH promotes 
malignant progression by upregulating SLC7A11, at least 
partly through stabilization of the RNA-binding protein PCBP2 
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Figure 2. Post-transcriptional and translational regulation of SLC7A11.
A, RNA modifications regulate SLC7A11 mRNA stability and translation, thereby altering ferroptosis sensitivity. B, RNA-binding proteins control 
SLC7A11 mRNA stability through 3′UTR-dependent mechanisms. C, non-coding RNAs and alternative splicing modulate SLC7A11 expression, 
protein stability and ferroptosis resistance.

A

[44]. In colon adenocarcinoma, HnRNPU stabilizes the mRNAs 
encoding both SLC7A11 and SLC3A2, suggesting coordinated 
control of the two subunits of system xc− [45]. ALYREF sim-
ilarly promotes SLC7A11 mRNA stability and facilitates lung 
adenocarcinoma growth and metastasis [46].
By contrast, destabilizing RNA-binding proteins can de-
crease SLC7A11 levels and sensitize cells to ferroptosis. In 
KRASG12C-mutant lung cancer, TTP binds AU-rich elements in 
the SLC7A11 3′UTR and accelerates mRNA decay, thereby en-
hancing sensitivity to KRASG12C inhibitors [47]. RBMS2 has also 
been reported to regulate SLC7A11 transcription–translation 
coupling in colorectal cancer [48]. These studies underscore 
that the 3′UTR of SLC7A11 functions as a regulatory platform 
where oncogenic signaling, metabolic status, and therapy re-
sponse are integrated (Figure. 2B).

Non-Coding RNAs and Alternative Splicing
Non-coding RNAs constitute another major post-transcription-
al regulatory layer upstream of SLC7A11. Many long non-cod-
ing RNAs (lncRNAs) and circular RNAs (circRNAs) act through 
competitive endogenous RNA mechanisms, typically by se-
questering microRNAs that would otherwise repress SLC7A11. 
In colorectal cancer, lncRNA FTX promotes radioresistance 

through the miR-625-5p/SLC7A11 axis [49]. In lung cancer, 
small extracellular vesicle-associated SNHG12 enhances 
metastasis through the miR-326/SLC7A11 axis, and lncRNA 
SLC7A11AR promotes lung adenocarcinoma progression 
by increasing SLC7A11 expression [50-51]. In breast cancer, 
POU2F2-induced PTPRG-AS1 inhibits ferroptosis through the 
miR-376c-3p/SLC7A11 axis [52]. In hepatocellular carcinoma, 
circTTC13 promotes sorafenib resistance through the miR-
513a-5p/SLC7A11 axis [53].
Notably, non-coding RNAs can also regulate SLC7A11 through 
mechanisms beyond classical miRNA sponging. LINC01833 
protects SLC7A11 from WWP1-mediated ubiquitination and 
promotes gemcitabine resistance in non-small cell lung cancer 
[54]. LINC01088 enhances SLC7A11 expression in glioblasto-
ma through the HLTF/USP7 axis [55]. Under glutamine starva-
tion, the lncRNA FERRIN suppresses ferroptosis by stabilizing 
SLC7A11 mRNA [56]. Exosome-derived circUPF2 enhances 
resistance to targeted therapy in hepatocellular carcinoma by 
strengthening the interaction between IGF2BP2 and SLC7A11 
mRNA [57]. In prostate cancer, circCNOT6L modulates alterna-
tive splicing of SLC7A11 pre-mRNA through SRSF2, thereby ex-
tending post-transcriptional regulation from mRNA abundance 
to transcript processing [58].
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Collectively, these findings indicate that non-coding RNAs influ-
ence SLC7A11 at multiple levels, including transcript stability, 
protein turnover, and RNA processing, and that post-transcrip-
tional and translational regulation provides a rapid and versa-
tile means for cancer cells to fine-tune SLC7A11 expression 
and dynamically adjust ferroptosis sensitivity. (Figure. 2C).

Protein Homeostasis and Post-Translational Regulation of 
SLC7A11
Although transcriptional and RNA-level mechanisms determine 
SLC7A11 mRNA output, the ultimate anti-ferroptotic function 
of SLC7A11 depends on protein abundance, stability, mem-
brane localization, and transporter complex assembly. 

Ubiquitination-mediated degradation
The ubiquitin–proteasome system is a major mechanism 
governing SLC7A11 protein turnover. Several E3 ubiquitin li-
gases promote SLC7A11 degradation and thereby enhance 

Figure 3. Protein-level regulation of SLC7A11.
A, E3 ligases mediate SLC7A11 ubiquitination and degradation, reducing membrane xCT and increasing ferroptosis sensitivity. B, DUBs and SU-
MOylation stabilize SLC7A11, promoting ferroptosis resistance. C, SLC3A2-assisted membrane localization enables system xc- activity, cystine 
uptake and glutamate export. D, SLC7A11 trafficking, recycling and lysosomal degradation remain key unresolved mechanisms for future study.

A

ferroptosis sensitivity. In hepatocellular carcinoma, SOCS2 in-
duces K48-linked polyubiquitination of SLC7A11 by recruiting 
the Elongin B/C complex, leading to its degradation and con-
sequent radiosensitization [59]. In colorectal cancer, AMER1 
recruits β-TrCP1/2 to target SLC7A11 and FTL, thereby pro-
moting ferroptosis and suppressing metastasis [60]. TRIM3 fa-
cilitates K11-linked ubiquitination and degradation of SLC7A11 
in non-small cell lung cancer [61]. ZRANB1 has also been 
reported to act as an E3 ligase for SLC7A11 and to regulate 
ferroptotic resistance [62]. These studies indicate that distinct 
tumors may employ different ubiquitin ligases and linkage 
types to regulate SLC7A11 stability (Figure. 3A).

Deubiquitination, SUMOylation, and Protein Stabilization
Deubiquitinating enzymes (DUBs) can counteract ubiquitin-me-
diated degradation and maintain SLC7A11 abundance. OTUD5 
removes ubiquitin chains from SLC7A11 in triple-negative 
breast cancer, promoting progression and reducing paclitaxel 
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sensitivity [63]. OTUD3 stabilizes SLC7A11 and contributes 
to sunitinib resistance in clear cell renal cell carcinoma [64]. 
In multiple myeloma, HSPA9 enhances USP14-mediated 
SLC7A11 deubiquitination and suppresses ferroptosis [65]. In 
hepatocellular carcinoma, EFNA4 recruits USP9X to stabilize 
SLC7A11, linking extracellular signaling to intracellular ferro-
ptosis resistance [66]. USP35 promotes growth of estrogen 
receptor-positive breast cancer through a BRD4-SLC7A11-de-
pendent anti-ferroptotic mechanism [67] (Figure. 3B).
SUMOylation is another important post-translational mech-
anism. PIAS4-mediated SUMOylation stabilizes SLC7A11 in 
breast cancer, whereas tanshinone IIA destabilizes SLC7A11 
by interfering with KDM1A–PIAS4-dependent SUMOylation 
and thereby promotes ferroptosis [68]. These results suggest 
that protein stabilization pathways may sustain SLC7A11 ex-
pression even when transcriptional activation is only moderate, 
making them attractive therapeutic targets.

Membrane localization and system xc− complex activity
The functional output of SLC7A11 depends not only on total 
protein abundance but also on its localization to the plasma 
membrane and its proper assembly with SLC3A2 [1-2]. SLC3A2 
is required for transporter stability and trafficking, whereas 
SLC7A11 provides the substrate-selective transport function. 
Coordinated regulation of both subunits may therefore be 
necessary for maximal cystine uptake. For example, HnRNPU 
stabilizes both SLC7A11 and SLC3A2 mRNAs, supporting the 
idea that the entire system xc− complex can be co-regulated 
[45] (Figure. 3C).
Compared with transcriptional, RNA-level, and ubiquitin-depen-
dent regulation, mechanisms governing SLC7A11 trafficking, 
membrane retention, internalization, recycling, and lysosomal 
degradation remain less clearly defined. This represents an im-
portant knowledge gap, because only the membrane-localized 
fraction of SLC7A11 is functionally active. Future studies inte-
grating surface biotinylation, membrane proteomics, live-cell 
imaging, and cystine uptake assays will be needed to distin-
guish total SLC7A11 protein from surface-functional SLC7A11 
under stress and treatment conditions (Figure. 3D). Represen-
tative regulators across different regulatory layers of SLC7A11 
are summarized in Table 1.

Therapeutic implications: Inducing Ferroptotic Pressure while 
Blocking Adaptive Defense
The regulatory network described above has an important 
therapeutic implication: ferroptosis-inducing therapy may fail 
if tumor cells simultaneously activate SLC7A11-dependent 
adaptive defenses. Many treatments increase oxidative stress, 
hypoxia, lipid peroxidation, endoplasmic reticulum stress, or 
metabolic pressure. These same stimuli can activate NRF2, 
HIF, ATF4 [9-14, 24-27], RNA stabilization programs [35-48], 
and protein stabilization mechanisms [59-68] that restore or 
further increase SLC7A11 expression. As a result, treatment-in-
duced stress may paradoxically select for SLC7A11-high, ferro-
ptosis-resistant cancer cell populations [3-5, 24].
A more effective therapeutic principle may be to combine 
stress induction with adaptation blockade. The first compo-
nent increases lipid peroxidation pressure through radiother-
apy, chemotherapy, targeted therapy, GPX4 inhibition, system 
xc− inhibition, or agents that perturb lipid metabolism. The 
second component blocks the compensatory SLC7A11 re-
sponse at one or more regulatory levels. Potential targets 
include NRF2 or KEAP1-dependent transcriptional activation, 
HIF-driven hypoxia adaptation, ATF4-mediated integrated 
stress response, m6A writer-reader modules, stabilizing 
RNA-binding proteins, oncogenic non-coding RNAs, DUBs, and 
SUMOylation enzymes. Regarding the first component, several 
clinically available agents can, in principle, serve as the ferro-
ptosis-inducing arm of such combination regimens. Sorafenib, 
a multikinase inhibitor approved for hepatocellular carcinoma, 
renal cell carcinoma, and thyroid cancer, induces ferroptosis 
partly through system xc- suppression and GSH depletion [69]. 
By contrast, therapeutic strategies targeting the second com-
ponent—namely, blockade of adaptive SLC7A11 upregulation 
or stabilization—currently lack clinical-stage compounds and 
remain largely at the preclinical or target-validation stage. 
Bridging this gap will require not only the development of se-
lective and pharmacologically tractable inhibitors, but also bio-
marker-driven patient selection strategies to identify tumors in 
which SLC7A11-dependent adaptive defense is the dominant 
resistance mechanism. Whether such combination approach-
es are ultimately feasible will need to be validated in further 
preclinical and clinical studies.
This strategy also requires biomarker development. SLC7A11 
expression alone may be insufficient to stratify patients be-

Regulatory layer Representative regulators Mechanism and functional consequence Key 
References

Transcriptional control NRF2, HIFs, ATF4, p53, ERα, FOXK2
Stress-responsive transcriptional activation or repres-

sion of SLC7A11; balances antioxidant adaptation 
and ferroptosis sensitivity.

[6, 9-16,
24-30]

Chromatin and epigene-
tic control

SNF2L, ARID1A, HNF4α-p300/CBP, 
KDM6B/GATA3

Controls promoter accessibility, histone acetylation, 
chromatin state, and sustained transcriptional output. [31-34]

RNA modifications METTL3, METTL5, IGF2BP2/3, ALK-
BH5, FTO, NSUN2, NAT10

Regulates SLC7A11 mRNA stability, translation effi-
ciency, and therapy-associated ferroptosis resistance. [35-43]

RNA-binding proteins 
and non-coding RNAs

PCBP2, HnRNPU, ALYREF, TTP, 
RBMS2, FTX, SNHG12, SLC7A11AR, 
circUPF2, circCNOT6L, circTTC13

Controls mRNA decay, stabilization, miRNA-depen-
dent repression, scaffold functions, and alternative 

splicing.
[44-58]

Protein-level regulation
SOCS2, AMER1, TRIM3, ZRANB1, 
OTUD5, OTUD3, USP14, USP9X, 

USP35, PIAS4

Determines SLC7A11 degradation, stabilization, 
SUMOylation, membrane availability, and functional 

anti-ferroptotic output.
[59-68]

Table 1. Representative regulators of SLC7A11 expression and functional consequences.A
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cause its activity is shaped by upstream drivers and post-tran-
scriptional regulators. A more informative biomarker panel 
may include SLC7A11 protein level, membrane localization, 
SLC3A2 co-expression, KEAP1/NRF2 status, p53 status, ATF4/
HIF activity, GSH abundance, lipid peroxide burden, and ex-
pression of key RNA or protein stabilizers. Such integrated 
profiling could help identify tumors that are both dependent on 
SLC7A11 and vulnerable to combined ferroptosis-based inter-
ventions.
Several challenges remain. First, SLC7A11 regulation is highly 
context dependent [3, 6, 17]. The same regulator may have 
different effects depending on tumor lineage, genetic back-
ground, nutrient availability, and treatment exposure. Second, 
systemic inhibition of cystine uptake or antioxidant defense 
may cause toxicity in normal tissues [2-3]. Third, ferroptosis 
does not occur in isolation. It interacts with apoptosis, im-
mune signaling, metabolic remodeling, and the tumor micro-
environment [7-8, 28]. Therefore, future therapeutic studies 
should incorporate in vivo models, patient-derived organoids, 
immune-competent systems, single-cell omics, and spatial 
analysis to determine when SLC7A11-targeted strategies are 
most likely to succeed.

Conclusions and Future Perspectives

SLC7A11 is a central regulator of ferroptosis sensitivity in 
cancer. By importing extracellular cystine and supporting 
GSH-GPX4-dependent lipid peroxide detoxification, it allows tu-
mor cells to maintain redox homeostasis under hostile micro-
environmental and therapeutic conditions. Current evidence 
indicates that high SLC7A11 expression is not produced by a 
single pathway. It is maintained by coordinated regulation at 
the transcriptional, chromatin, RNA, and protein levels.
At the transcriptional level, NRF2, HIFs, ATF4, hormone re-
ceptors, FOXK2, and oncogenic metabolic pathways activate 
SLC7A11 in response to oxidative stress, hypoxia, endoplas-
mic reticulum stress, and metabolic remodeling. In contrast, 
p53 functions as a context-dependent transcriptional brake 
that links tumor suppression to ferroptosis sensitivity. At the 
chromatin level, remodeling factors, histone acetylation pro-
grams, and chromatin-associated transcriptional coactivators 
shape accessibility of the SLC7A11 locus. At the RNA level, 
m6A, m5C, ac4C, RNA-binding proteins, non-coding RNAs, and 
splicing regulators determine mRNA stability, translation, and 
isoform output. At the protein level, ubiquitination, deubiquiti-
nation, SUMOylation, and membrane localization determine 
whether SLC7A11 becomes a functional transporter at the cell 
surface. Notably, total SLC7A11 expression does not neces-
sarily reflect membrane-localized transporter activity, and the 
mechanisms governing this gap remain an important open 
question for future investigation.
The central message is that SLC7A11 acts as a stress-adap-
tive hub. Tumor cells use this hub to transform oxidative 
stress, hypoxia, nutrient stress, and therapy-induced damage 
into antioxidant defense and ferroptosis resistance. This con-
cept also reframes therapy. Rather than relying only on agents 
that increase oxidative or lipid peroxidation stress, future strat-
egies may need to pair ferroptosis induction with blockade of 
SLC7A11 adaptation. Such approaches may include targeting 
upstream transcriptional activators, RNA-stabilizing machinery, 

non-coding RNA networks, DUBs, SUMOylation pathways, or 
transporter membrane function.
Future research should move beyond single-regulator studies 
and define the hierarchy, timing, and cooperativity of SLC7A11 
regulatory modules in specific tumor contexts. Integrating 
single-cell transcriptomics, spatial proteomics, metabolomics, 
functional genetic screening, and patient-derived models will 
be essential for identifying actionable SLC7A11-high states. A 
deeper understanding of this multilayered regulatory architec-
ture may provide a foundation for more precise and durable 
ferroptosis-targeted cancer therapies.
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