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The cystine/glutamate antiporter xCT is a tumor-associated antigen that has been newly identified in many cancer types.

By participating in glutathione biosynthesis, xCT protects cancer cells from oxidative stress conditions and ferroptosis, and

contributes to metabolic reprogramming, thus promoting tumor progression and chemoresistance. Moreover, xCT is

overexpressed in cancer stem cells. These features render xCT a promising target for cancer therapy, as has been widely

reported in the literature and in our work on its immunotargeting. Interestingly, studies on the TP53 gene have revealed

that both wild-type and mutant p53 induce the post-transcriptional down-modulation of xCT, contributing to ferroptosis.

Moreover, APR-246, a small molecule drug that can restore wild-type p53 function in cancer cells, has been described as

an indirect modulator of xCT expression in tumors with mutant p53 accumulation and is thus a promising drug to use in

combination with xCT inhibition.
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1. Introduction

xCT overexpression in many cancer histotypes suggests that it may have other key roles in cancer survival and

progression beyond its well documented function in maintaining redox balance and in counteracting oxidative damage

through GSH synthesis.

Studies in a number of glioma cell lines have reported that the expression of xCT and the regulatory subunit 4F2hc

causes glutamate release, which can activate glutamate receptors, such as the ionotropic α-amino-3-hydroxyl-5-methyl-4-

isoxazole-propionate (AMPA) receptor, in an autocrine or paracrine manner, causing glioma cell invasion and peritumoral

excitotoxic neuronal cell loss . More recently, Dornier et al.  have shown that both invasive MMTV-PyMT breast tumor-

derived cells and MDA-MB-231 human cells release more glutamate than normal breast epithelial cells thanks to the

acquisition of xCT expression. Furthermore, it has been demonstrated that the invasive protrusions observed in these

cells depend on the presence of glutamine but not glucose in the culture medium, whereas glutamine deprivation reduces

protrusion length. This indicates that glutaminolysis is responsible for invasiveness. Glutamate release activates the

metabotropic glutamate receptor (GRM) that is expressed on cancer cells, which promotes Rab27 GTPase activity, which,

in turn, mediates the trafficking of MT1-MMP metalloprotease on the cell membrane. The pharmacological inhibition of

xCT with sulfasalazine (SAS) in vitro  and in vivo , via siRNA knockdown , or via the inhibition of the glutamate

receptors or their downstream effectors , reduces the migration and invasiveness of cancer cells both in breast and

glioma cancer cells. Further evidence for the involvement of xCT in metastasis formation comes from studies on xCT

melanocytes, in which the caveolin 1/β-catenin pathway, which is responsible for cell–cell adhesion, is activated as a

consequence of p38-mediated caveolin 1 upregulation after ROS accumulation. This promotes the translocation of β-

catenin from the nucleus to the cell membrane , thus inhibiting metastasis. On the other hand, xCT overexpression in

glioblastoma cells confers resistance to oxidative stress induction and favors anchorage-independent cell growth,

rendering them more tumorigenic .

In light of its function as an amino acid transporter, it is not surprising that xCT is implicated in the metabolic

reprogramming of cancer cells and adaptation to nutrient availability in the tumor microenvironment, and many studies

have uncovered an unexpected weakness in cancer cells cultured under glucose deprivation conditions . Indeed,

this may appear logical if we suppose that the effects of glucose starvation can be prevented by xCT’s detoxification of

induced ROS. However, it has been demonstrated in several cell lines that xCT activity is responsible for glucose

starvation-induced cell death . In fact, xCT expression causes cell death upon glucose withdrawal, rendering cancer

cells glucose-addicted. These effects are rescued when xCT is downregulated or pharmacologically inhibited with SAS.

xCT amino acid transport, and not its antioxidant function, seems to be responsible for cell death upon glucose starvation

since xCT upregulation occurs independently of ROS generation under these conditions . However, it is still unclear

whether cystine uptake or glutamate export is the main cause of glucose addiction in cancer cells with elevated xCT

expression. Indeed, both glucose and glutamine are considered to be important nutrients for cancer cell growth .
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When glucose is depleted, cancer cells become more dependent on glutamine, which is converted to glutamate to

produce α-ketoglutarate (α-KG), a key intermediate in the tricarboxylic acid (TCA) cycle, which generates substrates for

oxidative phosphorylation (OXPHOS) to produce energy. If an excess of glutamate is exported due to xCT

overexpression, the levels of α-KG drop and a concomitant shortage of glucose lead to the collapse of the TCA cycle and

mitochondrial respiration. Moreover, the increased xCT activity triggers increased nicotinamide adenine dinucleotide

phosphate (NADPH) consumption in the reduction of cystine to cysteine. Upon glucose deprivation, the pentose

phosphate pathway is blunted, and NADPH cannot be efficiently regenerated. This unbalance between NADPH

consumption and regeneration ultimately leads to an impairment in the capacity to buffer cellular ROS . This has been

confirmed in all of the cited studies, as the addition of α-KG greatly improved cell viability under glucose starvation

conditions . interestingly, xCT expression during glucose withdrawal is dependent on NRF2 and ATF4 activation .

Cell metabolism reprogramming can make xCT-expressing cancer cells dependent on glutamine, as demonstrated in

Non-Small Cell Lung Cancer (NSCLC) cells . Indeed, xCT overexpression leads to higher consumption of cystine and

other amino acids and significant glutamate release. xCT-overexpressing lung cancer cells are more sensitive to

glutamine withdrawal compared to xCT-knockdown cells and show a less invasive phenotype in the absence of glutamine,

indicating that glutaminolysis becomes an essential metabolic pathway in the presence of high xCT levels. In general,

these cells show higher glucose consumption as well as higher glutamine and lactate production, with the upregulation of

OXPHOS, all hallmarks of metabolic cancer cell reprogramming .

Finally, the altered metabolic state caused by xCT expression also has consequences on mitochondrial functions, with

mitochondrial genes being upregulated because of the increased OXPHOS . Overall, these studies provide evidence

that supports the key role played by xCT in both redox homeostasis and nutrient dependency in cancer cells, as

discussed in detail by Koppula et al. .

2. xCT Targeting and APR-246 Administration: A New Therapeutic
Combinatorial Strategy

At present, little is known about a combinatorial approach that includes xCT targeting and p53 reactivation through APR-

246 treatment. The dual mechanism of action of APR-246, which includes a role in GSH and ROS modulation together

with its effects on mut-p53, is, however, quite well established. In particular, the active component of APR-246 has been

shown to react with GSH, forming an adduct (GSH-MQ) that depletes GSH from the cells, stopping its recycling by GSH

reductase . This leads to ROS accumulation, especially in mitochondria, causing lipid peroxidation, mitochondrial

rupture, and cytochrome-c release. In mut-p53 osteosarcoma cells, APR-246 can inhibit thioredoxin-1 (Trx1) and

glutaredoxin-1 (Grx1), which are commonly upregulated in cancer cells, and favor their protection against oxidative stress

. Moreover, the treatment of breast cancer cells with APR-246 for 12 h causes perturbations in gene expression, with

six genes involved in ROS modulation being differentially expressed in all of the cell lines investigated. SLC7A11 is

among these genes . Therefore, these results have revealed the dual role that APR-246 plays as a reactivator of mut-

p53 and an inducer of ROS accumulation in cancer cells. This latter mechanism might explain why this drug can even

exert anticancer activity in wt-p53 cells.

In the context of p53-mediated modulation over xCT expression and activity, Liu and colleagues have shown for the first

time that xCT blockade and APR-246 administration may act synergistically to target and kill mut-p53 esophageal cancer

cells . As a result of APR-246 treatment, ROS levels increase and GSH cellular stores become eroded, and the

attenuated xCT expression, resulting from mut-p53-mediated NRF2 inhibition, further reduces the ability of cancer cells to

cope with oxidative stress. However, similarly to what was described by Jiang and colleagues in the context of wt-p53 ,

the actual levels of xCT expression are crucial for the sensitivity of mut-p53 cells to oxidative damage, and the expression

level of xCT may serve as a predictive biomarker of the response of mut-p53 cancers to APR-246. In particular, cells with

low xCT levels have proven to be the most sensitive to the treatment.

Remarkably, the therapeutic efficacy of APR-246 in mut-p53 harboring cancer cells can be sharply increased by

concomitant xCT inhibition, leading to the synergistic induction of ROS accumulation and apoptosis . The rationale for

such a combinatorial strategy is further supported by the notion that APR-246 disrupts the interaction between mut-p53

and NRF2 . Therefore, it has been proposed that this can release NRF2 from mut-p53 inhibition restoring elevated xCT

levels, and potentially antagonizing the therapeutic activity of APR-246, thanks to GSH depletion . Based on these

findings, the increased therapeutic efficacy of the combination of APR-246 and xCT inhibitors is unlikely to be the result of

the restoration of wt-p53 functions with respect to SLC7A11 gene expression, since wt-p53 should also lead to its

transcriptional repression, albeit through a distinct molecular mechanism, but rather it appears to depend on APR-246
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oxidative stress induction (Figure 1). Overall, these lines of evidence suggest that the predominant mechanism underlying

APR-246 therapeutic activity relies on the impairment of cancer cell antioxidant defenses, an effect that can be

dramatically augmented in the context of xCT inhibition.

Figure 1. A schematic explanation of the rationale for combined treatment. (a) The effects of mut-p53 on cell cycle and

redox balance. mut-p53 favors cancerogenesis by inhibiting NRF2-dependent xCT transcription and consequently slightly

increasing the amount of intracellular ROS, which stimulates the cell to proliferate. (b) The effects of APR-246 treatment.

mut-p53 is converted to its active form (wt-p53), leading to pro-apoptotic functions and the selective induction of ROS

increase via GSH depletion, although the mut-p53-dependent inhibition of xCT expression is lost. This causes cells to

undergo ferroptosis. (c) The effects of the combined treatment. APR-246-dependent GSH depletion together with xCT

inhibition sharply decreases GSH levels, inducing high ROS levels that overwhelm the antioxidant capacity of the cell and

finally lead to ferroptotic cell death. This figure was created with BioRender.com.
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